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Abstract — Numerical simulation for hydrogen-recovery multibed PSA process was performed by orthogonal collocation
method for the feed mixture gas of hydrogen, carbon dioxide, carbon monoxide, and methane in petrochemical plant. A four-
bed and nine-step process using a layered-bed which was consecutively packed with two different adsorbents in one bed was
employed to produce high-purity hydrogen. The packing ratio of zeolite to activated carbon affected the purity and recovery of
the product. The optimum length of zeolite layer and that of activated carbon layer were 60 cm each. The optimum adsorption
pressure and feed velocity could be determined to be 19 atm and 11.0 cn/s, respectively, for the given packing ratio. The recov-
ery and purity of the product were strongly affected by Difference-Pressure(DP) which was defined as the difference between
the initial high pressure and the final low pressure at the cocurrent blowdown step which delivers purge gas to the low pressure
bed. When the DP was larger than 1.3atm, the purity did not change much and the recovery was continuously decreased with
increasing DP. As DP increased, the pressure at the pressure-equalization cocurrent depressurization step was lowered and the
pressure at the pressure-equalization countercurrent pressurization step following purge step was also lowered. Therefore, the
amount of the high-pressure product to pressurize the low-pressure column increased.
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Fig. 1. Pressure history in the each bed for the four bed PSA process.
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Table 1. Cycle sequence chart for the four-bed nine-step process
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Table 2. Langmuir isotherm parameters, mass transfer coefficient of LDF model and average heats of adsorption[10]

Adsorbents Components a;, X 10%(mol/g) a; ,(mol K/g) b;oX 107(1/mmHg) b, ,(K) —AH(cal/mol) k(1/s)
AC Hydrogen 4.32 0.0 6.72 850 1880 1.0
Carbon monoxide 0.92 0.52 7.86 1730 3990 0.3
Methane -1.78 1.98 26.6 1446 4480 04
Carbon dioxide -14.2 6.63 33.03 1496 6110 0.1
ZMS-5A Hydrogen 1.24 0.36 22 1159 1490 1.0
Carbon monoxide -0.58 0.83 2.53 2616 6950 0.15
Methane -0.29 1.04 6.44 1862 4640 0.2
Carbon dioxide 2.09 0.63 0.67 3994 12120 0.05
T, =T, (n=98 E= ol$ FRAZoBRE fFE7L) (13) Table 3. Properties of adsorbent and adsorption bed[10]
M _, (14) AC ZMS-5A
o0z|,-1 layer layer
BB w= SRR Bed length(cm) 120
aC Bed inner diameter(cm) 2.46
s—i =0 15) Bed outer diameter(cm) 34
Zlz=0 Bed density(g/cm?), p,, 0.544 0.691
¢y (16) Bed porosity(-), €, 036 0.36
0z ;=1 Particle density(g/cm’), p,, 0.85 1.08
Vl,_g=0 ERATEA) a7 Heat transftar coefficient(cal/cm?K-sec) 5.6486 .
s 1ol Heat capacity of gas(cal/g-K) 25106 X 10
vl =0(EFFHEEA) (18) Heat capacity of adsorbent(cal/-g-K) 6590 6904
oT =0 (19)
0z z=0
9T viel| o= vl 3D
o 0 (20
Zl=1 Cil,ep = Cilz=01~| (32)
APPAE EE FEIILCIZSE FAABO B8 FoRTE) T =T, g 33)

w2 A

oc]
i 0 @n
D oC,
|, v(C|._,~Ci,_,) 22)
VI =v, (=8 EE 012k FAAIFOIY TOE HoRREe
FE712) (23)
oTI
520" 0 (24)

Tl =T, (=44 & Tt olx3hs FaAFo e Fo=rEe)
FE7tE) (25

FH YT TE FEIECIREE FRFZo2TE) 71 2l

LT

S2)0” (26)
aC;

D5 e v(Cyf,_,~Ci|,_ ) 27

V|;=o=0 (28)

Tl _

i 0 (29)

TI,_,=T, (=348 Tt ol2she FAAZORRE F8712)
(30)
FAE Aole] ARoINE B3 oA wd zHoRTH UE
A50] Polrt,

