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APPENDIX A

SUMMARY OF EPR DESIGN PARAMETERS

For conveneince of reference, the principle parameters that characterize

the EPR design r.re summarized in this appendix. The design is discussed in

Volume I .

Table A-l. Geometrical Parameters

Radius (m)

Major, RQ

Plasma, a

First wall, r

Aspect ratio, A = R/a

Plasma volume (m3)

Toroidal vacuum chamber volume (m3)

First vail area (ni2)

Blanket thickness (m)

Shield thickness (m)

Inside

Outside

Toroidal-field coils

Number

Horizontal bore, R, (m)
oore

Vertical bore, Z ff (m)

6.25

2.1

2.4

2.98

544

711

592

0.28

0.58

0.97

16

7.78

12.6

A - l



Table A-2. Steady-State Plasma Parameters — Reference Design

Poloidai beta, (3

Total benaf B

Safety factor

Magnetic axis, q(0)

Plasma surface, q(a)

Plasma radius, a (m)

Aspect ratio, A

Average temperature T (keV)

Effective ion charge,

Confinement for ignition, rvr̂ , (s/m3)

Peak field at TF coils, B ^ (T)

Fiald a t centerline, B (XX

Plasma current, I (MA)

Average D-T ion density, rf_T (m~3)

Power output, PT (MW)

Neutron wall load, P (MW/m2)

Ratio of nTg required for ignition to TIM
value of j j t ^ ^ - —

2

10.0

4.47

7.58

9.4 x 10 1 9

638

0.86

1.

0.

1.

3.

2.

2.

10

1.

.4 >

7

048

0

05

1

98

3

: 1020

0

8.0

3.58

6.06

.0 x 1019

261

0.35
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Table A-3. Power Performance Parameters

Burn cycle

Burn pulse (s)

Duty cycle (%)

Gross electrical power (MW)

Net electrical power (MW)

Plant availability (%)

Design lifetime

Integrated neutron wall load (MW-yr/m2)

Years

Table A-4. Toroidal-Field Coil

Superconductor/Stabiliser/
Insulator/Support

Number of coils

Coil shape

55

75

72

30

67

2.5

10

System

Nb-Ti/Cu/
fiberglass epoxy/SS

16

Pure tensiu.
R1Q = 2.45 m
R_» = 11.1 m

Field ripple (%)

Maximum access (m)

Peak field (T)

Bore (m)
Vertical
Horizontal

Field in plastna, B (T)
10 T peak field
8 T peak field

Stability

Temperature allowance (°K)

Conductor design

Cooling

Operational current (kA/turn)

1.3

10 at 3°K
8 at 4.2°K

12.6
7.78

4.32
3.46

Cryostatlc

0.5

Monolithic

Pool boiling

60

(Continued)
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Table A-4. Toroidal-Field Coil System (Continued)

Stored energy (GJ)
Total 30
Coil 1.875

Inductance (H)
Total 16.7
Coil 1.04

Ampere-t"rns (MAT)
Total 134
Coil C.37

Turns/coil 70 x 2

Mean turn length (m) 36

Total conductor length/coil (A-m) 151.2 * 106

Coil weight/coil (Ton) ^ 208

Coil and bobbin cross section (m2) 0.619

Bobbin
Material 316 SS

Thickness (cm) 1.25

Winding cross section (m2) 0.572

Average current density (A/ctr.2)
Over bobbin and coil 1352
Over coil winding 1463
Over copper 3660

Smallest radius of curvature at rv 10 T

field region (m) 1.98

Average hoop force/turn (lb) 133 x 103

Average turn cross section (cm2) 40.6

Cross section ratio, SS/Cu ^1.5

Overall average stress (psi)
Stainless steel 26,000

Copper 14,500

Length of straight segment (m) 8.56

Compressive pressure (psi) 7,660

Circumferential stress (psi) < 74,000

Refrigeration power (MW) 14.3

A-4



Table A-5. OH/EF Coil Magnet System

OH Coil EF Coil

Superconductor/stabilizer

Coil design

Conductor design

Stability

Cooling

Operating temperature (°K)

Average current density (A/cm2)

Magnetic field (T)

At flux core

At plasma center

Ampere-turns (MAT)

Total conductor length (MA meters)

Maximum dB/dt in conductor (T/s)

Stored energy in OH/EF/plasma
field (MJ)

2640

67

847

6.7

Maximum operational current (kA)

Number of turns

Self-inductance (H)

Mutual coupling

Power supply voltage (kV)

Volt-seconds to plasma (V-s)

80

837

0.48

48

85

Nb-Ti/Cu

Single layer

Fully transposed
cable

Cryostattc

Pool boiling

4.2

2946

2262

KOHEF

Coupling coefficient to plasma ring KnUT) = -0.2422

% 0.46

± 18.6

996

i* 1

80

464

0.52

0.0158

21

50

KF.FP -0.2566
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Table A-6. Neutral Beam Injection System

(Reference)
Design 1

D+

D2 gas

(0.75,0.18,0.07/-)

60

180

333

12

2

multlaperture

0.135

441

110

0.85

0.30

0.29

0.34

207

Design 2

D+

D2 gas

0.95, U. 03,0.2/-)

60

180

333

12
-)

mulciaperture

0.175

338

57

0.85

0.30

0.41

0.45

145

Design 3a

D~

D2 gas

(-/O.95)

60

180

333

6

2

multiaperture

0.135

113

41

0.85

0.30

0.66

0.66

91

Deslgr 3b

D~

Li plasma

(-/0.95)

60

180

333

6

2

multiaperture

0.135

81

11

0.85

0.30

0.77

0.77

7S

Atomic ion

Target for D~ •+ D°
+ -f> + —

Beam composition (D , D % D3/D )

Neutral beam pcwer (MW)

Neutral beam energy (keV)

Neutral beam current (Equiv. A)

Number of injectors

Number of ion sources/injector

Type of grid

Ion beam current density (A/cm2)

Ion beam power (>fW)

Gas load/injector (Torr-H)

Direct conversion efficiency

Thermal conversion efficiency

Electrical power efficiency

Overall power efficiency

Net power input (MW)



Table A-7. RF Heat Ins System

Pump frequency (KHz)

8 T

10 T

Output power (MW)

A ports

10 ports

Transmission efficiency froTn
source to port (7.)

Pulse duration, heating (s)

25 MW

60 MW

Duty cycle (%)

25 MW

60 MW

Launcher

Transmission scheme

High power source

ICRH

54.0

6B.6

25

60

66

12.9

5.4

17.2

7.2

1/4 turn loops

Coaxial cables

Tetrode amplifier

LHRH

1120

1190

1 s*
«. J

60

..6

12.9

5.4

17.2

7.2

"firlll" waveguide
ft across by 2 high

Waveguides

Klystron



Table A-8. Energy Transfer and Storage Systems — Maximum Ratings

Ohmic Heating Systems

Drum homopolar generators
Number of generators in series
Number of drums/generator
Total energy transfer (MJ)
Peak power (MW)
Peak voltage (kV)
Peak current (kA)
Equivalent capacitance (F)

Rectifier system
Type
Energy transfer (MJ)
Peak power (MW)
Peak current (kA)
Peak voltage (kV)

Equilibrium Field System

Type
Energy transfer (MJ)
Peak power (MW)
Peak current (kA)
Peak voltage (kV)
Peak switching frequency (Hz)

Neutral Beam System '

Type
Energy transfer (GJ)
Voltage (kV)
Power (MW)

RF System (60 MW)

Type
Voltage (kV)

ICR
LHR

Power (MW)
ICR
LHR

Central Energy Storage Inductor

Type.
Energy stored (GJ)
Energy transfer (GJ)
Peak current (kA)
Peak power (MW)
Average power from 60 Hz line (MW)

16
6
1200
1900
51
68
0.897

Inductor-converter bridge
600
66
80
0.8

Inductor-converter bridge
1500
416
80
21
1330

SCR, dc/ac/dc at 10 kHz
1
180
207

5-phase inductor-converter bridge

18.0
64.5

94
125

Superconductive ring dipole inductor
3.2
2.4
80
620
21

Assumes electrical energy recovery in power supply.

Neutral beam and rf are alternative options.
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Table A-9. Vacuum Systems

Volume

Surface area

Gas load

Cryosorption pumping

Effective pumping speed

Secondary pumps

Al/Zr getter pumps

Number of 1300 CFM blower stations

Number of 1400 2/s turbomolecular pumps

Toroidal

754 m3

771 m2

2588 Torr-SL

32 - 25,000 Z/s pumps

4.25 x 105 l/s

32 - 10,000 fi/s

16

16

Neutral Beam

250 m3/injector

254 m2/injector

110 Tcrr-£/s per injector

100 mz panel.'injector

5 x 10e i/s per injector

12 - 25,000 1/s

Use same pumps

Use same pumps



Table A-10. First-Wall System

Design Description

• Free-standing, stainless steel vscuuti
spar reinforcing.

l wall with rib and

• Detachable, water-cooled stainless steel panels to shield
vacuum wall from plasma.

Low-Z coating on plasma-exposed face
high-Z impurity control.

Design Parameters

Vacuum chamber
Material
Design stress (ksi)
Major radius (m)
Minor radius (m)
Volume (m3)
Wall area (m2)
Wall thickness (cm)
Ring and spar (cm)

Width
Depth

Ports
Vacuum (0.95 m diameter)
Heating (0.75 m diameter)
Experimental (1.5 m diameter)
Total port area (m2)

Current breaker
Material
Form
Preparation

Coolant panel
Material
Number
Area per panel (m2)
Length (m)
Width (m)
Total panel thickness (cm)
Front wall thickness (cm)
Low-Z coating

Material
Thickness (vim)
Preparation

Coolant

of coolant panel for

316 SS
10
6.25
2.4
711
592
•7

5
11

32
16
4
31

Cr 0
2 3

Coating
Chemical bond

316 SS
352
1-2
1-2
-\- 1
•v. 1
0.5

Beryllium
100-200
Plasma spray
H20
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Table A-ll. Firsc-Wall Operating Parameters and Design Limits*

Nominal Operating Conditions

Capacity factor ('/.) 50

Operating cycle (s)
Startup 5
Burn 35
Shutdown 5
Exhaust and replenishment 15

Average power loading during burn (MW/m2)
Neutron 0.5
Radiation, conduction, convection 0.13

Operating Parameters

Stainless steel vacuum wall
Maximum temperature (°C) < 500
Minimum yield stress at 500°C (ksi) 17
Maximum annual fluence (n/m2) 6 x 1025

Neutron damage (dpa/yr) 2.8
Helium generation (appm/yr) 5A
Hydrogen generation (appm/yr) 133

Stainless steel coolant panel
Maximum temperature (°C) 380
Minimum yield stress at 500°C (ksi) 17
Maximum annual fluence (n/m2) 6 * 10 2 5

Neutron damage (dpa/yr) 2.8
Helium generation (appm/yr) 54
Hydrogen generation (appm/yr) 133
Maximum heat deposition (W/cra3) 5.8
Maximum AT across panel surface (°C) 20
Maximum AT through panel face (°C)

With argon shutdown 100
Without argon shutdown 75

Maximum AT during burn cycle (°C) 100
Maximum thermal strain nnge (%)

Operating cycle 0.1-4
Burn cycle 0.09

Continued

*
Based on a neutron wall load of 0.5 MW/mz and a plant capacity factor of
50%.
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Table A-ll. First-Wall Operating Parameters and Design Limits (Com Inuedj

Operating Parameters (Continued)

Bervl 1 ium coat ing
Maximum surface temperature (°C)
Helium generation (appm/yr)
Hydrogen generation (appm/yr)
Maximum erosion rate (um/vr)

Water coolant
Maximum pressure (psi)
Veli.city (m/s)
Inlot temperature — first panel
Exit temperature — eighth pane'
Pumping power (MY.')

