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Design of the Fixed-Bed Catalytic Reactor for Phthalic Anhydride Production:
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Abstract: Prediction model was composed by optimal parameter estimation from best fitting on reactant temperature profile, inlet and outlet
temperature of coolant and yield of dual fixed-bed catalytic reactor(FBCR) which was measured in the industrial field. In order to design the FBCR
which could obtain maximum conversion and yield, we investigated the effect of catalyst bed length and reactor radius changes. An uniform
activity FBCR showed the best performance at z=28 m of total catalyst bed length in case of reactor radius r=0.01241 m and z =280 m(upper
layer: 188 m, lower layer: 0.92 m) under reactor radius r=001254 m for a dual activities FCBR. In case of reactor radius changes, the axial
temperature profile and maximum radial temperature was rapidly risen for radius increase. The reactor radius decrease showed the opposite result.
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Figure 1. Best fitting of double fixed-bed catalytic reactor for
estimation of optimal parameters (air: o-xylene =20:1, salt bath
temp.: - 3542 ).

Table 1. Optimal Estimated Parameters from Model Simulation

Upper layer Lower layer
Archenius ¢ e constant ko =2154%10° | ko = 4.304x 105
[,,]e"‘“s ype rale cons koo = 2411%10° | koo = 4817 10°
$ ke =9.026 X107 | ko = 1.803x 10°
Activati  reac E1=8468%10" | Ei=8468%10"
V.
[‘;J é °’;]e“ergy O TN | B - g8a8x10° | Bp=8848x10°
/kimo E;=8971x10" | E3=8971x10*
Radial thermal conductivity 3 3
9.35X 10 9.35X10
[KJ/m-s-K]
Wall heat transf icient
all hea sfer coefficiens 20 20

[KJ/m’* s - K]

& WA 2l oy 44 4 ()€ F4H4For
EAG oA AACO-)oln o 2& Ao gd %
AAFE B8 7¥ 248F FEE Table 1o} 339k =3
SHY £x 34 43 5= £X4 4 (22 Figure 1(b)9]
Adoz BAEGH. 221, P dux £24 4 (3)e U
9 - 279 Fo|A 2= 24 sty Wey) 99 Hold m
# -z =ARg
Figure 12 A& o At osf ZAHA w8719 54

)

o
15 2% F¥9 W) &7 W EY Ase 2

>
e

AHste 2Alolth &, 4% xde AU FHE Fr =109

oo ox i o
N, e dfo
Jpw
h=)
ofp
_V-_l,
ez
1
I
o
o,
o
T
e
p=h
ofje
K
X
N
N
o,
e
2
o

A dolo) 27 L& £¥7} F YAYES BAYCHI-IL
2 A79 293L 99 AP oxylene A3 W$7FE
Froment11] §o] AHe #7172 57 442 melsx o
1% RS 3 B U 9% wgos FHY A473Y 9
He g H8717E Wesle mdge) Agsd,




PHEYY QLS 9% 2AF 0 987) A4 34 203 Lol 2 0 34 1203

(a) Table 3. Verification of FBRDS for SBT and Feed Conc.
© :Simaulated data Changes
o :Coolant temp o
450 - wall tem: Hot spot (C) . )
—~ Fwall temp - O SPoO Conversion | Yield
8 Conditions Upper | Lower (%) (%)
E layer | layer
g 0 T.=361 C observed | 41882 | 36774 | 999 | 7889
E . .
e air/o-x = 17.088:1 | predicted | 42426 | 37175 | 9724 | 7938
350 - bserved | 42513 | 37212 | 9999 | 7878
0.0 0.2 04 0.6 0.8 1.0 1?6 306 € oserv
®) air/o-x=1812:1 | predicted | 43142 | 37057 | 9793 | 79.19
1.0 1.0 :
Conversion T,-3499 C observed | 42894 | 37073 | 9099 | 875
T via " air/o-x=17871:1 | predicted | 43192 | 36984 | 9803 | 7898
g oef 106 T.=3503 C observed | 42067 | 37012 | 9999 | 7873
é 0.4} H 04 air/o-x = 178241 | predicted | 43539 | 36923 | 9848 | 7845
o2l 402 T35 C observed | 43353 | 37024 | 9999 | 7858
0.0 . . . . 00 air/o-x = 178771 | predicted | 44021 | 36754 | 9887 | 7825
0.0 0.2 0.4 0.6 0.8 1.0
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Table 2. Comparison of One and Two Fixed-bed Reactors Performances
Condition [ two-bed 1 Upper layer Lower layer Condition [ one-bed ] F=Fi=F=124
observed 42340 C 37310 C ' .
Hot spot [T] oredicted 38 T P — Hot spot [T] predicted 45955 T
. observed 9.9 .
Conversion [%]) oreclicted . Conversion {%] predicted 9774
L observed 78.80 X
Selectivity [%] oredicted 2029 Selectivity [%] predicted 8049
. observed 78.80
Yield [%] Predicted 8% Yield [%] predicted 78.68
Predicted relative activity 1 2 Predicted relative activity 1.24
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Figure 3. Axial temperature, vield and conversion profiles of
single fixed-bed catalytic reactor for catalyst bed length
changes (air o-xylene=20:1, salt bath temp.: 3542 C, reactor
radius: 0.01254 m).
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Table 4. Effects of Bed Length and Reactor Radius Changes