2jo] A5g olgsld W g UYRelA NAEY K5 R TEE
23 = Q) SR Bad ¢FEF A7k dAls A¥es
Wity 7PsieE, I E IFEAS AGAAE HADA N
Zhzt bt Ao s YA fAETE Btttk A7
A UeE §E72T UE BOR FUAl HEILE
g FYT 249 7tAE SYETT Bk HelE
2N Z7] gstd, AA 24L FHs 9] 71A FFE £
o] 714 ggol EAjske AR T2 dHdl 7 HEY
2z AL31= ¥PEQl orthogonal collocation' S 283t
Az} AulR Ao s WPAZCH] AF PR A
w Al LUREIS Gear AEHES o83l HE FarATHI2L

d871AEe gt Aasieer vew wirkke] 24
o e 5 JE Hy(594%), COx(15.0%), CO(23.2%) % CH,(24%)
2 o]30]3 ETIIAE ez 3l AABALE FYsden &
A golElz ARgs F3A 2 FAYY] 54X E Table 29 390
ERA AT

o o oy rr
fd o
oZ e

o A ek

Mr ofh oX
ok,
o

4. Multibed2| TA2A} 243}

4-1. CPN2e| Y&

ReAg Tz AWRAR] ojN  WRe] Yeizt AdselAE
2}x]9} 7H4¢1 CPN(collocation point number)°] 37131 A¥E=
olA)AEk A7) EAlH R B4HQ AN S 9siel
REguy AYES Qe HAbel CPNG 2Ashe Aol Basit
wakA, CPNe) 4ol mebd B3 B Ave 2Yske wxst 3
2g 2T g RN 7t FEe] BEZHe] B Uehke
7}e gopmsith.

HWAHAK KONGHAK Vol. 37, No. 6, December, 1999



886 AZD . NES .
0.800
1.000 0.785
0.999 0.790
c 5
-3 0.785 B
g 5
T 0.998 - >
z Jo780E
S —— T=288K ;
—-- T=203K
€0,997 - ®  Recovery -10.775 g
5 —e— Purity 8
Jorr08
0.996 -
- 0.765
0.995 ! e ! L—L 0.760
5 8 10 12 14 16 18 20 22 24
CPN
Fig. 2. Effect of CPN on the purity and recovery of hydrogen at steady-
state.
(ACL=60 cm, T=288 K, 293 K and Ph=17 atm)
AC-A layer ZMS-A layer
10 - T T T - T
——
— cpn=10
— — cpn=14
c 08 -~ cpn=18 —
[
g
Z08 i
‘s
c
.0
Bo7
. 1
£
2
]
=
0.6 4
05 ! ! i i
0 20 40 80 80 100 120
Bed length(cm)
Fig. 3. Mole fraction of hydrogen in gas phase along the bed at steady-

state according to CPN.
(T=288 K, Ph=17 atm, and feed rate=10.5 cm/s)

Fig. 2= CPN9| %o w2} 2% 293K, 288K 281 549 3
& 9 ¢xo s g 2yolth. CPNY 471 7kl wet
F4d AFEe Zadty £ Asth CPNo| 14045 e
F7FetaL ek CPN9| 47} M4BT e Agols x5 3¢ »
T collocation®] 54321 FFHFE HolZ AAT 140]A4to] =W
wEY Sge] FAFdNo] EoET YAF e WY e
33 she 54 vehdth Fig 3ole ¢=Eo] 17am, =7}
288K, 223 989 £%7 105 emsY ® IGEE TEEA A
CPNoll @2 & tellMe] 4 & EX Z4e Jehldoh. CPN
o] 10141 247kA] F7t=El= Bt ZF CPNell thd & Uitoll e &
& FE BEY Aot a7 3XA &S ¢ F Aok wEy, =2
a9 ARAA A A AR T a5 3589
FFHGo] EA50 AT PN Y IFAFS Holr] AlFpst
CPNE AMRA] 7F A3 CPNoZ2 A3y}, olwle] CPN
Fig. 28 FTE 3l 142 A3tz 2] AXLE o] gl &
R =