(°C)

Vacuum walI
Design life (vr)
Integrated neutron wall loading (MW-yr/nr)
Yield strength — 10 yr (ksi)
Uniform elongation — 10 yr (?')
Radiation swelling — 10 yr (")
Limiting criterion

Coolant panel
Design life (yr)
Total burn cycles — 5 yr
Fatigue lifetime (yr)
Radiation lifetime (yr)
Limiting ct'r-Tinn

l.ow-Z coating
Design life (yr)
Limiting criterion

407
780
n
to

2000
1.6
-'.0
HO

10
2.5
75
• • 1

Duct 11ity

5
106

5
8
Thermal fatigue

3-5
D-T sputtering

Based on a neutron wall load of 0.5 MV/m2 and a plant capacity factor
"'" 50%.of
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Table A- 1 2 . I'.lai.ket System

Design basis operating life (yr) 10

Nominal power during burn (MW) 400

Design lias is neutron wall loading (MW/m* 0.5

I'l.mt capacity factor (2) SO

Blanket structure
Thickness (m) 0.28
Type metal/volume fraction '316-S5/O.9
Tvpe coo lane/volume fraction Ho0/- 0.05
Penetration volume fraction

Inner blanket " 0-02
Outer blanket ^ 0.05

Maximum temperatures (°C)
In support structures 500
In bulk materials 550

Nuclear parameters
Maximum heat deposition (W/cm5) 3.5
Maximum fluence at 2.5 MW-yr/m2 (n/nr"> 5 * 10 2 6

Maximum dpa ar. 2.5 MU-yr/m"2 (dpa) 17
Maximum helium production at 2.5 MW-yr/m2 (appm) 230
Maximum hydrogen production at 2.5 MW-yr/nr (apptn) 600

Mechanical parameters
Design stress in support structure (ksi) - 10
Minimum material yield stress (ksi) 20
Ductility at 2.5 MW-yr/m2 (% uniform elongation) - 3
Swelling at 2.5 MW-yr/m2 (% of initial volume) 5 2
Maximum torque from pulsed fields (ft-lb) 125,000

Coolant parameters
Type H 0
Maximum pressure (psig) 2000
Pressure drop (psig) < 15
Maximum velocity (m/s) 2.4
Pumping power (MW) < 1
Coolant inlet temperature (°C) 40
Maximum coolant exit temperature (°C) 309

Residual activity from the first wall/blanket/shield
after two years of operation in Ci/MWt

Immediately after shutdown 3.5 * 106

1 year after removal 8.0 * 10^
10 years after removal 7.0 x 101*
100 years after removal 60
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Table A-13. Shield System

Design basis operating life (yr)

Shield structure

Thickness (m)

Inner bulk shield

Outer bulk shield

Beam duct shield

Evacuation duct shield (movable plug)

Biological shield

Materials

Inner p'lield

Outer shield

Beam duct shield

Evacuation duct shield (movable plug)

Biological shield

Temperature (°C)

Coolant

Maximum torque fron pulsed fields (ft-lb)

Maximum nuclear heating in bulk shield (W/cm )

Fraction of fusion power deposited in shield

Maximum energy current at outer surface of
bulk shield (W/cm2)

Neutrons

Gammas

10

0.58

0.97

0.75

0.90

1.5

304-SS/BitC

304-SS/Pb mortar/C/Al

304-SS/BitC/Pb/Al

306-SS/B^C

Concrete

< 90°C

H20

253,000

0.3

^ 0.07

^ 2 x lO"4

-Vi 5 x 1 0 " 5
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Table A-14. Tritium-Handling System

General

Power during burn (MW)

Burn cycle duty cycle (%)

Plant availability factor (%)

Tritium burnup (g/day)

Thi^jghput/burnup ratio

Tritium delivery rate (g/hr)

Fuel cycle turnaround time (hr)

Plant inventory (kg)

Annual tritium consumption at
50% capacity factor (kg)

Tritium Inventory Disposition

Cryosorption pumps (g)

Getter beds (g)

Distillation columns (g)

Fuel cycle hardware (g)

Storage (g)

Anticipated mean inventory (g)

Fuel Cycle

Nature of fuel processing
and recycle systems

Type of mainstream enrichment

Number of columns

Number of equilibrators

3TFC
max

8 T

200

75

67

26

50

60

4

0.6

10 T

500

75

67

64

50

150

A

0.6

6.A

240"

240a

10a

10a

500a

600

16

600"

cCL

25'

1300'

1500

a

[Nonmetallic element removal

Debris removal

\ Isotopic enrichment

Fuel storage

Fuel delivery

Cryogenic distillation

6

1

Maximum value at any single time.
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Table A-15. Plant Capital Investment Direct Cost Estimate

* FY 1976 dollars.

Structures and Site Facilities

Reactor

Reactor Plant Facilicies

Auxiliaries

Total

Engineering (25%)

Contingency

Grand Total

67,3

248.6

245,0

18.0

578.9

144.7

144.7

868.3
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APPENDIX B

IMPURITY CONTROL

The problem off plasma' con tami nation fey wall-
:.-EPR-is-examinedTih thiŝ appendix,'-._Â crltic3l_r̂ ey.ie5*_jof__the_relevant surface

data is incorporated in a plasma-wall interaction moJel that is employed,

together with a plasma power and particle balance model. In the analysis,

impurity control by charged-particle diversion and by modification of the

first-wall surface are simulated, and the adequacy of these methods for the

EPR is assessed,

A major purpose of this work is to determine if modification of the first-

wall surface can provide adequate impurity control for near-term tokamak reac-

tors, in general, and the EPR, in particular. A qualitative assessment of the

technological feasibility and limitations of a low-Z coating, a low-Z separated

liner, a carbon curtain, and a low-sputter coating is presented.

It is concluded from these studies that adequate control of sputtered

impurities to sustain burn pulses on the order of a minute and to achieve net

power conditions can be obtained in the EPR by suitable modification of ttvstfir

wall surface. Of the wall nodifications considered, a low-Z material (e.g.

beryllium) coated on a structural substrate appears the most feasible

technologically.

1. Computational Model

The basic computational model consists o: a set of time-dependent, space-

indepandent particle and power balance equations for the plasma, and a plasma-

wall interaction model. Coupled balance equations for D-T ions, alpha parti-

cles, wall-sputtered impurities, electron temperature and ion temperature are

solved. Neutral beam and fusion-alpha heating and power loss by radiation and

transport are treated. Transport processes within the plasma are modeled with

particle and energy confinement parameters which are computed from a multi-

regime (pseudo-classical, neoclassical^ trapped-particle-mode) model depending

upon the value of the collision frequency. Details of the plasma balance -equa-

tions are given in Appendix C.

The plasma-wall interaction model is depicted schematically in Figure. B-l

Charged (D , V , He , impurity) and neutral (D°, T|J, n) particle fluxes ejnergi

B-l
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Figure B-l. Plasma-Wall Interaction Model



from the plasma and strike the wall, with the charged particle fluxes being

reduced by a factor n due to particle removal (e.g. by a divertor). A fraction

of these particles are reflected, predominantly as neutrals> from the wall with

reflection coefficient R.* The impinging particles produce wall erosion by

sputtering with coefficient S. The returning particles are either ionized in

the plasma or may initiate a series of charge-exchange interactions leading to

the re-emergence of a D° or T° from the plasma with a probability A which

depends upon the relative charge-exchange and ionization cross sections and

upon neutral transport.

Energy-dependent physical sputtering coefficients for the incident partl-

cles, viz., D , T , He , and impurity ions, on candidate first-wall materials

are used for the calculation. Since insufficient experimental sputtering data

are available for the range of parameters of interest (1-5 are general refer-

ences that give a good indication of the state of technology), the sputtering

coefficients used for the calculation have been developed from both theoreti-

cal and empirical considerations. The shapes of the energy-dependent sputter-

ing curves are developed primarily from Sigmund's theory and the magnitude of

the coefficients have been, adjusted in some cases to better conform with availa-

ble experimental data.

Since the Sigmund theory does not adequately predict light ion sputtering

at low energies, energy-dependent sputtering yield curves for light ions (deu-

trium, tritium, and helium) have been obtained by combining the theoretical

curve at higher energies with an empirical relation for the lower ion energies.

The empirical curve assumes a direct energy dependence of the sputtering yield,

which is in general agreement with reported helium sputtering data for a number
o

of target materials. The transition between the two segments forms a peak in

the sputter curve at the ionization cut-off energy calculated from the Kinchin-
9

Pease theory. The threshold energies for sputtering have been determined by

the method of Hotston. Since the curves developed in this manner give yields

that are substantially higher than experimentally observed yields, these curves

have been adjusted in magnitude to better conform to the available experimental

data. Curves for the deuterium and tritium sputtering yields have been reduced

by one order of magnitude and those for helium have been reduced by a factor of

five. Figures B-2 to B-4 are the resultant mono-energetic sputtering curves for

R includes backscattering and re-emission.
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deutrium, tritium, and helium on several wall materials of interest. Figures

B-5 to B-7 compare the selected energy-dependent light-ion sputtering curves

with available experimental data. As indicated in Fig. B-7, the sputtering

curves developed here for niobium are in fairly good agreement with similar

curves proposed by Behrisch for the same target material. In general; the

present development gives sputter coefficients that are slightly higher than

the corresponding experimental data for low-Z wall materials, and coefficients

that ar>± slightly ower than the corresponding experimental data for the

higher-.7, wall mat rials. Sputtering by the neutral D° and T° particles are

assumed \o be idt itical to that by D and T ions, respectively.

In the present study three of the first-wall materials of interest are

compounds, viz., BeO, Bi,C, and SiC. Since sputtering data for these compounds

are very limited, yields equivalent to those for beryllium, boron, and siilicon,

respectively, have been assumed for these compounds. This assumption appears
12

plausible in view of the data of Kelly and Lam, which indicate that sputter

yields produced by 10-keV Krypton on a number of stable oxides are within a

factor of 2-3 of the corresponding metals. The yields for these compounds are

assumed to correspond to their stoichiometry, e.g., four boron atcms to one

carbon atom for Bi(C.

The Sigmund theory is a better representation of the yields observed for

heavy (impurity) ion sputtering. Therefore, the self-sputter coefficients used

for the calculations are derived from the Sigmund theory with slight modifica-

tions at low energies to compensate for electronic losses. At the lower ener-

gies the curves are adjusted to approach a slope of unity on the log S versus

log E plot. Figure B-8 shows the energy-dependent self-ion sputter coefficients

for bsiryllium, niobium, and tungsten.

Large variations in the 14-MeV neutron sputter yields have been reported

in the literature for various transition metals. "' These differences

are due primarily to chunk-type deposits that have jeen observed by some in-
13-14

vestigators. Recent analyses indicate that yields for the chunk-type

sputtering, which are dependent on both surface roughness and degree of cold-

work, are typically less than 10"1* atoms/neutron. Single atom sputtering

yields in the range 10~5 to 5 x lO"4 have her... reported.13"18 A total yield

of 10~4 atoms/neutron is considered reasonable por the present analysis. Since

the contribution of neutron sputtering to the total sputtering yield turns out

B-7
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to be very small for the KPR parameters, the results are nut very sensitive to

variations or uncertainties in the neutron sputtering coefficient.

Chemical interaction between the incident particle and the target material

can influence sputtering rates because of the effect of compound formation on

lattice displacement energies, on sputtering mechanisms, and on the nature of
19

the sputtered products. Although this so-called checical sputtering occurs

in a number of svstems, it is most commonly associated .•lith the formation of
19-°7

hydrocarbons upon bombardment of carbon or graphite by the hydrogen isotopes.

In line with the chemical interaction energies, the chemical sputtering coeffi-

cients, in contrast to the physical sputtering cceEficients, are sensitive to

the target or wall temperature. For example, greatly enhanced (approximately

10X) chemical sputtering leading to CHî  formation has been observed for H ion
9f)_?5

bombardment of graphite at temperatures of 400 to 705°C." *" Sputtering

yields of nearly 0.1 atoms/ion are reported by these investigators. Figure B-9

shows the temperature dependence of sputtering yields observed for H bombard-

ment of carbon. For the present investigation, chemical sputtering coefficients

for deuterium and tritium incident on carbon were assumed to be a factor of 10

higher than the physical sputtering yield at temperatures of 300 to 75O°C, and

negligible at higher and lower temperatures. Similar enhancement of sputtering
20 21 28

yields for silicon-carbide has not been observed, ' ' ' and hydrides of the

structural metals are not stable under anticipated EPR conditions, Therefore,

chemical sputtering has been considered in the present analysis only for the

case of carbon or graphite.

