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Abstract In this study, we have surveyed the new technologies in the cryogenic distillation of ITER,
equilibrium reactors and helium refrigeration cycle contained in the isotope separation system (ISS). We also
have collected thermodynamic and transport properties for H,, HD, D,, HT, DT and T, components of which
properties are not built in a general purpose chemical process simulators such as Aspen Plus and PRO/II with
PROVISION. Verification works have been performed to compare between literature data and simulation results.
For the simulation of ISS involving six hydrogen isotope components, four distillation columns and two
equilibrium reactors are used for the separation of D, and DT from T.
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[Fig. 1] Block diagram of ITER fuel cycle
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[Table 1] Equilibrium constant for isotopes

Equilibrium constant

Reaction formula
273K 298K 400K 500K 600K

[H:][D:)/[HD]*  3.18 325 348 362 3.72
[H][T2)/[HT? 242 256 297 324 344

[Do][T2)/[DT 379 382 388 392 394
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[Table 2] Fixed properties for using equation of state

model
Parameter Description
1 Critical temperature
P, Critical pressure
w Acentric factor
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EARE, dAE, dAYE e Ha "14 Qo &=
Aol E44XE YR SITE Table 33} Table 4] e}
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[Table 3] Pure properties for H,, HD and D,

[Table 4] Pure properties for HT, DT and T,

Parameter Component

HT DT T,
MW 4.024 5.032 6.032
7T.(K) 37.13 39.42 40.22
P (kPa) 1,570 1,770 1,850
0) -0.12 -0.13 -0.14
V;(m3/kmole) - - -
Z, . - -
P, Antoine equation
AGY; (Ifkmole) -1.169 -1,661 0

2
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=4
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of glof mif- Fagt B2 Fol shtelth I olf=
A =S 283= M7t S719017] dieeltk &
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71§k FAMA o SJalA] oo 4] (et F-2 FEE AR
ghet

lnPL(Pa):A*ﬁ 1)

SFA|Ik B d3Lof| A= Hy, HD, Dy, HT, DT U T.5 A
Hof disliA & o AUt & Aksl7] $13 ofel
o] 2] )3 #e BAAE ARk

719
P, (Pa)= G + %4— GWT+ G T+ G TP+ O T
@

ol2|2] Table 52} Table 69]=
A} $FINULE

919] 2] (2)¢] BA AL
of| i3} Antoine A4S A 2|5t

ﬂil

Parameter Component ' 1—
H; HD D, WSolct. 121 Fig 20 B Aol AEA Aol
MW 2.015 3.023 4.031 ALEL AFE5lo] AARE ATl B3 RAFRERE 437
T.(K) 33.19 3591 38.35 3 Z=7)9F AlEZF Afole] BlwE UeR) QL) Fig. 22 &
P0Pa) L313 L4 1661 W AHS vIEY YA FAehe AS B 5 ok
w -0.22 -0.18 -0.15
V. (m’/kmole) 0.064 0.062 0.060
z 0305 0312 0314 [Table 5] Coefficients in vapor pressure correlation
for H,, HD and D
Py Antoine equation Component
G’”  (J/kmole) 0 1441 0 Parameter H T D,
a 12.69 14.00 18.947
G -94.896 -119.97 -154.47
G 1.1125 0.93537 -0.57226
G 3.29x10*  4.30x10° 0.0389
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G 2.0 2.998 1.0
G 0 0 0
C 0 0 0
Min. temperature 13.95K 16.60K 18.73K
Max. temperature 33.19K 35.19K 38.35K

[Table 6] Coefficients in vapor pressure correlation for
HT, DT and T

Parameter Component

HT DT T,

G -42.84 2472 125.35

G -2.24 -54.57 -922.34

G 471 -1.19 4.58

@ -1.31 -0.79 0.39

[ 25.20 17.01 28.71

G 1.09x10°  5.85x10° 0.00

Min. temperature 420 K 420 K 420 K
Max. temperature 3519 K 37.19 K 38.35 K

8e+5

Exp._H, vapor pressure
Exp._HD vapor pressure
Exp._D, vapor pressure
Exp._HT vapor pressure
Exp._DT vapor pressure
Exp._T, vapor pressure
Calc._H, vapor pressure

