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2. ITER ISS 평형 반응기
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0 273.1 298.1 400 500 600

[HD]2 /[H2][D2] 0 3.18 3.25 3.48 3.62 3.72

[HT]2 /[H2][T2 ] 0 2.42 2.56 2.97 3.24 3.44

[DT]2 /[D2][T2 ] 0 3.79 3.82 3.88 3.92 3.94

평형상수식

온도(K)

D2 + T2 <=> 2DT
Equilibrium constant : KDT = [DT]2 / [D2][T2]
Reaction rate : RDT = rDT f(PDT, PD2, 
PT2)

Equilibrator

equilibrium 
equation

Reactions in the equilibrators
• HT +D2 ↔ DT + HD
• 2 DT ↔ D2 + T2

목적: 최대한 원소단위로 재 분리하는 역할

평형반응장치의최적 배열과 위치가 존재

EU Contribution to ITER Fuel Cycle, Alain Teissier, IBF 2013
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종   류

끓는점 (K)

증기압
(mmHg) @25K

H2 HD

20.39 22.14

2483.19 1620.17

HT D2

22.92 23.66

1346.05 1117.77

DT T2

24.38 25.04

915.77 759.05

Properties of Hydrogen Isotopomers Relative volatility (@22K) 
H2/ HD : 1.6
H2/ HT : 2.1
H2/D2 : 2.6
H2/DT : 3.4
H2/T2 : 4.3

0 273.1 298.1 400 500 600

[HD]2 /[H2][D2] 0 3.18 3.25 3.48 3.62 3.72

[HT]2 /[H2][T2 ] 0 2.42 2.56 2.97 3.24 3.44

[DT]2 /[D2][T2] 0 3.79 3.82 3.88 3.92 3.94

평형상수식

온도(K)

2DT   <=>   D2 + T2

평형상수 : KDT = [DT]2 / [D2][T2]
반응속도 : RDT = rDT  f(PDT, PD2, PT2)

Equilibrator

수소동위원소와 기타 성분들의 물성 DB화

2. ITER ISS 평형 반응기
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 Reactor 1:

Stream Number R1-F R1-P
Stream Name Feed Product
Temperature K 298.15 298.15 
Pressure atm 0.70 1.00 
Vapor Frac 1.00 1.00 

Mole Flow mol/min 1.17 1.17
Mass Flow kg/hr 0.28 0.28

Flow rate 
(mol/min)

Percents
(mol%)

Flow rate 
(mol/min)

Percents
(mol%)

H2 0.00 0.00 0.00 0.00 
HD 0.00 0.00 0.00 0.00 
HT 0.01 0.85 0.01 0.85 
D2 1.16 99.06 1.16 99.06 
DT 0.00 0.09 0.00 0.09 
T2 <0.001 0.00 TRACE 0.00 

R2-DT

R2-F

REA-P

 
   82.3

22

2

2 
TD

DTK

T2 Removal

2. ITER ISS 평형 반응기



7

 Reactor 2:

R1-F R1-HD

R1-P

Stream Number R1-F R1-P
Stream Name Feed Product
Temperature K 298.00 298.15 
Pressure atm 0.90 1.00 
Vapor Frac 1.00 1.00 

Mole Flow kmol/hr 0.09 0.09
Mass Flow kg/hr 0.34 0.34

Flow rate 
(kmol/hr)

Percents
(mol%)

Flow rate 
(kmol/hr)

Percents
(mol%)

H2 0.01 8.02 0.00 1.14 
HD 0.00 3.34 0.02 17.09 
HT 0.00 3.34 0.00 3.34 
D2 0.08 85.23 0.07 78.35 
DT 0.00 0.07 0.00 0.07 
T2 0.00 0.00 0.00 0.00 

 
   26.3

22

2

1 
DH

HDK

2. ITER ISS 평형 반응기
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PRO/II를 활용한 반응기 모델링
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Reformer Modeling
 개질 반응

 : Reforming Reaction
 : Shift Reaction

 Total Reaction: 

 반응기 형태
 Stoichiometric Reactor: 한계 반응물의 전환율을 지정
 Gibbs Reactor: 반응식을 알지 못하는 경우 Gibbs Free Energy 