The "reflection" coefficient, R, used in the plasma-wall interaction model

includes both backscattering and re-emission. The backscattered particles are

the incident particles that return from the wall via elastic and inelastic col-

lisions (<<1 s) whereas the re-emitted particles are those which have pene-

trated the wall at an earlier time and are subsequently released by diffusion

to the surface or by erosion of the wall material. Several models have been

developed and experiments conducted to interpret the backscattering and

re-emission oi light ions (H and He ) from several materials. ~ The

backscattering coefficients for the light ions typically increase with a

decrease in incident ion energy below 1 keV, and the values may exceed 50% at
, , inn „ 29,36-38

energies below 100 eV. oackscattering coefficients calculated from

the theory of Weissmann and Sigmund are shown in Fig. B-10 for D+ and He + +

on beryllium and iron as a function of incident ion energy. The use of such

B-12
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coefficients is appropriate only for the initial startup, since the concentra-

tions of light atoms (helium, deuterium, and tritium) in the surface regions

build up in a matter of hours during operation. Therefore, re-emission of the

hydrogen isotopes and helium from the stirface of the first wall will occur dur-

ing normal operation. Data of several investigators indicate that high per-

centages of light iuns injected into a variety of target materials are

re-emitted after fluences of the order of 10 1 7 ion/cm2. ~ This re-emission

is further enhanced by the elevated wall temperatures. For purposes of the

present calculation it is assumed that a steady state is reached and that the

combination of backscattering and re-emission results in the return of almost

all of the incident light particles.

For the case of self-ions incident on the first wall, a high sticking

probability is expected for a clean metal surface. In addition, the measured

sputtering coefficients probably include any hackscattered component. There-

fora, a near-zero reflection coefficient can be assumed for self ions,

These, surface data were incorporated into the calculational model as fol-

lows. The mono-energetic sputtering coefficients shown in Figures B-2 to B-4,

and B-8 were averaged over Maxwellian distributions of incident particle ener-

gies, with the Maxwellian being characterized by the plasma-edge temperature.

These results are given in Table B-l. A neutron sputtering coefficient

S = 0.0005 was used for all materials, and a chemical sputtering coefficient

S^T = 0.07 was used for carbon. Particle reflection coefficients R-.T = R =

0.98 were used in the calculations to represent unity reflection probability

and an allowance for a small loss during operation through ports in the vacuum

wall, and R, - G.05 was used to represent the high retention probability for

an ion of the surface material.

The charge exchange re-emission probability was computed from

ov

A = 2 L _ . A = X v
ex — — - ex ex

av + av,
ex ion

where ov and ov. are averages of the charge exchange (D ,T •<->• D°,T°) and
eje ion

ionization cross sections of References 39-43 over Maxwellian distributions

corresponding to the plasma edge ion temperature. The results are A =0.50

at T ^ g e = 100 eV, A ^ = 0.56 at T ^ g e = 200 eV, and A ^ = 0.73 at T^dge =

1 keV. The factor y represents the probability that a primary charge-exchange
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Table B-l. Maxwelllan-Averaged Physical
Sputtering Coefficients

Material

Plasma
Edge

Temperature
(eV)

Sputtering Coefficient
(atoms/part)

Be 6C
200
1000

0.016
0.028
0.018

0.017
0.070
0.115

0.26
0.35
0.36

BeO 60
200
1000

0.016
0.028
0.018

0.017
0.070
0.115

0.26
0.35
0.36

60
200
1000

0.007
0.015
0.012

0.018
0.050
0.079

0.26
0.35
0.36

BUC 60
200
1000

0.011
0.022
0.016

0.017
0.060
0.098

0.26
0.35
0.36

SiC 60
200
1000

0.0055
0.016
0.033

0.015
0.048
0.160

0.26
0.47
0.64

Fe 60
200
1000

0.0015
0.005
0.016

0.0046
0.015
0.067

0.27
0.59
1.49

Nb 60
200
1000

0.006
0.002
0.009

0.0016
0.005
0.023

0.29
0.83
2.62

60
200
1000

0.0001
0.0003
0.0016

0.0004
0.0012
0.0061

0.11
0.35
1.61

= I SD + \ V

Self-sputtering.

B-16



event for an incident neutral will result in the re-emergence of a neutral

(either directly or as the result of subsequent secondary charge-exchange

events) from the plasma, y = 0.75 is used in this work.

The wall-sputtered impurities entering the plasma affect the energy

balance both through the transport loss, which goes as Z c c for pseudoclassical
err

and neoclassical scaling and as Z"̂ . for trapved-ion-mode scaling, and through
the radiative power loss. The radiation model is a modification of a model

45
proposed by Hopkins, which is based on the results of calculations using

coronal equilibrium models. The results of the coronal equilibrium calcu-

lations have been shown to be good approximations under reactor conditions by

comparison with the results of a more general radiative-collisional model. "'

The model may be summarized as follows: When T > T ,J e — z*

PZ , = n n KTZ'^T"5 + K,Z4T""5 + K,ZDT~3/"
rad e z ^ l e z e 3 e

where P is the radiated power per cubic meter in W/m3, n is the electron

density and n is the ion density of the z-th ionic species, T is the elec-
z e

tron temperature in keV, and 1^ is the ionization potential, in keV, for the

beryllium-like ion sequence. Kj = 4.8 * 10"37, K2 = 1.82 * 10"
3B, and

Ki - 4.13 * 10"1*0, when T is in keV and n in m~3. When T < T , we insure
e — z

P * 0 as T^ -• 0 by using,

"T- + KnZ T ' + K_Z'T | 'I /T , (B-l)
e z 3 z I i e zj

PZ , = n n
rad e z

T • 1 8

T is given by

T2(keV) = J1.033 x 10-7 (Z - 3) 3 + 3.4266 * 1CT3 (Z - 3) 2

+ 5.5574 * 10"3 (Z - 3) + 0.529 * 10~3
 > (B_2)

The total radiated power is thus given by

Prad = 4 - Prad • (B~3)

whore the sum iiTclndi'S all ionic species.

The above model was developed from radiation loss studies For nuclei with

nuclear charge in the range 5 < Z £ IS. For impurities with Z 2. 30, the model
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was modified to account for radiation from high-Z materials which are not com-

pletely stripped at the 10-keV operating temperatures. In the formula for

radiation loss, the nuclear charge, Z, was replaced by the actual ionic charge

attained by the impurity at the plasma temperatures. Ionization potentials
52

for various ions up to Z = 103 have been tabulated. The radiation loss as

calculated by Eq. (B-l) is reduced by a substantial factor for high-Z ions

(e.g. 20 for tungsten), relative to a calculation using the atomic number.

This reduced radiation power is consistent with results reported in

Reference 51.

2. Analysis

The analysis vas carried out for a specific tokamak reactor model with

parameters that are characteristic of the ANL EPR design: R = 6.25 m,

A = 2.98, I = 6.4 MA, q(a) = 2.5, Bt = '4.4 T. The confinement times were

scaled up from the theoretical prediction by a factor a := 1.79 so that

ignition would obtain at T = 10 keV, in the absence of wall-sputtered impuri-

ties and without helium recycling, in the trapped-ion-mode (TIM) transport

regime. The thermonuclear power output of a reactor operating under these

conditions at B = 2.25 is P,,, = 410 MWt.
P T

The analysis consisted of a dynamic simulation of the entire burn pulse.

Ions escaping from the plasma were assumed to be recycled back as described

in Figure B-l, so that essentially total (98%) recycling of deuterium, tritium,

and helium occurred unless the particle removal (e.g. divertor) efficiency

T) > 0. Deuterium and tritium ion densities were maintained at their maximum

allowable value by refueling, subject to the constraint that 6 (t) < 6 =
P ~ P

2.25. Wall-sputtered impurity ions were assumed to be able to penetrate imme-

diately to the central region of the plasma, where they resided with a confine-

ment time equal to that of rh'.< D-T ions. These impurity ions increase the

radiative power loss as described in the previous section, modify the particle

and energy confinement times (T <* Z for TIM scaling) and reduce the allowable

D-T ion density for a fixed 8 . Supplemental neutral beam heating, up to a

maximum pover of 80 MW, was used in some cases to offset excessive radiative

power losses. The burn pulse simulation was carried out to the point at which

the accumulation of helium and wall-sputtered impurities quenched the plasma.

A figure-of-merit for the burn cycle performance is the net electrical

power averaged over the burn pulse,
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net - UREF ~ UPUMP Atburn '

where

U.
REF

U.PUMP

plasma thermal energy to wall during burn pulse

beam heating energy during burn pulse

refrigeration energy during burn pulse

coolant and vacuum pumping energy during burn pulse

plasma ohmic heating energy dissipated during Hum pulse

UPS

"PS

Atburn

energy t ansferred by plasma driving system during burn pulse

= / |P| dt
0

thermal-to-electrical conversion efficiency = 30%

neutral beam power efficiency = 35%

energy transfer efficiency = 95%

lergth of the burn pulse.

The compressive refrigeration power for the superconducting toroidal field

coils was U „ = 660 MJ, the coolant and vacuum pumping energy was

U = 0.02 U , and the energy transferred by the plasma driving system was

JPS
2400 MJ.

The quantity P is plotted in Figure B-ll as a function of the length of

the burn pulse for several first-wall surface materials. The assumed edge tem-

perature is 200 eV for all cases. The burn cycle performance that would result

in the absence of sputtering is also shown to provide a point of reference. In

the absence of sputtering, the minimum burn pulse for which P > 0 is 20 s,

including ^4 s for startup. In this case, the burn pulse is ultimately (̂ 157 s)

quenched by the accumulation of helium, and the maximum value of P is

66.5 MW.

This refrigeration load arose principally from ac field heating of the toroi-
dal field coils, and is smaller than the value used in Chapter III to define
refrigeration requirements.
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Wall-spuftered impurities from a stainless steel (represented by iron) or

refractory metal (niobium) first-wall surface have a devastating effect. A

substantial supplemental beam heating is required to maintain the plasma at

thermonuclear temperatures, resulting in a negative P , on the order of

-200 MWe. The maximum length of the burn pulse could be extended beyond

"-•20 s by increasing the beam heating power P • 80 MW, but this would result

in an even more negative P . Initially, the D-T sputtering is the main
net

contributor to plasma contamination, but as the impurity concentration builds

up to on the order of 1Z, self-ion sputtering becomes a major contributor, as

may be inferred from Table B-l. The situation is somewhat improved if the

plasma edge temperature is less than the 200 eV used in these calculations;
however, even for T , = 6 0 eV, P •{, -100 MWe and 'ihe maximum burn pulse is

edge net

^20 s. Thus, it appears extremely unlikely that a reactor of this type will

be able to operate with a stainless steel or refractory metal wall without

some form of impurity control.

One form of impurity control is suggested by Figure B-ll, namely to inter-

pose between the plasma and the structural first wall a low-Z material, either

as a coating or as a stand-off lir.er. Burn pulses of ^45-55 S can be achieved

with very low-Z surfaces, viz. beryllium, carbon (without chemical sputtering),

BuC which result in P about one-half of the value that obtains without wall
' net

sputtering. With a small supplemental beam h .-a ting (P.. = 10 MW) to offset
D

radiative losses, burn pulses in excess of 60 s with maximum P of "-35 Ml-.'e
net

can be achieved with a beryllium surface. If a carbon surface opt-rates in the

temperature range ^400-700°C, then chemical sputtering precludes P > 0,

which implies that carbon would be suitable as a standoff liner operating at

temperatures in excess of 1000°C but would be unsuitable as a coating operat-

ing at 400-600°C Surfaces with silicon or cxygen compounds are less satis-

factory for impurity control in reactors of this type. In the case of beryl-

lium oxide, P < 28 MW was adequate to offset radiative losses, but the aecu-

mulation of oxygen in the 6 -limited plasma forced a reduction in the D-T

density which eventually quenched the plasma. For the beryllium surface, the

self-sputtering rate is about half the D-T sputtering rate, the alpha-sputter-

ing rate is about 5/' of the D-T sputtering rate, and the neutron sputtering

rate is negligible.
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Another possibility for reducing plasma contamination is to use a low-

sputtering first-wall material such as tungsten. Although the plasma perfor-

mance is better with tungsten than with stainless steel or niohium as the

first-wall surface material, the performance with tungsten is considerably in-

ferior to that with a low-Z material such ?.•• beryllium. Moreover, the plasma

performance is mu h more sensitive to variations in the sputtering coefficients

for a high-Z material than for a low-Z material. In the case of tungsten,

the self-sputtering rate is ^30% of the D-T sputtering rate and the neutron

sputtering rate is ^10% of the D-T sputtering rate.