for One-bed Reactor

. Bed length Trnax Conversion Yield
Condition . () %) %)
30 46764 861 B3R

29 6590 | - Ru 76,01

28 46429 98.% 76.41

27 6275 9817 76,64

26 45980 97.80 7784

r=001254 m 258 45955 97.74 7868
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23 45559 %68 7947

22 45422 %648 9%

30 45894 9848 7784

29 45721 98.32 7821
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27 45414 9197 788
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Figure 4. Radial maximum temperature profiles of single fixed-
bed catalytic reactor for reactor radius changes (air! o-xylene =
20:1, salt bath temp.: 3542 C).

Table 5. Effects of Radius Changes for One-bed Reactor

Condition Radius | Bed length | Tmax | Conversion | Yield
(m) (m) (C) (%) (%)
Radius +1% | 0.01267 2.58 47497 97.9%6 7742
Radius 1% | 0.01241 258 450.23 97.60 79.46
Radius -2% | 0.01229 2.58 44362 9748 80.02
Radius -3% | 0.01216 2.58 437175 97.14 80.16
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Figure 5. Axial temperature profiles of double fixed-bed catalytic
reactor for catalyst bed length changes (air: o-xylene=20:1,
salt bath temp.: 354.2 C, reactor radius: 0.01254 m).

Table 6. Effects of Upper and Lower Catalyst Bed Length
Changes for Two-bed Reactor at z =258 m

Bed length (m) Temp. (Tmax, C)

Yield
(%)

Conversion

(%)

L1 L2 T1 T2

374.94
37339
364.31
362.96
361.73
360.61
359.58

1.30
1.40
1.50
1.60
170
1.80
1.90

1.28
118
1.08
098
0.88
0.78
0.68

42391
42335
419.00
418.26
41753
416.80
416.09

98.48
98.29
96.39
96.03
95.64
%.23
94.77
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Table 7. Effects of Total, Upper and Lower Catalyst Bed
Length Changes for Two-bed Reactor at z=22, 23 and 24 m

Bed length (m) Temp. (Twax, T) | Conversion Yield

T2 (%) (%)

Condition| L1 L2 T1

o} - v

Table 8. Effects of Total, Upper and Lower Catalyst Bed
Length Changes for Two-bed Reactor at z=25, 26, 2.7, 2.8
and 29 m

09 13 | 42327 | 38248 9817 7823
1.0 12 | 42288 | 380.25 9794 7873
11 11 42192 | 311.% 97,57 79.65
z=22m | 12 10 | 42129 | 37589 97.26 80.32
13 09 | 42067 | 37411 %6.92 80.94
14 08 | 42006 | 3724 9%6.55 81.50
15 0.7 | 41945 | 371.14 %.13 8202

09 14 42397 | 38278 832 7123
1.0 13 42341 | 38057 98.22 7801
11 12 422718 | 31816 97.9 78715

2223m 0 g0 |0 | amae | 311 | orms 7945
13 | 10 | 42156 | 37434 | 9745 | 8010
14 | 09 | 4097 | 328 | 914 | 8072
11 | 13 | 42364 | 3012 | 8B | 7798
12 | 12 | 42301 | 332 | ®12 | B”HM
13 | 1l | 424 | 315 | 9789 | 92
z=24m

14 1.0 421.84 | 37300 9763 79.87
15 09 421.27 | 37162 97.35 80.47
16 08 | 42071 | 37038 97.04 81.04
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Bed length (m) Temp. (Tmax, T) | Conversion | Yield

(%) (%)

Condition | L1 L2 T1 T2

12 13 | 42382 | 37652 9843 7760
13 12 | 42325 | 37476 9824 78.30
z=25m | 14 11 42268 | 37321 98.03 897
15 10 | 42213 | 371.84 9780 7960
16 09 | 42157 | 37061 9754 80.20