sletzet Mi372 MeE 19994 128

A5 -

Z5=8) - A8
(a) 1.0000
0.9999
0.9998 4- -
¢ )
S —e— Purity - 082 g
o 09997 |- @ Recovery 3
© 081 &
Z 0.9996 |- N G
5 - 0.80 g‘
£ 099905 |- . ore 3
p= = 0.
o S
08984 - . ~0.78
..
0.9993 - 077
e
0.9992 L 1 : 0.76
40 50 60 70 80
1.0000 0.85
(b) Iy T T T
0.9999 0.84
0.83
0.9998 <
§’ 082D
09997 §.
=3 - 0812
£ 0.9996 5
S 0.80
> ]
E 0.9095 3
& 079 g
(14
0.9964 0.78
0.9993 ¢ 0.77
0.9992 L L L 0.76
50 60 70 80

Activated carbon length(cm)
Fig. 4. Effect of the activated carbon length(ACL) on the purity and
recovery of hydrogen.
(a) T=293 K, feed rate=10.5 cm/s, Ph=17 atm, (b) T=288 K, feed
rate=11 cm/s, Ph=17 atm

4-2. BMEEE Zo|o] A

ME O FHAR S48 A_TolErt d4es 4" &
AgtollM A5 TR U 71X RS EFIAE YEE o F
28 FEske £ d7dMe FEAY 3 vlgd met 49
£57) F7) 92 A Ak Fig 494 B50] Badgke] 2370]
(Activated Carbon Length: ACLY} Z718tel| ule} 3588 Hxd
o7 FojEE I, SAEEe] FRol7E 50 emo[HREE
T4 £E7} 99.99% ol do 2 AAEA A=A Fig. 4(a)2] A
¥ 5374017} 50 cmollX & F A4S ERIE 60 cme) el A
AFe] Fo] Zol=e AL & 4 ok wehd, Alke) A4S
Bt HHo FHZolE 60emt & £ Utk 2L FAEE9)
A7 AAAFE IEEE AR ol2§ olf& Fig. 59
A T o] AmE & Qlth 98 Y7ol RN Y okE
HAE(COYX] HAuel sojote ZAFAHECO) 3 2=
rolling up@’do] dojubar itslerhol g 7zl MA&wy) w
AR F=7F F7HE "uh oy @4ERe 20t Be
(aPlXe olitslerie] ST A 2 AL E2RR] Az
& QSIS DS AlA YaBlehAE o) AEETEe R ol
o SAIRE @EFe] Aot A (b) B (odIME oliksletds) Ale
| EZA] AR 4] Ealo] dibsierae) g3 #do] dojur]
=t webd Fo BeEel YA @ fros §294) Bt

Fig. 6& &/d€5-9] Z°]7} 40 cm, 50 cm, 60 cm, 80 cm$! 7350

A~ T
s

-
=
al



S FAZ 9% OF PSATR si 887

AC-A layer ZMS-A layer
T . :
@
5 08 ]
k] R 1
S 08
&=
o 04r © ]
(= i e —_
CHL' 2 B ~
0.0 F=——= X I o
(b) / _
] K 08 §
-10.6 ﬁ
I 404 0
_____ [ 2
— - o \\C\O 1,28
CHy - %2 -
10 E==%= o, A .
5 08 _(c) ]
kel «
T os —
E
o 04 |
= 02F o .C\. |
cH, TRl ~._
0.0 = e, | i .

40 60 80 100 120
Bed length(cm)
Fig. 5. Concentration profiles in the gas phase at the end of the ad-
sorption step.
(a) AC-A: ZMS-A=40 : 80, (b) 60 : 60, (c) 80 : 40(feed rate=10.5 cm/s,
T=288 K and Ph-17 atm)

325
a) — ACL:40cm
T 320 o — — ACL:50cm ™|
T 315 - ;//' <N e ACL:BOCM |
5 I NN —- - ACL:80cm
S 310/ N B
g i -\
£ 305 | N BN N
(0] N -
300 QUGN ]
295 1 | L 1 |
0.4
o] b) — ACL:40cm
O B — — AGL:50cm
o« 03 4
o | == T\ T ACL:60cm
5 —-~ ACL:BOCM
5 02 -
©
&=
2 o1 4
= ‘
l\’ —