The performance summarized in Figure B-ll is based upon a plasma edge

temperature of 200 eV, which corresponds to the maximum in the beryllium sput-

tering yield curves oF Figures B-2 to B-4. Reduced sputterirg, hence improved

performance, occurs if the plasma edge temperature is higher or lower for

beryllium, as shown in Figure B-12. At an edge temperature of 60 eV, a burn

pulse of 102 s with a maximum P = 57 MWe is obtained with a beryllium sur-

face, which is close to the performance in the absence of wall sputtering. The

effect of the plasma edge temperature is even more dramatic for silicon-carbide,

with P > 0 becoming possible for an edge temperature of 60 eV.

Another method of impurity contro1 which has been proposed is to remove

ions that escape from the plasma before they strike the wall — e.g. by means

of a magnetic divertor. This process can he represented by the efficiency of

charged particle removal, n. Results of a series of calculations for a stain-

less steel first-wall surface and various values of the charged particle removal

efficiency are shown in Figure B-13. For a very low plasma edge temperature

(60 eV) and a very efficient charged particle removal mechanism (n = 0.9),

tolerable equilibrium iron (0.03%) and helium (1.5%) concentrations are main-

tained and the burn pulsa is virtually unlimited. For a more realistic value of

n = 0.5, the performance is marginal and P ;- 0 requires a low plasma edge

temperature (60 cV) in addition to substantial supplemental beam heating

(p = UU MW). If the plasma edge temperature is 200 eV, a very high charged

particle removal efficiency (n = 0.9) and some supplemental beam heating (Pn =
B

15 MW) aie required tn achieve V '•• 0, Thii-i, it appears that the success of

a divertor or other impurity control mechanisms based upon charged particle

removal depends critically upon the achievement of high particle remov?! effi-

ciency and upon the operation of the plasma with a low edge temperature.
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Combining a low-Z surface with a charged particle removal mechanism

reduces the critical dependence upon high particle removal efficiency. Per-

formance obtainable with beryllium and silicon-carbide surfaces are shown in

Figure B-14, for a range of charged particle removal efficiencies. With a

beryllium surface, n ̂ _ 0.5 suffices to achieve very long burns.

The particle and energy confinement times were generally in the range

5-10 a during the peak portion of the burn pulse, and the particle confine-

ment times were the same for all ion species. As mentioned previously, the

theoretical confinement time was scaled up by a factor a = 1.79, which

achieves an unlimited burn in the absence of wall-sputtered impurities and

helium recycling, on the basis of the rationale that the reactor would be

designed to achieve this "ignitior;-type" confinement once the actual scaling

laws are known. If the confinement was substantially better, e.g., scaled up

by a = 5, the beryllium surface would enable a virtually unlimited burn to be

achieved, the silicon-carbide and beryllium-oxide surfaces would enable

P > 0 to be achieved, but the bare stainless steel surface would still be
net

limited to burn pulses on the order of 25 s and negative P on the order of

-200 MWe. On the other hand, if the confinement was as poor as predicted by

the trapped particle theory (a = 1), it would be difficult to achieve P > 0

eVii-n with a beryllium surface, as shown in Kig. B-15.

The quantitative results discussed above depend upon the particular reac-

tor model and values for the sputtering coefficients used in the calculations,

as well as upon the various assumptions in the calculational model, and are

subject to change as understanding of the various processes improves. However,

the general qualitative features should be relatively independent of the reac-

tor model and the data.

3. Technological Feasibility of First-Wall Surface Modifications

On the basis of fabricability, vacuum properties, and economic impact,

fusion reactor first walls constructed of transition metal alloys such as
53

stainless steel are favored. However, as indicated by the previous calcula-

tions, satisfactory plasma performance can only be attained with very low inci-

dent particle energies and an efficient divertor and/or supplemental heating.

The unacceptable plasma performances were caused primarily by the high radia-

tive losses produced by the high-2 transition metal impurities. An additional

factor Li,at will further degrade plasma performance will be the .-substantial
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erosion cf the wall by the blistering phenomenon. ' For EPR conditions,

erosion rates of structural materials such as niobium or stainless steel by

blithering are greater than those by physical sputtering. ~ These erosion

rates are teniperature-dependunt anci peak at the temperature ranges of interest,
57-58

viz., 400-500°C for stainless steel. Although complete agreement on the

contribution of the blistering phenomenon has not been reached because of

uncertainties in incident particle energies and particle energy distribution,

.ttlajdafca obtained by monoenergetic bombardments may be a reasonable represen-

tation of the 3.5-MeV contribution of the alpha-particle wall current. Effects

pcoiuced by this component are probably independent of the other low-energy

effects. An erosion rate greater Chan 10"1 atom/ion may be expected for stain-

less steel after a few days operation. ' This contribution substantially

exceeds that produced by He sputtering at the low energies (<100 eV) (see

Figure B-4) and approaches the sputtering yields of D and T at low energies.

Possible synergistic effects such as sputtering and vaporization of blis.er

skins -have not been investigated and, although likely to be detrimental, cannot

be assessed at this time, therefore, the conclusions presented in t'te previous

section for the plasma performance with a stainless steel wall are probably

quite optimistic.

Several concepts for modifying the first-wall surface are qualitatively

-assessed in this section: (1) a low-Z materi">l coating on a structural sub-

strate; (2) a separated monolithic low-Z material liner; (3) a carbon cloth

liner; and (4) a low-sputter material coating on a structural substrate.

-a* Low-Z Coating •••_.-.

The low-Z coating on a structural metal subsitrate::.7has;r been proposed as a

viable solution to the impurity control problem in EPR. This concept uti-

lizes the transition metal (stainless steel) substrate for structural support

and the low-Z coating to protect the plasma from the higĥ -Z transition metal

atoms. Major considerations in this concept are the flexibility in first-wall

design provided by the variety of low-Z coating materials that are considered

feasible and the variety of coating procedures available. The coating selec-

tion and preparation can be optimized on the basis of its surface characteris-

tics, and the substrate,which provides the structural support, can be selected

primarily on the basis of desirable bulk properties.
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Fabrication should not be much more difficult than for the simple metal

wall discussed above. A substantial technology base exists for applying a vari-
59

etv of coatings tc a number of substrate materials. Much of this technology

has been obtained recently i-nder space an<? fission reactor programs. Although

plasma spraying, chemical vapor deposition, chemical bonding, and sputtering
59

can all be used to coat most of the materials considered, the plasma spray

process appears to be the mout appropriate for the present application.

Deposition rates necessary to obtain the desired '.oating thicknesses (̂ 100 urn)

can be achieved. The porosify and grain size can easily be varied in the plasma

spray process to obtain optimum minrostructures. Graded coatings, which

can also be prepared by the plasma spray process, may be desirable for better

coating adherence. However, additional development work and modification of

existing coating technology may be required to optimize selected properties

for the present application. Since the coating material is not required to

serve as a structural member, a wider variety of materials may be feasible.

Materials requirements are minimized, since only thin coatings are being con-

sidered. As a result, materials cost and availability of more exotic materials

are less restrictive for coatings than for low-Z monolithic structures.

The possibility of in situ coating may provide additional benefits for

fabrication and repair of first-wa31 systems. Remote coating preparation by

plasma spray, chemical vapor deposition, chemical bonding, and sputtering are

all considered feasible, since the required environments can be attained in

the vacuum chambers. However, further development work is required to develop

an in situ coating technology.

The plasma performance calculations indicated that, on the basis of pre-

dicted physical sputtering and reflection coefficients, net power could be

achieved in the EPR with several low-Z liner materials. However, other poten-

tial sources of wall impurities such as blistering and thermal evaporation

were not considered in these calculations. Significant erosion rates from a

blistering phenomenon can occur under certain conditions. In some cases the

blistering yields exceed those from physical sputtering. ~ However, the

blistering phenomenon is strongly affected by the microstructure of the target

material. ' Erosion rates produced by helium bombardment are much less for

sintered material, both beryllium and aluminum, than for cast or sheet material.

Microstructures similar to those of sintered products can be obtained by

selected coating procedures, e.g., plasma spray techniques, in which grain
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size and porosity can be adjusted over significant ranges. It appears that

erosicm by the blistering phenomenon can be maintained at acceptable levels

by appropriate choice of coating parameters.

Depending on the proposed operating temperature and coating material,

thermal vaporization may also contribute to impurity effects. Thin coatings

on a convectively cooled substrate tend to minimize this contribution by main-

taining the low-Z material at lower temperatures than are attained with

separated liner concepts. Also, more refracirory-type low-Z materials such as

and beryllium oxide can be used if neces ary to alleviate this problem.

Two types of impurity effects may be important with regard, to the si lec-

tion of the liner material. One relates to the presence of high-Z imparities in

the coating that can reach the plasma by normal erosion phenomena and the

second relates to absorbed gases on the wall that may be removed by photo-

desorption. Since a minimal amount of low-Z material is required for the

coating concept, high quality base material can be effectively used to mini-

mize high-Z concentrations. Predominant impurities typically picked up during

coating preparation are oxygen and nitrogen. Since these elements are fairly

low-Z, moderate amounts are not prohibitive. A major source of plasma impuri-

ties in present day physics machines is the desorption of gaseous impurities

from the low temperature (room or cryogenic temperature) first walls. This

problem will be considerably different for power reactors in which the first-

wall is operated at elevated temperatures. For example, beryllium reacts

chemically with oxygen at elevated temperatures to form a very stable compound.

At elevated temperatures selected coating materials will chemically react with

the impurities, e.g., beryllium with oxygen, to form stable compounds which

will reduce the tendency for plasma contamination by gaseous impurity desorp-

tion. This effect, which is a major source of impurities in low-wall tempera-

ture devices,may not be of significant importance for power reactors.

Vacuum properties of co i-.fi '11s should not differ substantially from

those of a metal wall; i.n fact, sputter coating of walls in present day

physics machines ±.s used to produce clean walls. High helium generation

rates are typical of low-Z materials. Since steady-state release rates are

reached in rather short times, this produces another impurity source. This

effect is not significant for thin coatings, however, as discussed below, it

may be significant for thick low-Z liners.
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The mechanical integrity of the low-Z coating is an important considera-

tion as it relates to the reliability, lifetime limitation, and failure mecha-

nisms of the .:uating. An advantage of the coating concept is that the sub-

strate provides the structural support. As a result, micro-cracking of the

coating caused by swelling, gas production, or differential thermal expansion

may not seriously degrade the effectiveness of the coating as long as it

adhered to the substrate. By judicious selection of coating material and

coating preparation, optimum properties can be obtained to accommodate these

effects. For proposed coating thicknesses of a few hundred micrometers, life-

times of three to five years are predicted on the basis of sputtering erosion

rates in the EPR. However, evidence exists that a significant fraction of

sputtered first-wall material is redeposited on the w.ill. This phenomenon may

significantly enhance lifetime predictions for thin coatings.

The failure mechanism of most concern for the coatings is flaking or loss

of adherency over significant areas. Excessive flaking or spalling of the coat-

ing is not tolerable, since exposure of more than a few percent of a high-Z sub-

strate surface, e.g., stainless steel, would probably be unacceptable. This woul

expose the plasma to excessive high-Z impurity from the substrate. Enhancement

of the plasma impurity source would result from vaporization of the loose coat-

ing due to loss of heat transfer capability. Any loose particulate material

collected at the bottom of the vacuum vessel would likely revaporize during

each cycle because of the lack of hear removal capability. This problem may

be alleviated if the flakes are vaporized and subsequently vapor-deposited on

the wall at the end of a burn cycle. In either case, a capability for recoat-

ifg appears essential, and an in situ coating capability may have important

consequences.

b. Low-Z Separated Monolithic Liner

With respect to effects on plasma performance, a low-Z separated liner

has much in common with the low-Z coating discussed above. The major dif-

ferences relate to the technological aspects of fabricability and mechanical

integrity. Therefore only the significant advantages and disadvantages of

the separated liner in comparison with the coating will be discussed.

Although fabrication, installation, and repair of separated liners appears

to be more difficult than that for coatings, several possibilities have been

proposed that appear technologically feasible. A major difference from
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the coating relates to the much larger quantity of material required, which

has a significant impact on cost and materials availability if the more exotic

low-Z materials are used. Since a separated liner must provide a degree ol" its

own structural support, the materials selection is probably more limited, and

since most concepts operate with radiatively cooled separated liners, problems

inherent to high temperature operation will be encountered.