Minimum 값으로부터 반응 평형을 계산
 Equilibrium Reactor: Gibbs Free Energy of Formation으로부터

반응 평형을 계산
 Kinetic Reactor: Kinetic Data(Pre-exponential Factor와

Activation Energy를 활용하여 반응을 계산)
 Batch Reactor
 PFR
 CSTR

2241 3: HCOOHCHr 

2222 : HCOOHCOr 

2224 42: HCOOHCHrTotal 
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Material Balance for Reformer In & Out

IDStream 165 170
Component lbmol/hr mole% lbmol/hr mole%

1H2 1.36 7.26 11.11 45.97 
2CH4 5.83 31.13 3.11 12.87 
3CO 0.00 0.00 1.12 4.63 
4CO2 0.50 2.67 2.10 8.69 
5H2O 10.97 58.57 6.66 27.55 
6N2 0.07 0.37 0.07 0.29 
7O2 0.00 0.00 0.00 0.00 
Total Flow 18.73 100.00 24.17 100.00 

Temperature, F 1,129 1,060 
Pressure, psia 16.8 15.92
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Thermodynamic Model Selection: SRK
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Reformer: Reformer Temperature & Pressure



13

Reactions: Reactions in Reformer
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Fractional Conversion: For CH4 & CO

IDStream 165 170
Component lbmol/hr mole% lbmol/hr mole%

1H2 1.36 7.26 11.11 45.97 
2CH4 5.83 31.13 3.11 12.87 
3CO 0.00 0.00 1.12 4.63 
4CO2 0.50 2.67 2.10 8.69 
5H2O 10.97 58.57 6.66 27.55 
6N2 0.07 0.37 0.07 0.29 
7O2 0.00 0.00 0.00 0.00 
Total Flow 18.73 100.00 24.17 100.00 

Temperature, F 1,129 1,060 
Pressure, psia 16.8 15.92

2241 3: HCOOHCHr  2222 : HCOOHCOr 

46655.0
83.5

11.383.5:4 
CH

58824.0
72.2

12.172.2: 
CO

72.211.383.5: CO
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Fractional Conversion: For CH4 & CO
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Reformer Result:



17

Stream Reformer
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Stream Result: Comparison between Design & Aspen Plus

ID
Stream 165 170 170
Component lbmol/hr mole% lbmol/hr mole% lbmol/hr mole%

1H2 1.36 7.26 11.11 45.97 11.12 46.01 
2CH4 5.83 31.13 3.11 12.87 3.11 12.87 
3CO 0.00 0.00 1.12 4.63 1.12 4.63 
4CO2 0.50 2.67 2.10 8.69 2.10 8.69 
5H2O 10.97 58.57 6.66 27.55 6.65 27.51 
6N2 0.07 0.37 0.07 0.29 0.07 0.29 
7O2 0.00 0.00 0.00 0.00 0.00 0.00 
Total Flow 18.73 100.00 24.17 100.00 24.17 100.00 

Temperature, F 1,129 1,060 1,060 
Pressure, psia 16.8 15.92 15.92
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Cathode Modeling:
Stream Reformer Out Leak To Anode Reforming In Cathode In Cathode Out

Stream Name 170 171 172 173 250 255

Component lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole%

H2 11.11 45.97 5.5161E-02 45.97 0.00 0.00 11.05 45.97 0.00 0.00 0.06 0.04 

CH4 3.11 12.87 1.5441E-02 12.87 0.00 0.00 3.09 12.87 0.00 0.00 0.02 0.01 

CO 1.12 4.63 5.5608E-03 4.63 0.00 0.00 1.11 4.63 0.00 0.00 0.01 0.01 

CO2 2.10 8.69 1.0427E-02 8.69 17.50 66.67 2.09 8.69 24.03 14.08 6.54 4.52 

H2O 6.66 27.55 3.3067E-02 27.55 0.00 0.00 6.63 27.55 25.99 15.23 26.03 18.00 

N2 0.07 0.29 3.4755E-04 0.29 0.00 0.00 0.07 0.29 98.54 57.73 98.55 68.15 

O2 0.00 0.00 0.0000E+00 0.00 8.75 33.33 0.00 0.00 22.14 12.97 13.39 9.26 

Total Flow, lbmol/hr 24.17 100.00 0.12 100.00 26.25 100.00 24.05 100.00 170.70 100.00 144.60 100.00 