00 L 1 - .. PPt
0 20 40 60 80 100 120
Bed length(cm)

Fig. 6. (a) Bed temperature profiles and (b) composition profiles of car-
bon monoxide at the end of the adsorption step with ACL.
(T=298.15 K, feed rate=11.0 cm/s and Ph=17 atm)

=g 4gee =23e W Z9ds IR EoM ' WiFe
£ 3ol Yakslethel it w2 XS Wl Zloth. Fig. 69
(@I SAeZe] o7t AT &% 2§ &7 £O& o
3 AL 2 ded )AL Fig. 69 (b)lA ExRo] ditste
&9 FE BV Y T £02 o|FIHA FHE I FHE
o] Wdle] vt AETE & F Atk wEbM A BYES
Zolrrt HESE FAY 7 BoF BEEo] olF8l £t ¥
oA HAe] EF Aoyt SAjF.

4-3. ntHE SFLIMe] EXE U HE SESE
PSATAC g% EF71AS 2 Bok &2 £F 4 I5ES
A7) AEA ' AF F7h, AdRAeIM e BF wE 2, 33

1.00 * * 0.92
0.90
089 0.88
0.86
098 &
g 084
o =
BO97 - 0823,
S -
S 080G
2096 - .
g 078 &
a 3
0.95 |- - 076 @
. o
0.74
094 L.~
> 0.72
093U L ! : ! I 0.70
13 15 17 19 21 23

Adsorption pressure(atm)
Fig. 7. Effect of adsorption pressure on the purity and recovery of
hydrogen.
(feed rate=10.5 cm/s, T=288 K and ACL=60 cm)

1.000 ry r —3 T T 0.90
.

~ o088

0.998 - P 40.86
& H084 §

D 0.996 |

© — 40825
s ) £
- . —080%
[ 0994 r .‘ E'
,E' . ~078 @
H 3
' 4076 &
0.992 - * o4

' 074

0990+ ¢ 40.72

{ 1 1 1 1 A 0.70

95 10.0 10.5 11.0 115 12.0
Feed rate (cm/s)

Fig. 8. Effect of the different feed rate on the purity and recovery of
hydrogen.
(Ph=17 atm, T=288 K, and ACL=60 cm)

A FEEEe 24, 232 IYYE TFA ULl BEEEE
7RFS &h= rinse BAlY E9i7 7ol FAoN} 2P Aol
o]F0]A gt} 2 FoME APUR FFIANMY FAYH Y
A8 FTFSEE €59 35l A 9% WA Fig. 73 8
e 9 98 FFEL 59 35 vAE 9FS YE
Wick. Fig. 7€ 29 4ol 13 amolA 19 a7l €571 287
A z715e & F JdEd ole ¢¥o] woldes BEEEY FF
o] ZvtelA ol o1F&Es} 2Asy] wEolth AT 19 atmo]
o] HE £wrt FAsA ZAdked olE 19 amE AvE A4d
FANTS Hole ETEES Y FAT2ML vdE 549 9
sl A 3ol TSRIAEE, he] HE FAAE2AL ¥l
VA EF&eo] FrbehaAM EESe] S Aol v ¢
Ao B}t Fo] EA 57| wEolul. wpebs 4o olFEHET} A
oz ZAAsHEN £x9] ZAEAdS vepdth

Fig. 82 ¢¥¥0] 17am, €571 288K o, 8 FFET7 €%
9} 380 ¥islE AHE Aot 98 FFEE/ 11.0 cm/selEH
Me 27t AT 32 JeERAT 2 oPeME §43] EolA]

HWAHAK KONGHAK Vol. 37, No. 6, December, 1999



888 FET - A

T 3488 A% ZVREE BT ol 9E FEEE 11.0cm/isE
o 2 ASoE E4ESY olF £5rt "wEld ¥ wre= wA v
(e}