In most cac • the impurity control capability of a separated liner should

be similar to chat for a coating of the same material, sine? the physical sput-

tering and reflection coefficients should be the same in both cases. If chemi-

cal sputtering is important, as in the case of carbon or graphite, the wall

temperature becomes critical. A separated liner will probably operate at

temperatures above the chemical sp.storing range for carhon, while the operat-

ing temperature of a coating is probably near the peak of the chemical sputter-

ing range (Figure B-9). It is assumed that monolithic separated structures of

the sintered product type can be used to maintain "blistering" erosion rates

at acceptable levels. However, this requirement may further limit the selec-

tion of materials.

Impurity contributions from thermal vaporization will be more critical for

the stand-off liner than for the coating because of the inherently higher operat-

ing temperature of the radiatively cooled liner. Decreases in thermal conduc-

tivity of the liner material as a result of thermally induced or radiation-

induced micro-cracking will lead to higher surface temperatures that may subse-

quently lead to excessive thermal vaporization. Lower thermal conductivities

characteristic of materials with substantial porosity, which is required to

facilitate gas release and to minimize blistering, will also affect the

operating temperature limitations.

Additional impurity effects produced by binders, which are commonly used

in many sintered ceramic liner materials, must be considered. Helium genera-

tion in thick low-Z liners may also produce significant effects if complete

helium release occurs at high temperatures, as expected. For example, the

helium generation rate in an ISSEC could exceed the helium gr.oration rate

from the fusion reaction. However, this is not expected to ue excessive for

liners less than 1 cm thick.

The fusion reactor vacuum requirements will be greater for a separated,

monolithic liner of either the bumper or shingle type, since the total surface

B-32



area in the vacuum vessel will be substantially increased, i.e., probably a

factor of three or four. The pumping problem may be further complicated by

the geometric consideration, viz., the thin annulus oehind the liner which

are connected to the toroidal chamber.

Several problems relating to the reliability and mechanical integrity

appear to be more severe for the separated liner than for the coating concept.

Since the liner must provide its own structural support, micro-cracking and

dimensional instabilities caused by thermal and neutronic effects may lead to

premature failure. Accelerated deterioration of the liner caused by higher

temperatures and more severe thermal cycling may also occur as a result of

reduced thermal conductivity of the liner material during operation. Erosion

of the liner by sputtering, blistering, etc., should not seriously affect the

useful lifetime of the liner.

The failure mechanisms associated with the monolithic separated liners

appear to be more critical than those of the coating concept with respect to

the effect on reactor operation and subsequent repair and maintenance. Frac-

ture of a liner section not only could expose the plasma to substantial areas

of high-Z vacuum wall, but the fractured remnants could be a source of exces-

sive plasma contamination caused by overheating and vaporization. Repair and

maintenance of the separated liner plates would probably be more -difficult

than in situ recoating.

c. Carbon Curtain Liner

Since the carbon curtain liner has much in common with the separated mono-

lithic liners, only those factors that are unique to the curtain will be dis-

cussed. The fabrication considerations with respect to technological feasi-

bility, materials cost, and materials availability are all favorable for this

concept. However, methods of attachment of the curtain have not been analyzed

in detail.

Since carbon is particularly susceptible to chemical sputtering, high

temperature operation, with its attendant problems, is mandatory. Gross dif-

ferences in the behavior of carbon cloth after bombardment by helium and

hydrogen have been observed. ' The reasons for these differences must

be resolved, since the gross damage reported by some investigators would proba-

bly be unacceptable.
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Thermal vaporization of graphite may be critical for this concept because

of thermal co ltiuct ivi ty effects related to the geometric considerations. Low

thermal conductivity through the cloth related to strand-to-strand heat trans-

fer coefficients for the large number of fibers (of the order of a thousand

per thread bundle) may create excessive temperatures at the plasma surface,

leading to valorization. Additional data and analysis are required to resolve

this question.

Vacuum p-operties of the graphite cloth will require additional pumping

capability relative to a metal or low-Z coated wall. Initial outgassing will

be much more difficult than for some of the other concepts, because of the

additional surface area and structure of the cloth.

Mechanical integrity limitations and unattractive failure modes may limit

the usefulness of this concept. Although substantial variation in the degra-

dation of graphite cloth From neutron and ion bombardment has been reported in

the literature, severe degradation of the cloth lias been reported for several
?1 95 69

conditions." '" ' It is well known that neutron radiation effects in grap-

hite are strongly dependent on the type of structure. The structure of the

graphite filaments is similar to structures in which radiation-induced swell-

ing and damag.e is large. Light ion irradiation can also lead to severe

degradation of the cloth fibers. A major concern with the graphite cloth con-

cept is the node of failure. Degradation and fraying or breaking of the fili-

ments as a result of neutron and ion bombardment may cause accelerated deterio-

ration of the cloth and enhanced contamination of the plasma. Frayed or broken

filaments protruding toward the plasma region will have a reduced heat transfer

capability and will probably overheat and vaporize, further increasing plasma

contamination. This potential for enhanced degradation of the cloth liner

resulting from accelerated damage of frayed or fragmented pieces hanging in the

plasma region is a major concern relating to the viability of this concept.

d. Low-Sputter Coating

As indicated by the light ion sputtering curves in Figures B-2 through

B-4, some materials, particularly tungsten, have much lower sputtering coeffi-

cients at low incident pnrticU energies than do the other materials. Tungs-

ten al".o has q relatively high threshold energy, e.g., 217 eV for D , for

light ion sputtering. As a result, the feasibility of a low-sputter ing first-

wall surface has been assessed. Although the light-ion sputtering coefficients
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are very low at ion energies below 1 keV, the allowable plasma impurity levels

of these high-Z ions are extremely low. Therefore, impurity contributions

from other sources such as blistering and neutron sputtering, which were negli-

gible for the low-Z surfaces, become more important for this concept.

Tungsten is considered to be the prime candidate for the low-spurtering

surface. Because of fabrication difficulties with tungsten, viz., welding and

machining, the most appropriate near-term approach for this concept is a thin

tungsten coating on a stainless steel substrate. This approach minimizes the

quantity of material required and alleviates many of the fabrication and join-

ing difficulties. Several coating procedures such as plasma spray, chemical

vapor deposition (CVD) , and sputtering have been used for applying tungsten
59

coatings. As in the case of the low-Z coatings, the plasma spray or
59,60 , . . .

detonation gun processes are preferred in order to obtain appropriate

itlcrostructures to minimize blistering. ' Most of the other technical con-

siderations and the failure mechanisms will be similar to those discussed

above for the low-Z coatings. Since tungsten has favorable high-temperature

properties, thermal vaporization should be minimal. The maximum temperature

limitations will probably be established by the substrate. A low-sputtering

tungsten coating appears as technologically feasible as a low-Z coating; how-

ever, the low-Z coating seems preferable from a plasma contamination point of

view, as shown in Figure B-ll. A major consideration is the substantial in-

crease in sputtering yield with an increase in incident ion energy (see

Figures B-2 through B-4). The plasma performance becomes extremely unfavora-

ble for the tungsten liner if incident ion energies exceed a few hundred eV.
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APPENDIX C

PLASMA CALCULATIONAL MODELS

1. Global Model

a. Balance Equations

Particle and power balance equations which have been averaged over

given spatial profiles are used to represent the plasma during the heatup and

burn phases.

D-T Ions

dn
DT

dt
- 2f) - (C-l)

2 dt
VTDT

where

B BDT
DT

DT
(C-2)

1.2 x 10-I8 1 - v i (C-3)

In these equations I is the injected source of energetic deuterons, p '.s the
B

tritium fraction, f is the suprathermal fusion probability, U is the beam
energy, G is the suprathermal fuaior; enhancement of the injected beam energy,
«. ii

f is the fraction of the beam energy acquired by the D-T ions, (av)r is the
au i x / t p

Maxvellian-averaged fusion cross section. 1 is the source of D-T ions, T
c Dl

and x are the particle and energy confinement times, n. and T. are the

particle density and temperature of plasma spec.'es j, V = 3.52 MeV is the

fusion alpha energy, f is the fraction of the fusion alpha energy acquired

by the D-T ions, A. is the atomic mass, Z. is the atomic number, and r. is the

fractional concentration of plasma species j. A bar over a quantity denotes a

spatial average. The sum is over all ions. All quantities are in mks units

except that temperatures and energies are in keV.
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The quantity fnT is the effective recycle fraction, incJi. ing chcfnT

eitect of charge exc

-\Ax]
(C-4)

whe»'e n ,, is the D-T ion removal efflcrency, R is the .wall reflection coef-

ficient (including backscattering and re-eraigsiorv), and A is the charge-

exchange albedo for neutral D-T atoms incident upon the plasma. (See Appen-

dix B for a discussion of the plasma-^vall interactipn inpdel.)

If the charge-exchange albedo for neutral D-T atoms used to refuel

the plasma (by whatever mechanism) is A , the actual refueling rate per unit

volume which is required to supply the refueling source 1 is

ext
DT

= I 1 - Ae X t |
f l -

ex
(C-5)

The walljf] ax_of J3^T particles (i<?5L? + neutrals)_±s

DT
wall

r,ext,ext
EDT Acx . \

ex DT ex

(C-6)

" Alpha Particle's"

T--dn' - —s~-

- --— a -~

where

f = fl - n ]»• •

The wall flux of alpha part icles is

(C-7)

"(C-8)

wall
(C-9)
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Impurities

dii.
I ._ l_/-r _\/^,A .,2 J. fj

dt - " ~B

I "if1 ~s ̂ H
where the S's are the sputtering coefficients, f is defined as in Eq. (C-8)

with a. •* I, and F* is defined as in Eq. (C-9) with a -* I.

Electrons

wnere

3
2

d

dt

n
e

i T
e e

n

= n_

= p<

+

2

,T +

n -

_
K.

le

.3 x

2n +

p)(ov

10-8

- e : -

' f

Y

Z
I

.ni
: D

2

Z I n I '

U f + G I J J .

E '

e

i f f

i s the resfstivityv"wiUtn y bein^ the "antfmafyrfactor", J is the average plasma
~ • • - - — • - -• - - - - • p i

current-density,, WR- is the radiative power (see Appendix B), and T^ is the

electron energy confinement, The sum ir Eq, (C-ll) is over impurities, I.

WB = P . + P ,
R raa c *

where P , accounts for brerasstrahlung, line, and recombination radiation and

was defined in Appendix B, and P accounts for cyclotron radiation

3.7 x 103 n B 5/ 2^ 1 1/ 4 + 0.0049
p = S_tO
c



Spatial distribution profiles for IL T > n , n , T , T , I , and Z

are given a priori in Che form:

xtr.t) = x(t)P(r) , CC-1A)

where

(C-15)P(r) = (a + 1) 1 - — ,

and the spatial average of any quantity is defined as:

x(t) = — f x(r,t) r dr . (C-16)

a JQ

(For the case of noncircular cross sections, a is taken Co be as the average

radius of the cross section.)

In this report the density profiles for all plasma species are taken

to be the same with a - a ; all temperature profiles are taken to be the same
n

with a = a™; and the beam deposition profile and impurity charge (depending

on loviization level) profile are taken to be flat (a = 0), In the balance

equations and in expressions for the various powers, wall loadings, etc., the

various reaction rates are calculated as a function of r, then averaged. An

exception is that the transport loss terms are calculated in terms of averaged

values, iiDT, f^,. etc.