4e45F | T Calc._HD vapor pressure
—— Calc._D, vapor pressure

6e+5 |

m >»e0D>O

—— Calc._HT vapor pressure
—— Calc._DT vapor pressure
—— Calc._T, vapor pressure

2e+5 |

Vapor Pressure (Pa)

16 18 20 22 24 26 28 30

Temperature (K)

[Fig. 2] Vapor pressures prediction H,, HD, D,, HT, DT
and T, using Aspen Plus.
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[Table 7] Feed stream information

Stream name Feed Ext-Feed
Temperature (K) 30.00 20.00
Pressure (kPa) 111.46 111.46
Vapor frac. 1.00 1.00
Mole flow (mol/h) 120.00 60.00
Mass flow (kg/h) 0.60 0.23
mol/h mol% mol/h mol %
H, 1.20 1.00 12.10 5.34
HD 0.00 0.00 9.07 4.00
HT 0.00 0.00 12.07 5.33
D, 28.80 24.00| 193.34 85.33
DT 60.00 50.00 0.00 0.00
T, 30.00 25.00 0.00 0.00
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[Fig. 3] Schematic flow diagram of ISS.
[Table 8] Design conditions for columns
Stream number Cl C2 C3 C4
Reflux ratio 54.75 82.06 13.25 56.55
Top distillate rate (mol/h) 29.77 1,600.00 930.00 58.88
Number of stages 80.00 80.00 80.00 180.00
Feed stage 50.00 55.00 40.00 67.00
Column top press. (kPa) 91.19 70.93 81.06 106.39
[Table 9] Heat and material balance result
Stream name HD D2 DT T2
Temperature (K) 21.44 23.10 23.73 24.95
Pressure (kPa) 70.93 81.06 81.36 110.44
Vapor fraction 0.00 0.00 0.03 0.00
Mole flow (kmol/hr) 0.02 0.07 0.06 0.03
Mass fow (kg/hr) 0.06 0.28 0.30 0.19
Component flow rate| percents | flow rate| percents | flow rate| percents | flow rate| percents
(mol/hr) (mol%) (mol/hr) (mol%) (mol/hr) (mol%) (mol/hr) (mol%)
H; 1.03 5.27 0.00 0.00 0.00 0.00 0.00 0.00
HD 15.34 78.80 0.00 0.00 0.00 0.00 0.00 0.00
HT 2.40 12.32 0.60 0.85 0.00 0.00 0.00 0.00
D, 0.70 3.61 69.63 99.13 0.29 0.49 0.00 0.00
DT 0.00 0.00 0.01 0.01 58.20 98.74 1.80 5.74
T 0.00 0.00 0.00 0.00 0.45 0.76 29.55 94.26
3.3 WE WE A2 ZH DA} o Fol7k slek: 248 gl WRUEINA B
EALTRATL poseidad A Reig g = 15 Kol AEdvieh nadulel sifjdam TeAn.
3 20 K o|5te] 2ALog gA|Eoof stuz thale Tﬂrﬂw AL Yul AT AL 5 A0t
SJal] ZAFAIAEL A 93t mE Au]7} CB(cold box)2t Y B AR R 5 ok A das CBY
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YsAtelE 378& UEigIth A Table 109 /7]
AR LARE T AL 2 3471 Ea

¢}

LN, Adsorber

Helium Refrigerator

Helium Refrigeration
Heat Exchanger

3 heat dutyS YEFHSITE Y471= F 6712 2719 |
7+712} 47]9] -3-=7](condenser)7} E3HE|CH FA4 R dlF
a7e] WEH 67 dugrlo] a3t F heat duty=
-3.7493 kwo|n o] dgke 14 Ko AgY=RYE 3
) 1283 Table 1lole 2A2S5FEHAA Bagt
7+48719] heat dutyE YEMSITE 7197 & 402 2
SHEY AHH]7|(reboiler)7} siFETE FHRHY A}
of W= 4748 AH]7]oflA HAF F heat duty=
3.2682 kWolm o] de2 30 KO E7|AZRE 55
wo] Xt A= Fig. 494 Au|7]of| sFol= g7
(Fig. 4°)|A] reboilers)@] heat duty”7} 3.2682 kW EHE==
343, Wrrlel S57le] Aehs AmEk|(Fig. 4olA
Condensers + Coolers)2] heat duty7} -3.7493 kW HE=%
o= 3AS 2 okgleth ol AuE Fe AV &2
d9E 3 2ASFTHY AEYSAtelE Hagt
g P FFE 5989 ke/h o], AB|7|2 F-Y==
AERH2 5337 kghE AAEQS ojdd diE
Table 120 Yebfgict 22]ar ojuf AMS-H HEYS7I
9l A8 EYLS FE 70.0% 7|02 oF 198.68 kW7} &
Q%o e Hl(expansion turbine)”| o)l A= 2F 6.34 kW
7h 285 Ao AAE I