11 15 | 42637 | 37186 9887 584
12 14 | 42528 | 37625 98.76 76.38
13 13 | 42398 | 37498 98.62 7723
14 12 | 42348 | 37306 9848 7802
15 11 42273 | 371.86 98.25 7848
16 10 | 42213 | 37083 9797 79.03

z=26m

13 14 | 42608 | 37513 9883 76.09
14 13 | 42552 | 37361 98.69 76.80
z=27m | 15 12 | 424% | 371225 98.53 7747
16 11 42442 | 371.04 98.36 7813
17 10 | 42383 | 369.94 98.17 7875

14 14 42782 | 31382 98.9% .57
15 1.3 42125 | 37248 98.82 76.21
16 12 42668 | 31127 9868 76.9
z=28m ;| 17 11 42630 | 370.17 9853 7760
18 10 42558 | 36917 98.37 7823
19 09 42504 | 36825 98.19 78.84
2.0 08 | 42438 | 367.31 97.83 79.21

21 08 | 42487 | 36697 98.23 7877
20 09 | 42536 | 367.62 98.32 7849
19 10 | 42589 | 36846 98.49 77.89
z=29m 18 11 42642 | 369.37 9864 71.26
17 L2 | 4269 | 370.36 98.76 76.19
16 13 | 42751 | 37146 9890 5.9
15 14 | 42806 | 37266 99.02 .21

Table 9. Effects of Total Catalyst Bed Length Changes for
Two-bed Reactors

Bed length (m) Temp. (Tmax, T)

Conversion| Yield

Condition| L1 | L2 Tl T2 (%) (%)

z=22m| 09 1.3 42327 | 38248 9817 78.23
z=23m| 10 13 42341 | 38057 98.22 78.01
z=24m| 11 1.3 42364 | 37912 98.25 7198
z=25m| 13 12 42325 | 37476 98.24 78.30
z=26m| 15 11 42273 | 37186 9825 7848
z=27m| 17 10 42388 | 369.94 98.17 7875
z=28m| 19 09 | 4504 | 3685 98.19 78.84
z=29m| 21 08 | 42487 | 36697 98.23 7877
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Table 10. Effects of Upper and Lower Catalyst Bed Length
Changes for Two-bed Reactor at z=28 m

Bed length (m) Temp. (Tmax, C) Conversion | . Yield
Ll L2 Tl T2 (%) %)
1.80 1.00 425.58 360.17 98.37 7823
1.82 098 42160 36890 R®B.3H 79.06
1.84 0.96 426.96 368.75 9832 79.19
1.86 094 426.33 363.59 98.28 79.33
1.88 092 42572 368.44 9825 79.46
1.90 090 425,04 368.25 98.19 78834
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Table 11. Effects of Reactor Radius and Catalyst Bed Length Changes for Two~bed Reactor at Contanst Reactor Volume

Condition Radius Bed lengthim) Trac (©) Conversion (%) Yield (%)
(m) Ll L2 T1 T2
Radius +3% 0.01292 177 087 425.17 369.11 97.89 80.30
Radius +5% 0.01317 1.70 0.84 42390 369.66 9765 80.81
Radius +10% 0.01379 155 0.76 42402 370.76 96.93 81.91
Radius +50% 0.01881 0.83 041 41828 383.40 88.56 84.29
Radius +100% 0.02508 047 0.23 419.99 539.00 91.14 76.65
Radius -3% 0.01216 2.00 0.98 426.05 367.78 98.54 78.38
Radius -5% 0.01191 2.08 1.02 42713 367.38 98.74 7179
Radius -10% 0.01129 232 114 430.06 366.34 99.14 76.06

Table 12. Effects of Reactor Radius Changes for Two-bed Reactor at z=2.84 m

Bed length(m) Trax (C)
Condition Radius(m) Conversion(%) Yield(%)
Ll L2 Tl T2
Radius +1% 001267 1.8 092 42893 36854 98.30 79.17
Radius +2% 001279 1.8 092 432.24 36863 . 983 7888
Radius +3% 001292 188 092 43629 36871 98.40 7853
Radius +4% 0.01304 1.88 092 440.63 368.76 9845 78.18
Radius +5% 001317 188 092 446.30 36380 9851 7774
Radius +6% 001329 188 092 43319 368.80 9858 7122
Radius +7% 001342 188 092 465.11 36866 9867 76.40
Radius +8% 0.013%4 1.88 092 runaway : 93.83 74.74
Radius -1% 001241 1.88 092 12980 36832 9820 79.73
Radius 2% 0.01229 188 092 49033 36820 9815 7997
Radius -3% 001216 188 092 41785 368,07 911 80.22
Radius -4% 0.01204 1.8 092 41572 367.94 98.06 80.43
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Figure 6. Axial temperature profiles of double fixed-bed catalytic

reactor for catalyst bed length changes at z=258 m (air o-
xylene =20: 1, salt bath temp.: 3542 C, reactor radius: 0.01254 m).