Thennalization of Injected deuterons and of the fusion alpha parti'

eles is computed as a f unc t±otv̂ ofr r';f̂ om a- m^ L

down in a multicomponent plasma. From this calculation the distribution of

fast ion energy among t"i.a plasma components and the suprathermal fusion rate

are determined. The thermalization model is described in Appendix A of

Reference 1,

b. Transport Model

A multi-regime transport model is used to compute the confinement
P p

1 ieters, T. At high collision frequencies, T and x are computed from
pb^udoclassical theory and T is computed from neoclassical theory. It is

P P P
assumed T Q = Tj = T ^ . For electron-ion collision frequencies less than the
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P E
electron bounce frequency, x and x are computed from pseudoclasslcal,

trapped-electron mode or trapped~ion-mode theory, whichever yiplds the smalles

x; and x is computed from either neoclassical or trapped-ion-mode theory,

whichever yields the least value of T. The expressions used are consistent

with Ref. 2, and are written here for the confinement parameter

(1) Pseudoelassieal, (Particles and Electron Energy)

(nt)PC

ef f

(C-17)

TEM

(nx)TEM

(2) Trapped Electron Mode (Particles and Electron Energy)

6.35 x 106 A3/2 -,

Jeff

otherwise

. .TEM/ 3 ~
= (nx) / - A

/ 2
(C-18)

This is a combination, of the form given by Reference 3, which approaches the

asymptotic limits given in Reference 2 for TEtfe'l arid TEM-2.
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(nt)

c. Trapped Ion Mode (Particles, Electron Energy, and Iun Elnergy)

TIM , ^,TIM

2

2.05 x 10-5 B2 I1*! , fB
2 A5/2

pe p eff tO 1 + , if v . < tiVj (electrons)

or v <
ei

DT
w , (ions)

, otherwise . (C-19)

d. Neoclassical (Ion Energy)

(nx)

1.83 K 10 7 l ^ A I
DT p_

Zeff

9.95 x 106

- -\2
v . >
ei

(collisional)

"eff

"e i
v e i

DT

9.95

Jeff

(plateau)

DT

(banana) , (C-20)

where I is the plasma current, TQ and f are the average ion and electron

temperatures, A = R/a is the average aspect ratio, RQ is the major radius,

a is the average radius of the cross section,

eff
ions ions j j

is the effective charge,



1.6 * 1Q-15 g

e

Is the electron-ion collision frequency,

v .. = — A v .
eff 2 e l

is the effective collision frequency,

0.19 Tl/2l
, e p

is the frequency inhere TEM peaks, B is the toroidal magnetic field at the

center of the chamber,

2.04 f I
e p

u = — r ^ ~~^
A a KGHt0

is the frequency where the neoclassical plateau regime for electrons changes

to the banana regime, and

a) , = 1.8A A3/2 u

is the frequency where the neoclassical collisi'. -il regime for electrons

changes to the plateau regime.

A graph of the conf-'nement parameter for a case similar to the

reference design is shown in Figure C-l.

2. MHD Equilibrium Model

The axlsymmetric, ideal MHD equilibrium model used in this report is

essentially that of Callen and Dory. The equations used are the ideal MHD

equilibrium equation

Vp = J * B (C-21)

and the Maxwell equations
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4r
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T =T., keV
e i'

Figure C-l. Confinement versus temperature for an EPR plasma.

C-8



V • B = 0

V x B = uJ .

(C-22)

(C-23)

For azimuchal symmetry [(S/S<}i) = 0 ] , the magnetic field can be written

B = B
t
 + B

P = V (C-24)
2TTR

where :> = 2irRA is the flux function, and A is the vector potential. It can

be shown that the poloidal field lines are tangent to the surfaces I{J =

constant. The pressure, p, and the quantity F s RB must be constant on the

flux surfaces,

P = p(i|*)

F = F(i|i) ,

(C-25)

(C-26)

and the current flows in the flux surfaces. The components of the current

density are:

2ITB
dF (C-27)

M.
UR

(C-28)
di|i

The eoulibrium equation for the flux function is:

3R2 R 3R 8Z 2
dij)

F JF
dijj

This equation is solved by specifying p(i(j) and F(ijt), then solving for ifi(R,Z).

The pararaetrization of p and F used in this report is:

P = (C-30)

(C-31)

where
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(C-32)

where i'1 and ;> are the values of \\) at the limiter and magnetic axis,
I m

respectively.

The definitions of the plasma current, 1 , the safety factor, q, and

the pressure ratios, P and B are given in terras of integrals around a oolol-

dal flux line defined by a value, IJJ, of the flux function:

Ul (ip) = ffl B d:.' (C-33)
enc J p

Ul = ffl B da (C-3A)
P J,,, P

EM. L -1L- (c-35)
2TT J IJJ R 2 B

P

B = - ^ — (C-36)
p C 2 >

B f . (C-37)
Bto

where p is the average pressure over the plasma cross section, the flux line

average is defined as:

( x ) = (j) x d.l / ffl dZ ,
s / '

and B t Q is the vacuum toroidal field at the center of the chamber. It

should be n'oted that other definitions of 8 are in use. (The Shafranov

(6) P

limit for the definition given above is 8 < 1/2 A.)
P

It can be seen that if tl1 is a solution of Eq. (C-29), then 0 ->• I(I' =

is a solution provided:
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B - 8 = \R
P P P

I - I' = XI

p -* p' = \~p

F- ' Fg , arbitrary

- i l l

F'2

p
p

b c

Fo

B
P

B'

FS

P

X = B £

Fn

fC-38)
Fo F5 XFo

Since p and F are known only as a function ef I|J, but ii.'(R,Z) is not known, one

,-annot specify n quantity such as I or q a_ priori. Once a solution is known,
P ~~

however, it can be scaled to give the required value (provided F stays non-

negative). All of the soluticns that vary only by scaling have the same mag-

netic axis, and if one does not have reversed toroidal currents, then none do.

Two methods are used in solving Eq. (C-29) in this report. In the fixed

boundary method the flux line at the outer perimeter of t]:<? plasma is speci-

fied in space. The solution is scaled to give, for example, the desired cur-

rent or qC^n,) = 1, and the other quantities are determined for given a, S, and

6. The vector potential (and hence the flux function) due to the plasma loop

alone is then calculated explicitly. The part of the flux function not sup-

plied by the plasma loop must be supplied by the external coils. In addition

to being the faster and easier of Lhe two methods, the fixed boundary method

gives the required external field tor any equilibrium and has exactly 'he plasma

A

The fixed boundary code i;sed was based on an equilibrium code originally
developed by R. A. Dory at Oak Ridge National Laboratory and substantially
modified at Argonne National Laboratory.
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ft

cross section desired. In the free boundary meiiiod the plasma current, maxi-

mum pressure, and position and currents for the external coils are given, along

with the position(s) of a limiter (s). The position of the plasma edge is then

determined along with the other quantities for a given a and B. This method

gives the equilibrium that would be obtained with an actual placement of coils

and also calculates the equilibrium field outside of the plasma. In cases

where the boundaries are the same, the two methods give the same results for

the same J and 3.

.i. Global Model Parameters

Plasma Pressure

In computing the plasma pressure, or equivalently B , not only the

pressure of the thermalized particles but the fast alpha particles and deu-

terons from the beam which are in the process of thermalizing are included.

n ™ T _ + n T
2 2

nDTxDT T "e'e ' "VDT ' ~ ''lTDT + I "aEa + I

where the sum in the numerator is ovet impurities, E and E are the mean

energies of the thermalizing alpha particles and deuterons, respectively, and

n and n sire the corresponding densities of such particles at any given

instant. These latter quantities are computed from the general considerauion

that the number of particles in the process of thermalizing at any time is

eq-.-al to the source rate times the thermalization time. The formulas are

nf = Fp(l - p)(ovW + fl~| rSD , (C-AO)
a [_ T Dl BJ a

ana

where T LS the thermalization time defined in Appendix A of Ref. 1.

The free boundary calculations used the Princeton free boundary code
developed by S. Jardin and R. Grimm.
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For the static global calculations, the value of S is determined from

Eq. (C-37) for a given MHD equilibrium state, then Eq. (C-39) determines the

upper limit on TL T, hence the maximum power.

Reactor Performance Parameters

The neutron power flux through the first wall is

P (MW/ra2) = 2.26 * 1C~1B J (n/m2/s) , (C-4 2)
w w

where

V

J = IP(1 - P^v^njL + fl^j S- ,
A
w

W I • ' • - v v l DT Bj

is the 14~MeV neutron current density at the first wall, A is the surface
w

area of the first wall, and V = 2ir2a2icR is the plasma volume. < is the ratio

of the cross-sectional area of a noncircular cross section to that of a circu-

lar cross section of the same width. The total power output is

PTCMW) = 1.602 . 1 0 - 2 2 E

where

p(.V- P)(av)fn=T + f l j j + 1 ^ Vp + Pfi , (C-43)

Efus(keV) - |l4.1 e b k t + 3.52] x lO3 , (C-44)

with e. . accounting for the energy enhancement in the blanket, and P is the
OK t ii

ohmic heating power,

yZ f F
Pn(MW) = 10- 6 nJ2V = 5.ft x 10- 1 4 ••e- • P- , (C-45)
" P ~ 2 f 3 / 2

where R is the major radius. The neutrcn power is

PN = S k t V w ' (C"A6)

where e. , ., P and A have been defined above.
bkt' w w

The radiation power is
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= L.602

where P wa° defined in Appendix B. and P was defined in Section 1 of this
rad ' c

dppendix. The power loss by transport processes is

P (MW) = 1.602 10" —
3 neTe (C-A7)

Additional Parameters

There are four additional parameters which are useful in characteriz-

ing the performance of the plasma in a tokamak (for that matter, in any reac-

tor) . The plasma Q is defined as the thermonuclear power generated by the

plasma (including the blanket enharcement) divided by the total power put in-

to the plasma from external sources. In a steady-state situatif n

p _ fp
IT LJ (C-48)

where P_ = P. .V is the beam power injected inuo the plasma, and P. . = I^U^.
B inj p F xnj B B

The quantity, Q , becomes very large for devices approaching ignition and

provides a measure of the gain when neutral beam injection is used to maintain

the plasma in a subignition condition. It is used in the steady-state analy-

ses of Chapter I I I . The definition of Q averaged < :r a burn cycle is

- 1 (C-A9)
d c

The ratio of the energy density of the injected deuterons to the

plasma energy density is

SD

J t "T)TTDT + n e £^ -) . T
--rrsr , (c-50)

DTJ + \ \ + n
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where the sum is over impurities.

The fractional burnup is

2Jp(l - " B J

+ E1Bj ' ̂ "DT' 'DTj

The parameter t, is defined as the ratio of the enhanced beam power

to the alpha heating power

(C-52)

4. FJasma Conf-Jl Algorithms

Several simple control methods have been examined in onnection with the

burn cycle analysis. The controllable inputs to the plasma are assumed to be

the external refueling current3 I , the tritium fraction of the refueling cur-

rent, p , and the supplemental beam power, P , if any. The only time the tri-

c o

tium fraction, p , must be varied is when and if the supplemental beam is

present, so these two go together. (If there is no supplemental beam,

Pc = 0.5.)

The control methods for I and P are based on the same goal, to maintain

B as close to G°P - 1U7 as possible, thereby maximizing the fusion power.

The control scheme has been formulated as follows. An "error" signal in 6 is
P

defined as the deviation of B from its allowed optimum value, i.e.,

AS = B (t) - B° p t . (C-53)
P P P

It is desired to reduce this error with a time constant "Y",

dB AB
— E = - —° . (C-54)
d t J • . y

desired

At any time, there is an actual value of 6 . The difference between the actual
P
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value aiid the desired value of B determines differential equations for the

refueling current and/or the supplemental beam:

dl

dt

dB

dt actual
dt

desired

3nDT

1 3 B P J

(C-55)

dP,

dt dt actual

dB '
_ —E.

dt
desired [36

I P,

(C-56)

where

DT

The partial derivatives in Eqs. (C-55) and (C-56) must be evaluated from the

analytical model of the plasma. Using this technique and a suitable differenc-

ing scheme, the value of I , for example, becomes

I(t + At) = I (t) -
dnDT

dt 2a 2T.
DT

A8

Y dt
(C-57)

-it

subject to the restriction that I >_ a technically imposed restriction

that I be less than seme I . The information needed from the plasma to
c c

implement Eq. (C-57) would be the density, temperature, plasma current, and

the poloidal beta itself. The same information is needed to compute the sup-

plemental beam power.

The control scheme for the tritium fraction of the refueling current, p ,
c

seeks to maintain the tritium fraction, p, of the plasma at a value of 50%
(thereby maximizing the fusion power). The algorithm for p is analogous to

c

the others except that the "error" signal to be reduced is now the deviation

of p from 0.5:

Ap = p(t) - 0.5 . (C-58)

It then follows that:
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dt dt
actual

dt desired

3P,

(.dp

(C-59)

where

dt
desired

subject to p <_ 1.

In the present analysis y has been set to 1 sec. The control methods

have been tested for a wide variety of conditions and appear to perform

fairly well both singly and in combination. The plasma poloidal beta is

held fairly closely to 6°^ when the control algorithms are used. The varia-

tions in the control parameters dictated by the algorithms do not appear to

be physically unreasonable.