4-4, Aﬂwliilc}_l A

AAR7|A S Fg 19 vebd 2XE AAH FFEDAdDS A
Z e PBLM AAR71AQ) FFol B ¥ 4= PBL2Y Ao
£ ey o]E PBLIF PBL29 J@, zlolel Dpell vl g}, Fig.
9= DPY WE 59 358 #AE UEhd ZoE DP7F 1014
Ax 99.99%014e] x5 R, 103t Ee €2t #4438 &
BT goH 348 DP} Z7hEel wet % i?:a—-% yepdct, 2

23 Fig. 99) 27te] 2EolE H4-go) 2 wol, DP7L 103
Ae L7l B A% €57 RoHIE &+ JEd o &%
7 EeSE BB FAF) Phsh) HRoln A7 Yol

Z715ke DP7}F ARE Rolm2 MAZA I BuUE e
PBL27} RolAAl €t} ol wldl 23} hHF53 HE APAav)
o] gl PBL30] ZAE] uhd, 23 YHAFEE ¥HF AdA
A gztge] Yo 7iAle] o] 23 453 IF UIRIEA
(VIDZ Bol7k= 71A|9] Futt zotA t=Easst gAY #4d =
23lR] EaA Ao wEbA Fdd =93] dEie dEassl o
A2l ¢48el PBL3E &7 WolAo} gt o|9} 72 o]fE PBL39|
SolxA Ha 13 YFHFEs 7 IAAVIDRE EoleE 7)A
o) ol 12} AHFFS BF AAVAMOIN LhoE s1Ae) Fuck

(a) 1.0000 0.88
086
0.9995 -
H o084
@
0.8990 |-
8 Hos2 8
()]
el =N
o
S o0.9985 | o080 <
3 098 80 %5
‘6 >
> Jo7s &
5 0.9980 8
a od
—H078 &
k]
0.9975 |-
074
0.9970 L ‘ ! ' 0.72
0 1 2 3 4 5
(b) 1.0000 r f ‘ 0.88
4086
0.5905 |
S q084 _
Soggeof  * S
D . 4082 8
< ‘. °
o >
> . N =
£0.9085 - . H080%
o Y %-
£ H078 2
5 0.9980 |- . 3
o . e
: 4076
0.9975 |
. 40,74
0.9970 1 , L L .
0 1 2 3 4 5072
DP(atm)

Fig. 9. Effect of DP on the purity and recovery at Ph=17 atm and feed
rate=10.5 cm/s.
(a) T=288 K, (b) T=293 K

EarEe M3738 M6z 19994 123

i e B

AXA "t wEkal, PBL3o] 74adt FAlel #4?] PBLIE Ho]
A 12} FEE53 WE 2YEAY U £Fo] ofFoiAe} ¥
o} ZElEE 13 SEFEE HE AA9AY F9%0] BoRA Hof
ARE 7IRISGAMX)ONA 7148 Folol & AEE] Yol F7iek
Huz AAR7Ae go) s HH g sk Eoh AF
¢} ¢%& DP7} F7Hdel wet Z7¥sie7t D7t ¢ 1380 AAE
99.99%0)3e] IEEe] FAAETS FA5H =il

Fig. 109) (@)%} (by= DP7} ThE 7ol tisted AR7A 38 &
A7y A& Bolae) g i 2x BXot JiisiEie] e #
ZZ Jepd Aot Fig. 10@E BH SAekEdMe ”*“«1 g
o] Yo} NAZA TFEA 27) Bth 257t oA, A

AC-A layer ZMS-A layer
315
(a) —e— DP=3.07

E.310 o s DP=1.357
= —v - DP=0.648
D 305 | line only : initiation
2 solid line : end
g 300
o
£ 295
@
'.—

290

285

Mole fraction of CO

gl o Y s
0 20 40 60 80 100 120
Bed length(cm)
Fig. 10. (a) Bed temperature and (b) mole fraction of carbon monoxide
at the initiation and end of PP step for the different DP.
(Ph=17 atm, T=293 K and feed rate=10.5 cm/s)

AC-A layer ZMS-A layer
320 T T T T

315

w
-
(=]

305

Temperature[K]

w
o
o

2095

2090 ! 1 1 1
o] 20 40 60 80 100 120

Bed length{cm)
Fig. 11. Bed temperature profiles at the end of adsorption step for the
different DP.
(Ph=17 atm, T=293 K and feed rate=10.5 cm/s)