Total Flow, lb/hr 317.9 1.6 4,995.1 3,946.1 

Temperature, F 1,129 1,129 1,129 1,129 1,042 1,140 

Pressure, psia 16.80 16.80 16.80 16.80 15.73 15.67 
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Stream Result:

Stream Reformer In Reformer Out Leak To Anode Reforming In Anode Out Cathode In Cathode Out
Stream Name 165 170 171 172 173 175 250 255
Component lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole%
H2 1.36 7.26 11.11 45.97 5.5161E-02 45.97 0.00 0.00 11.05 45.97 4.53 9.49 0.00 0.00 0.06 0.04 
CH4 5.83 31.13 3.11 12.87 1.5441E-02 12.87 0.00 0.00 3.09 12.87 0.02 0.04 0.00 0.00 0.02 0.01 
CO 0.00 0.00 1.12 4.63 5.5608E-03 4.63 0.00 0.00 1.11 4.63 2.45 5.13 0.00 0.00 0.01 0.01 
CO2 0.50 2.67 2.10 8.69 1.0427E-02 8.69 17.50 66.67 2.09 8.69 21.35 44.74 24.03 14.08 6.54 4.52 
H2O 10.97 58.57 6.66 27.55 3.3067E-02 27.55 0.00 0.00 6.63 27.55 19.30 40.44 25.99 15.23 26.03 18.00 
N2 0.07 0.37 0.07 0.29 3.4755E-04 0.29 0.00 0.00 0.07 0.29 0.07 0.15 98.54 57.73 98.55 68.15 
O2 0.00 0.00 0.00 0.00 0.0000E+00 0.00 8.75 33.33 0.00 0.00 0.00 0.00 22.14 12.97 13.39 9.26 
Total Flow, lbmol/hr 18.73 100.00 24.17 100.00 0.12 100.00 26.25 100.00 24.05 100.00 47.72 100.00 170.70 100.00 144.60 100.00 
Temperature, F 1,129 1,060 1,060 1,140 1,060 1,139 1,042 1,140 
Pressure, psia 16.80 15.92 15.92 15.67 15.92 15.84 15.73 15.67 

Stream Reformer In Reformer Out Leak To Anode Reforming In Anode Out Cathode In Cathode Out
Stream Name 165 170 171 172 173 175 250 255
Component lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole% lbmol/hr mole%
H2 1.36 7.26 11.12 46.01 5.5211E-02 46.01 0.00 0.00 11.07 46.02 4.53 9.37 0.00 0.00 0.06 0.04 
CH4 5.83 31.13 3.11 12.87 1.5441E-02 12.87 0.00 0.00 3.10 12.87 0.02 0.04 0.00 0.00 0.02 0.01 
CO 0.00 0.00 1.12 4.63 5.5608E-03 4.63 0.00 0.00 1.11 4.63 3.73 7.71 0.00 0.00 0.01 0.00 
CO2 0.50 2.67 2.10 8.69 1.0427E-02 8.69 17.50 66.67 2.09 8.69 20.05 41.48 24.03 14.08 6.54 4.52 
H2O 10.97 58.57 6.65 27.51 3.3017E-02 27.51 0.00 0.00 6.62 27.51 19.30 39.93 25.99 15.23 26.02 18.00 
N2 0.07 0.37 0.07 0.29 3.4755E-04 0.29 0.00 0.00 0.07 0.29 0.07 0.14 98.54 57.73 98.54 68.15 
O2 0.00 0.00 0.00 0.00 0.0000E+00 0.00 8.75 33.33 0.00 0.00 0.64 1.32 22.14 12.97 13.39 9.26 
Total Flow, lbmol/hr 18.73 100.00 24.17 100.00 0.12 100.00 26.25 100.00 24.06 100.00 48.34 100.00 170.70 100.00 144.57 99.98 
Temperature, F 1,129 1,060 1,060 1,140 1,060 1,139 1,042 1,140 
Pressure, psia 16.80 15.92 15.92 15.67 15.92 15.84 15.73 15.67 

Design Case

Aspen Modeling
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Stack & Reformer Modeling: Adding Heat Balance
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Stack & Reformer Modeling: Adding Heat Balance

Design Case

Aspen Modeling
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Stack & Reformer 부분과의 연결:
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Stack & Reformer 부분과의 연결: PRO/II with PROVISION
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Stack & Reformer Modeling: PRO/II with PROVISION

Design Case

PRO/II Modeling
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