5. Core-Corona Model

In order to represent a number of important phenomena which occur in the

plasma edge, or corona, region, a model was devised in which separate particle

and power balance equations are written for the core and corona regions. The

core equations are as given above, except

DT
P

rDT

1 - fD T) "* I
12

DT12
in Eq. (C-l) ,

and a term

3

DT

12 2 T r

DTI DT12

(TDT1 " TDT2J

3n
II

3t

is added to Eq. (C-2) when the impurity concentration is increasing, to repre-

sent power required to heat incoming impurities. (The overbar, indicating a

spatial average over temperature and/or density profiles, is suppressed in
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this and Che following section.) Also,

in Eq. (C-7)

V.
1 T r
U el e12 a

e 1 2

in Eq. (C-12) ,

and Eq. (C-10) is replaced by

"II

Sj

V,
(G-60)

S12 is the area of the surface interfacing regions 1 (core) and 2 (corona), Vj

is the volume of the core, Fj 2 and q12 are the net convection and conduction

currents at. the interface (with 1 -+ 2 being the positive sense).

The corresponding equations for the corona region are similar:

D-T Ions

12

DT2w (C-61)

2 d_

2 dt

+ —
2

'12

•"DT12

TDT1

DT2

+

2

S

2

T
DT2

c

\

DT2w

'12

f2

—

r DT12

f l -
1

g

v
 qDT2w

'WhAx f]

- R DT A cx

L - "DTK/CX

1 " R DT A cx

RE
RDT
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oxt
3 / 2 V o

± Tr r f i 2 w h - r, 'K.Ji -

+ •• ., f i - T, I K i - R!'
12w ( 11 11 I

(r-6 2)

whero

- P ) ^ v
^

F

—I,

(C-6 3)

S^ is the surface area of the external boundary of the corona, R' is the frac-

tion of the incident energy which a particle retains in being reflected from

the wall (R ' = 0 in this report), and E ' is the energy of the external D-T

particle source. The last term in Kq. (C-62) represents the power lost in heat-

ing wall-sputtered impurities; the next-to-last term represents the power lost in

heating recycling alphas and impurities; the third-to-last term represents the

power loss associated with the charge-exchange of the refueling atoms; and the

fourth-to-last term represents the D-T convective loss from the plasma edge —

including charge-exchange effects.

Equation (C-5) determines the external source required to rofuel the

corona at a rate I ,., in the presence of charge-exchange. Equations (C-6) and

(C-9) give the (ion + neutral) wall flux with the replacement n/r

Alpha Particles

I 2w 2w| 2w

" B 2 Vn

where f is given by Eq, (C-8).
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V. Ice irons

The oharije neutrality condition of !\q. (0-11) is imposed to deter-

ine the electron (inns 11 v in both c:.>re and. corona. The p<n.vr balance is:

i 0 I'd

. ^ i fluJJ-zl•• _ !i
' .•12

] \,:

all I

where

ion will ! i ion

S., _

,] •DT2v.',1 ~ ' 'DTfVr

f l - A 1
(C-f>rj)

**10, A**1 = 0
exex

and W is the i o n i z a t i o n encTRV.
ion

The i :onvective and conduc t ive l o s s r s from the rornna to tin- wall a re

idtnputed i r o n

S. s.
1 TK
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where the particle (:.) and energy (T^) confinement times arc computed as in

Section A.I, but u.sin^ tliu character 1st ic dimension, <'.r~, of the corona rather

than the plasma radius, a. Thus, chi- prescript ions of Section A.I are reduced

by tht; factor, (."̂ r./a)', in computing the corona confinement.

i'hi.- coupling between the con- anc! corona is in terms of particle flow:,

(".,.,) and lurat conduction (<\,..,). These quantities are represented as follows:

"12
(C-66)

w i! h

•21 v_ '

"•".1 "
(C-67)

with

where *-., indicates that the quantity is evaluated with core parameters, and

'•'.21
indicates that the quantity is evaluated with corona parameters.

When the electron-ion collision irequency in the corona is E r e f l t e r

than the electron bounce frequency, the particle fluxes, "'_ , across the

core-corona interface are calculated from the multispecies Pfirsch-Schlutor

theory developed in Reference 7. (is long as T 2. T-9» the heat conduction

across the core-corona interface Is also computed from the multispecies

i'f irsch-Schluter theorv.
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6. Plasma Initiation Model

The model used to investigate the development of the plasma during the

breakdown is similar to that used for the burn cycle calculations, with some

modifications required by the special conditions of low plasma current and

partially ionised plasma.

a. Electron, Ion, and Neutral Density

The densities of electrons, ions, and neutrals are determined by the

relat ions

dn n n n
(C-68)

dt T| r . ^ - " U1 . + V "l vion cont 1 + £^ L
1 nDT

where the sum is over all impurities,

dnn dn
0 / "\ e

= -IV , /V I + (pulsed neutral gas) ,
, discharge tankj jj-

where V is the volume of the plasma discharge, and V is the volume
discharge tank

of the toroidal vacuum chamber. The ionization time, T. , has been determined
ion

experimentally and is a function of the electric field, F., and the neutral
(8)

pressure, P.̂ . The confinement time, T .., is essentially equal to tht-

pseudo-classical confinement time, T , at large times. " Before the plasma

current and rotational transform develop, the plasma is accelerating outwards

due to the gradient it. the toroidal magnetic field, and the confinement" time

is the time, T , required to drift to the wall. Because of particle reflec-
. B

tion from the walls, shorting of the E fields by the limiter, and eddy cur-

rent suabilization of the plasma, one would expect that experimental data might

show somewhat longer confinement. In order to duplicate the data of Dimock,
(9)

et al., it is found necessary to increase T . By usin,' a confinement time
of the form

PC f N O . 7 5

conf TE | T 7 B J , (C-66)

where

T7B = 2 a ( E ° R ° B t ° / q n^Te) (C-70)
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agreement with experimental data has been obtained. At small times

T - H: ''T,.'* , and at large times (t •• 3 ras) T ": T_ . This formulation
cent y vBj t

attempts to reproduce the way in which the rotational transform increases the

natural confinement as the current develops. Energy and particle confinement
(9)

times are set equal, which is consistent with experimental data.

The term f(B ,3 ) i.s introduced to simulate plasma losses due to
L p

errors in the toroidal field. At zero current this term equals V, .. B /B ,

which represents the rate of spiral drift of electrons out of the discharge

due to a component, B?, of the field in the Z direction. The expression

f (B_, B ) decreases as B /B., increases, becoming zero for B ;- B .
Z p n / p — Z

The ion density is sot equal to the electron density, and the density

of neutrals, n.,, is determined by the constraint that the sum of neutrals and

ions is a constant.

b. Electron and Ion Energy Balance

The electron and ion energies are determined by the relations

, dfn T )
1 L J U 1 L ( 1_ P_ _ i>. _ ,.. _ P P 1

ion 10 inpur ru! oNj
= (p P_ i. ,. P

., , 1 OH ion 10 inpur r.u!

_ n T f f 8 B ) + F
e e i Z pj add

n T
_ 1 _£_
.,

' conf

and

(T TDT) _ (v _ p 1 _ 3
 nDTTDT

2 dt <• l c e X^ 2 T

cont

Electron energy is provided by ohitiic heating power, P , and lost by ionization
OH

of neutrals, P^ , heating of ions, P. , line and recombination radiation due

to impurities, P bremsstrahlung radiation, P elastic collisions with
impur tiia

neutrals, P , particle losses, and losses due to field errors. Additional

power, P^ , due to rf heating or neutral beams, is allowed. Ion energy is

provided by collisions with electrons and lost in charge-exchange collisions

and particle losses. During breakdown the plasma resistivity is determined by

the relation n = n . + n
Spitzer Boltzmann
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Impurity losses are calculated by looking at the equilibrium distri-

butions of oxyyen ions and calculating the. amount of energy lost by electron

interactions with each charge state, following the method of Ihichs and Griem.

The total oxygen density is fixed at a fraction of the electron density.

Although impurity recycling can he accommodated, m> reeylinj; is assumed in the

first few milliseconds.

c. Plasma Current

The current is determined by the relation

d(l.I)/dt = V, - IR , (C-7J)
loop

where

and

L =

V
loop P̂O't

;..n(8R/a)

dl™ , M
c,t ^

- 1.75] ,

dl,:l,

P E F dt

represents the combined effects of the ohmic heatinK and equilibrium field

coils. Here, I is the current in the OH coil, I is the current in the KF

coil, and M and M are the mutual inductances between the plasma and each
POH PEF

coil system. At v̂ ery early times, when the charge density is very low, the

current cannot rise as fast as fv, - IR]/I., so the current i-j limited to

I. loop J

dl d"e

w -« .w

where A is the aspect ratio. The drift velocity, V , is proportional to

E/p for weakly ionized gases.

d. Runaway Electrons

Runaway electron production has been calculated using the formulae of

Kulsrud, et al. for completely ionized plasmas, and Gurevitch for weakly

ionized plasmas. These runaway production rates are not, however, used as in-

puts to other parts of the program because (a) runaway production is assumed to

be small; and (b) comparisons of theory and experiment^llj13^ have shown that

the theoretical estimates are not very reliable.
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Input data Co this calculation consists of ioop voltage, V , dis-

charge area* and total ion plus neutral density at specified times in the dis-

charge. Interpolation is used to determine parameter values at any instant.
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APPENDIX D

STRUCTURAL SUPPORT S Y S T K M '

S t r u c t u r a l s u p p o r t s y s t e m s m u s t be d e v e l o p e d s i m u l t a n e o u s l y w i t h t h e

o t h e r EPR c o m p o n e n t s in o r d e r t o i n s u r e t h a t e f f i c i e n t s u p p o r t i s p r o v i d e d

and po ten t i a l const ra in ts on the design are iden t i f i ed . This appendix

summarizes a study using representa t ive EPR input loads, geometry, room

temperature support points , and component de f in i t i on to es tabl i sh .1 conceptu,i 1

s t ruc tu ra l support for the EPR.

Two conceptual s t ruc tura l designs were developed anil analyzed. The tv.'u

concepts, a torque shel l design and a torque frame design, both provide

support for the blanket and sh i e ld , vacuum system, and poloidal and toroidal

field coi l magnets. Emphasis was placed on evalua t ing the advantages of

each concept an_ identifying general s t ruc tura l support requirements. Hither

design concept i s capable of providing the required support. At t h i s point !.he

torque she l l design has t en t a t ive ly been se lec ted as the reference design.

However, the f inal design approach must await more deta i led design of the major

EPR components and establishment of d. t a i l ed maintenance requirements.

In developing these s t r u c t u r a l support concepts , a l t e rna te s t r u c t u r a l

materials were evaluated, f i n i t e element analysis techniques were applied

toward determining s t ruc tu ra l requirements and weights , access and maintenance

requirements were considered and rough order of magnitudes (ROM) cos ts were

determined. In addit ion, a scoping effort was undertaken to identify the re-

quired manufacturing lead time, approximate cost and recommendations on how to

proceed with development of the s t ruc tu ra l support system.

1. Summary

Both the torque shell and the torque frame concepts developed in this

study can provide adequate structural support for the EPR components. These

concepts, shown in Figures D-l and D-2 and described herein, differ pri-

marily in the method of restraining the lateral forces induced on the TF

coil. The eventual baseline concept selection will depend primarily on

the TF coil support requirements and on the frequency that access is re-

quired to the blanket and shield.

*
This work was performed by McDonnell-Douglas Astronautics Company - East in
collaboration with Argonne National Laboratory. A more detailed description
of the work is presented in reference 1.
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OVERHEAD PGLQ^L COIL SUPPORT TREE

OUTER POLOIDAL COIL
SUPPORT COLUMN

(16 REQ'D.)

POLOIDAL COILS

TF COIL

LOWER POLOIDAL COIL
SUPPORT

BLANKET/SHIELD SUPPORT
COLUMNS

(32 REQ'D.

REWINDING PLATFORMS

UPPER toE;5S PANEL

OUTER POLOIDAL COIL
SUPPORT FITTING !

VACUUM PORT FITTING

CENTjRAL ACCESS PANEL
^TORQUE SHELL)

NEUTRAL BEAM FITTING

STABILIZATION FITTING
(4 REQ'D.)