S BAE 918 o PSAES] SN 889

= exr} 343 mol LIt ol Fig. 10b)¢ &
T BRA & £ gFe] gEe] oA A& Y7 FHell A
o] g BLESe] gEo] vt IR ¥ &7 £28 A
151t} Al getolEZN T FXEHEAM 2x7t deHoiRith. DP
7t Aers B4B Fst ALEolESAN LA gl dY

Ho &9 744 AAE ZEsich

Fig. 11& 98714 33 A7 5% de o& ppell oid &
Yol e RxE ekl zlojth MR A %ol o FAA
o) AAo] 2B YojukA| kome F dANAM B ¥ EF
Eo| z|eo|EZo 2 Y=o} AA7IAY o] B Hurt 2=

7 H gobde 2 4 Utk
5d B

Hea3gAdM wjEsoA = wWi7ka2A Hy, CO, CO B CH A
Ao 747} 59.4%, 15.0%, 232% 2 24%% o|F7 Afe &
7IAE oledld TEwe £AF 2] 2 Ak PSA(Pressure Swing
AdsorptionyZ8°l tate] Aslgnt. B AFoxe FHAZ &9
3 AleelolES dhte] A A&H0z FHAA 44 gAY
PSATAS AxRALEle o) e ARE A%k

) BAL Axwalg o AadslojNe A9 o s vEht
= gAEe £xsl 3)5gd U 1% el IFAEE TEI
AR 7R HAsE7] 9% CPNe2x 1471 At

Q) 3580 UhE F A SAEH ASTo|EE AH2R
2ANAL o 7+ FAA ] ALY 2HL ¢F B el 9
Fe nHE ofF ZF88 AR gt} oldsteid o
ER}E rolling up@Adel o3t datslerhe] & 329 ¥k EX
7F AT £E 2 35gd v FFoRRE FHHNE AL
60 cm2 A3t

3) EA3AHNN e= 2 FFed F83 %S WA= I
S0l ZAAANANY FAYE 98 FFEEIL SUH adEbA
3|28 11Z3] Zrlshs Uk $49 £EE IR RYE FAT

= ARe] Uehde ¢ F At B IFupPdelA veRd o]

23t ARoAe) A 98 FFEEE 27 19atm, 11.0cm/s
2 Yeiygth

@ AA7A ZEFSACNME gewsle] xlo|(DP=PBL1-PBL2) 5,
AR 7|A 2] oFo] AT 34T kol A FTE WX DP 7
o] ZNAFE 5L A&F oz PAaFe RAFYT W] DP
7} 27V wet £ 7187t DP7E 1.3 atmeldelME o o]
A e 2712 JP oA oba HAel gHWs) glo] EAFTE
o 4 U

& A

o] =82 Folgdw wFAd71741999. 3. 1-2000. 2. 28)yF A
FEUE.

A&

a,, a, :parameter in Eq. (8) [mol/g] [mol K/g]
by, b, : parameter in Eq. (9) [mmHg™"] [K]

b : Langmuir isotherm parameter [mmHg ™
C : concentration of adsorbate in gas phase [mol/cm’]
Cpg : heat capacity of gas [cal/gK]
Cps : heat capacity of adsorbent [cal/gK]
D, : dispersion coefficient [cm¥s]
d : diameter of bed [cm]
AH  : heat of adsorption [cal/mol]
h - heat transfer coefficient [cal/cm’ s K]
k - mass transfer coefficient [1/sec]
P : pressure [atm]
q* : equilibrium adsorbed-phase concentration [mol/g]
q - concentration of adsorbate in solid phase [mol/g]
q - saturation concentration of adsorbate in solid phase [mol/g]
R : gas constant [cm® mmHg/gmol K]
T : gas phase temperature [K]
T,s :reference temperature [K]
T, : ambient temperature [K]
t : time [sec]
v : interstitial velocity [cm/s]
z : axial distance [cm]
Jzjo|A 2Xt
€ : bed porosity
p : bed density [g/em’]
X
l : layer of adsorbent
e
i : i component
] : j component
|
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