Table 13. The Optimal Reactor Condition for Coolant Tem-
perature Changes(z=280 m; L1=188 m, L2=092 m; r=0.01254
m; air: o-xylene =20 1; reactant flow rate = 2.11426 m/s)

Table 14. The Optimal Reactor (onxlition for Inlet Concentra—
tion Changes (z=280 m; L1=15 . L2=092 m; r=001254
m; salt bath temp. =3542 TC; reactant flow rate = 2.11426 m/s)

.. Ths1 Ths2 Conversion Yield
A oxylenel oy | () (%) %)
200 :1 425.72 368.44 98.25 79.47
198 : 1 428.10 36851 98.28 79.28
196 : 1 430.67 368.57 98.32 79.08
194 11 433.60 36863 98.36 78.86
192:1 436.85 368.68 98.40 7861
190 : 1 440.69 368.71 98.44 7833
188 11 445.24 368.73 9849 78.00
186 : 1 450.79 368.71 98.54 7162
184 :1 45845 368.63 98.61 77.10
182 :1 471.@6 368.37 93.70 76.22

Table 15. The Optimal Reactor Condition for Reactant Flow
Rate Changes (z=280 m; L1=188 m, L2=092 m; r=001254
m; Salt Bath Temp. =354.2 C; airio-xylene =20: 1)

Coolant temp. Ths1 Ths2 Conversion Yield
() () (T) (%) (%)
350 400.69 364.08 97.27 82.30
361 413.18 365.12 9753 81.70
352 416.86 366.16 97.78 81.06
353 420.74 367.19 98.00 80.37
354 424.86 368.23 98.21 79.63
355 420,28 369.26 93.40 78.83
356 434.04 370.29 98.58 7798
357 439.26 371.31 98.74 77.06
358 445.04 372.32 98.89 76.07
359 451.64 373.32 9.03 74.49
360 459.44 374.28 99.16 73.80
361 469.44 37519 99.28 7241

4 7Ed —
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Reactant flow rate| Ths: Thsz2 Conversion | Yield
(m/s) (C) (C) (%) (%)
19 41957 367.62 9R.71 78.01
2.0 422.42 368.01 98.50 78.75
2.1 425.31 368.38 98.28 79.39
22 428.25 368.74 98.06 79.93
23 431.29 369.08 97.83 80.38
24 434.46 369.41 97.59 80.75
25 437.81 369.74 97.36 81.05
26 441.45 370.04 97.14 81.27
2.7 44553 370.30 9%6.92 8141
2.8 450.39 370.50 9%6.72 81.47
29 456.96 370.58 96.56 81.39
30 473.65 370.14 96.59 80.69

dolz 7] B4 001241 m AElolA 28 mAT, o]F= wre
7l ¥§7] ¥4 001254 mAlA A Zuj= Zol7} 2=280 m(A
F Hu)E 18 m, 3F Fu)E: 092 mQk

3 W37 A i BAE B AN Zrhe B2 wrgy)
2 AAA AT = JdE NS 2L 4 YTk

AP 7 =

A " heat transfer area per unit volume [m]
C; : concentration of j species [kmol/m’]
C, : inlet concentration of j species [kmol/m’]
C, : specific heat [kJ/kg - K]
D, * radial Diffusion coefficient [m%s]
D, * axial Diffusion coefficient [m?/s]
F : reaction rate control constant
E; * activation energy of reaction j species(j = A,B,C)

{kJ/kmol]
(—4H) : heat of reaction j species [kJ/kmol]
* reactor length [m]

L
R * radius of reactor tube [m]
r : radius coordinate [m]
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2HTRN A

7;  rate of j-th reaction (j = AB,C) [kmol/m® - s]

T . temperature [K]

T. : temperature of coolant [K]

T . inlet fluid temperature [K]

t : time [s]

I’  heat transfer coefficient [w/m” - K]

U, . coolant velocity [m/s]

uy : fluid velocity [my/s]

“, * inlet fluid velocity [m/s]

z : axial coordinate [m]

3 : void of bed

) : density [kg/m’]

A . effective radial thermal conductivity [kJ/m-s-K]
A . effective axial thermal conductivity [kJ/m-s-K]

Pl

! 0-Xylene

. phthalic anhydride

: coolant

. effective

. fluid

. catalyst layer of i bed
ABCor 123

© initial

! mixture

. solid
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