fr

o

Helium Stream

High Pressure

Low Pressure

=

]
|

Helium Oil

Removal Skid

J.compressor ki
Helium

GX H ﬂ GX Compressor

Helium
Expansion Tank

[Fig. 4] Schematic diagram of helium refrigeration cycle.
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[Table 10] Summary of helium users (1)
Heat Exchanger ID E2 E4 C1-cond. C2-cond. C3-cond. C4-cond.
Condenser Condenser Condenser Condenser
Heat Exchanger Name Cooler 1 Cooler 2 for for for for
C1 Column C2 Column C3 Column C4 Column
Inlet Temperature (K) 298.10 309.60 23.45 21.51 24.60 23.10
Outlet Temperature (K) 20.00 20.00 23.44 21.44 24.59 23.10
Heat duty (kW) -0.2396 -0.1953 -0.6075 -0.5483 -1.5272 -0.6314
Total heat duties (kW) -3.7493 (-3,749.3 Watt)
[Table 11] Summary of helium users (2)
Heat Exchanger ID Cl-reb. C2-reb. C3-reb. C4-reb.
Reboiler Reboiler Reboiler Reboiler
Heat Exchanger Name for for for for
C1 Column C2 Column C3 Column C4 Column
Inlet Temperature (K) 24.23 22.70 24.96 23.15
Outlet Temperature (K) 2423 22.71 24.96 23.16
Heat duty (kW) 0.5556 0.551 1.5275 0.6341
Total heat duties (kW) 3.2682 (-3,268.2 Watt)
[Table 12] Simulation result of helium refrigeration cycle
Stream number 5 6 10 11
Stream name Reb. inlet Reb. outlet Cond. inlet Cond. outlet
Temperature (K) 30.00 26.00 14.00 18.00
Pressure (kPa) 20.00 20.00 6.25 6.25
Total molar rate (kmol/h) 133.3 133.3 149.6 149.6
Total mass rate (kg/h) 533.7 533.7 598.9 598.9
Component (kg/hr) (Wt%) (kg/hr) (Wt%) (kg/hr) (Wt%) (kg/hr) (wWt%)
Helium 533.7 100 533.7 100 598.9 100 598.9 100
4. A= BCHE ) Tois 0426%9) S8 A8 4 9]
Qom, Al WAl ZHEHCIHS 8] D2} DTS 7t
1) & AoA 7|20 UAEo] gl 9o HT, DT, 7} 99.13 mol%9]— 98.74 mol%= AA|E 4= A3t
A Tog 3719 2599459 E4uoEE 4
&4 3tEA mA|o] WStk ulebA 1SS 3) & AFHE paEfldasold oot =42
TA oA HEE= 6719 $AEL¥AQ Hy, HD, HO}ISS FHHALS E3f simulation modelS EH&
HT, D;, DT W T, J&EE50] et 93 2452 817 ek 3% o]5 7|¥ke 2 ITER ISSo| ths]
SRKQ} 7+ AFEHFA AL AJ8-50] o= 71ssle 2] A 3}El simulation model S RS 4= Q1S A O
= oo, 2 whghgr), 28] 3 ITER ISSol| that 24 a4
9 computer simulation Tglste] =&, JE, 0=k
2) Dy, DT, T.2 YUsk= &%, 99.00 mol%, DT T AFFARFT] AX= ] SdeEty] 7&

98.00 mol%, T, 94.00 mol%)
918l % 7o) ZRat 274
3t ISS B EAIICE 1

ooz HAH]
BFUN37IE A

Az WA 35

2o Y53} ~Zo] © A
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(2]

(3]

(4]

(3]

(6]

A7
T, : critical temperature
P, : critical pressure
V. : critical volume
Z, : critical compressibility factor
w : acentric factor
MW . molecular weight
P, : vapor pressure
AG‘; : standard Gibbs free energy of formation

A,B,C': coefficients in Antoine equation

. coefficients in modified Antoine equation
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