TF COIL VERTICAL SUPPORT COLUMNS

REWINDING SPOOL

Figure D-l. Torque Shell Structural Support



CENTER CORE

OVLRHLAD TORQUE FRAME

-TENSION TIE
(4 REQ'O)

SHEAR WEB

BLANKET/SHIELD SUPPORT FRAME

TF COIL LOWER LATERAL RESTRAINT

LOWER COIL TORQUE FRAME
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TF COIL UPPER LATERAL
RESTRAINT PAD

TF COIL

TF COIL VERTICAL
SUPPORT

REMINDING SPOOL

REWINDING PLATFORM

Figure D-2. EPR Torque Frame Structural Support



Both concepts provide lanket and shield access through an approximately

3 x 8 tn opening between TF coils. All blanket and shield maintenance opera-

tions should be designed to be performed through this opening. Very little

access, if any, will be available from above and below the TF coil because

of required structure. Openings for vacuum ducts and instrumentation, how-

ever, can be provided thiough this structure. The floor area around the

reactor will not be restricted by structural members with either concept,

thereby providing ease of locating components such as neutral beam heaters

and for freedom of movement for maintenance equipment. Except in the area

of the lower pololdal coils, the structural support members can be moved

easily to allow repair of any failed magnet coil. The outer and upper

poloidal coils can be removed using their supporting structure as a lifting

fixture. The lower poloidal coils are captivated by the various support

columns and require in in-place repair/replacement facility.

Use of 7075-T6 aluminum alloy in a bolted structural support design

results in a lighter and lower cost approach that can be achieved using

welded stainless steel. Aluminum also offers the advantage of having a

low activation and being a native material that will be available for

commercial power reactors. The overall cost of designing, fabricating

and erecting the structural support system will be about $6 million for

either concept. Cost is not expected to be the decisive factor in se-

lecting a baseline concept.

As the EPR component designs evolve, further iterations of this study

will be required to assure compatibility. However, this study should serve

to define structural support requirements and options and to allow the

evaluation of the compatability of the EPR systems design and maintenance

procedures with the structural support requirements.

2. EPR Definition

The EPR design defined in Reference. 2 was used as a baseline in this

study, except for a change in the blanket/shield design, changes in the

location and number of equilibrium (EF) and ohmic heating (OH) coils and

further definition of the toroidal field (TF) coil system.
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In this study it is assumed that room temperature attachment points are

provided on the coil cryostat to react the forces and weights of the magnet

coils.

Induced electromotive forces and weights of the major components are

shown in Figures D-3 and D-4. The induced forces used in this study were

defined early in the EPR magnet design effort. Further analysis of these

induced forces indicates worst case loading conditions may be 50-70% higher

than those used. These increased loads will require an increase in the

size of structural members Co react the loads and will result in increased

structural weight and material/fabrication cost. These changes are not

expected to significantly change the available access, maintenance approach,

structural configuration, or material selection.

3. Material Selection

Several stainless steel and aluminum alloys were evaluaced for the EPR

support structure primary material. These alloys were 304 and Nitronic 40

stainless steel and 2215, 7075, 5086, and 6061 aluminum alloys. This

evaluation included consideration of the material strength, stiffness,

cost, and fabrication techniques. Material costs, fabrication techniques,

and fabrication costs are based on results of a survey of oLructural fabri-

cators. Tteta for the materials are shown in Table D-l.

In comparing materials, three figures of merit (FOM) were used. The

FOM's used were yield strength (YS), modulus of elasticity (E), fabrication

costs, including material (cost) and weight (WT). The FOM's and their

application criteria are shown below.

FOM When Used

YS
rpr Lightweight structure

YS
(WT)(COST) Low cost, lightweight structure

(YS)(E) Low cost, lightweight structure
(WT)(COST) with maximum stiffness

D-5



in COMPONENT VERTICAL LOADS

a
i

ITEM
NUMBER

1

2
3

4

5

6

7

8

9

10

12

30

31

32

33

34

NAME

OH COIL

OH COIL

EQUIL. COIL

EQUIL. COIL

EQUIL. COIL

EQUIL. COIL

OUIL. COIL

EQUIL. COIL

OH COIL

OH COIL

EQUIL. COIL

EQU1L. COIL

CENTER CORE
COMPOSITE

OUTER TF
SUPPORT

BLANKET/
SHIELD

FIRST HALL

VACUUM SY5TEH

QUANTITY

1

1

1

!

1

1

1

I

1

1

1

1

1

16

1

1

1

HEIGHT
(TONS)

-35 A
-35

-3' !
-31 |

-40

-40

-43 !

-49

-18

-18

-140

-140 / 2 \

A
-3116 /3

-131

-6600

-200

-390

TOTAL WEIGHT (EXCLUDING SUPPORT STRUCTURE) 13,078 TONS

!N BURN
(TONS)

-1811

• 1811

-935

-935

-1070

•1070

-443

• 443

-15M
•1660

•182B

-1(J2B

INDUCED FORCE
PRIOR TO START UP

(TONS)

-2578

•2578

-

-

-

+286

-286

-
-

/ ^ A L LOCATION

A APPROXIMATED BY SOLID COPPER WEIGHT FOR CONDUCTOR CROSS SECTION ?LUS 205 FOR
/ 2 \ C'.VCSTAT

/l\.INCLUDES 10'.. ALLOWANCE FOR CRTOSTAT

Figure D-3. Ver t i ca l Forces on EPR Components



A-A

LATERAL L O W
PER TF
COIL

F'Nl
FN2
FN3
FN4
FN5
FN6

UNIFORM A
LOAD £ &
(LB/M)

.76x1O6

.47xlO6

.33xlO6

.33x1O6

.47xlO6

.76xlO6

TOTAL
LOAD

3.04xlO6

2x1O6

-ixlO6

+1x106

-2xlO6

-3.O4xlO6

NOTE: 1. POSITIVE LOADS ARE IN A DIRECTION OUT OF THE PAPER IN VIEW A-A
2. LOCATION OF CENTER OF FORCE

3. LOADS GENERATED ON THE TF COIL IN THE CENTER CRYOSTAT ARE ASSUMED TO BE REACTED INTERNALLY

A, BASED ON TOTAL LOAD SUPPLIED BY A.'JL

Figure D-4. Induced Lateral Loads of IF Coil



o
I
CO

MATERIAL/PROPERTIES

304 Stainless Steel
Y.S. = 30,000 psi

Nitronic 40^fSS)
Y.S. = 70,000 psi

2219 Aluminum

Cond. T62 YS=19000
psi

Cond. T87 YS=26000
nc ipsi

Cond. T62 YS=42000
psi

Cond. T81 YS=51000
psi

7075-T6 Aluminum
YS=68,000

5086 Aluminum
YS=18,000 psi
YS=30,000 psi

6061 Aluminum

Cond. T6 VS=18000
Psi

Cond. T6 YS=40000
psi A

MATERIAL COST
S/LB.

.84

1.23

.98

.965

.83

.83

FABRICATION
TECHNIQUE

Weld

Weld

Weld

Weld

Bolt

Bolt

Bolt Only

Meld
Bolt

Weld

Bolt

COST OF
FABRICATION

$3600-5200/Ton

S6000-8600/Ton

$6300-8300

$6300-8300

$6300-8300

$6300-8300

$6300-8300

$6000-8000
$6000-8000

$6000-8000

$6000-8000

A
A
A

A

A

YS X
COST X

833

1166

301

412

666

809

1070

300
500

300

366

FIGURES OF
E
WT.

YS
WT.

100

233

190

260

420

510

680

180
300

180

400

MERIT
YS

WT. X COST

277

388

301

412

666

809

1070

300
500

300

666

Armco Steel
Obtained from Mississippi Valley Structural Steel
Scaled from /2\ based on Nooter Corp. estimate

Welding Aluminum Manual, American Welding Soc. - The Aluminum Assoc. Copyright 1967

Obtained from Allied Industries, Houston, Texas

Includes cost of raw material and is based on torque frame concept

Table D-l. Base Material/Fabrication Comparison



Stainless stuel was considered to be joined only by welding since the

weld strength is approximately equal to the base metal strength. Stainless

steel must be used in the annealed condition because of che size limitation

and because cold working causes loss of non-magnetic characteristics. As

shown in Table IM, 7O75-T6 and Nitronic 40 stainless steel are comparable

for stiffness applications, however if stiffness (E) is eliminated from the

FOM, 7O75-T6 is clearly superior. Stiffness is important in FPR only when

structural buckling is the limiting factor such as in support columns.

The survey results indicate that the cost of welding an aluminum struc-

ture is approximately equal to the cost of bolting if the structure is

tailored for the method of fabrication. The strength of aluminum is degraded

by welding and can be upgraded by heat treatment after welding but this is

not considered practical because of the large size of the sttuctural ele-

ments. A small improvement in properties can be attained with local post-

weld aging. The 7075-T6 aluminum alloy joined by bolting is superior to

the other alloys and was selected as a baseline material for the structure.

In conjunction with the bolted fabrication technique, extrusions and

forgings can be used where desirable to simplify fabrication and since

7075-T6 has poor weld characteristics, other materials can be substituted

locally if welding is necessary.

4. Structural Analysis Considerations

Analyses were conducted in order to establish the feasibility of suggested

concepts and to provide a consistent basis for concept comparison. Structural

analysis of support components was facilitated by use of finite element com-

puter programs and computer graphics capabilities. NASTRAN (NASA Structural

Analysis) was used to model the toroidal t'eld magnets for deflections due

to both the large out of plane magnet forces and the in-plane dead weight

forces. This program was also used to model and analyze the torque shell

structural support concept. The CASD (Computer Aided Structural Design)

was used to model the torque frarr.e structural support concepts.

Guidelines were established for allowable stress levfls based on the

Steel Construction Manual (Reference 3) as follows. Yield strength properties

are based on Reference 4 values.
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STRESS ALLOWABLE

Tension 0.6 F

Shear 0.4 F_
ty

Compression Buckling,
0.6 F Max.

The allowable stress levels were used in conjunction with induced mag-

net loads and dead weight loads without additional factors of safety. It

should be noted however, that the factors of 0.6 F and 0.4 F result

in a margin of ^ 1.7 on the ultimate and shear allowables of the 7075-T6

aluminum. The fatigue allowable (Reference 3 ) , based on 105 cycles, is

approximately the same as 0.6 F for 7075-T6 aluminum. Therefore, no

further reductions in strength properties were applied in the study. Addi-

tional considerations need to be given, however, to other conditions such as

upset and emergency conditions in the EPR design. Also, the codes (Reference

5) require that consideration be given to effects of impact loads and earth-

quake loads and that components be designed to minimize vibration.

5. Magnet Support Considerations

Studies were conducted to investigate various room temperature support

configurations for reaction of the large lateral forces induced on the TF

coils. Analyses for these studies were aided by a simple NASTKAN beam ele-

ment model. Lateral bending stiffness for the TF coils was calculated based

on the baseline one inch thick stainless steel liquid helium superconductor

support case. Lateral loads, defined in Figure D-4 were applied and the

resulting deflections and stresses examined for the three different con-

figurations. Shown in Figure D-5 (a), (b) and (c), for each of three support

arrangements, a>-e resulting deflected shapes with maximum deflections and

stresses included.

Shown in FLgure D-5 (a) are deflections For a four poLnt coil support

configuration. The maximum deflections and bending stress in this case

are 0.35 in. and 55,000 psi. respectively. The effect of additional support

alon^ the cryostat interface and the outer portion of the coil is shown in

Figure D-5 (b). These additional supports reduce stresses and deflections
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= .29 IN.-

& = .35 IN.

6 = .26 IN.

DEFLECTED
SHAPE

» . - UUDEFLECTED
SHAPE

amax = 55,000 psi

(a) LATERAL DEFLECTIONS -
4 POINT SUPPORT

<5 = . 2 8

6 = .28 IN.

— SUPPORT LOCATION
(TYP)

•nax
= 52,000 nsi

(b) LATERAL DEFLECTIONS -
8 POINT SUPPORT

CONTINUOUS-
SUPPORT
(TYP)

6 = .06 IN.

& = .035 IN.

6 = .035 IN.

" 1 2' 0 0 0

(c) LATERAL DEFLECTIONS -
TOP AND BOTTOM SUPPORT

= .05 IN.

°max = 3300

(d) MAGNET IN-PLANE
DEFLECTIONS - DEAD
WEIGHT LOADING

Figure D-5. TF Coil Response to Lateral and Dead Weight Loads
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in the region of the supports; however, because these added supports are not

located in the region of maximum lateral loading they have a minimal effect

on maximum magnet deflections and bending stresses. Location of supports

at the top and bottom of the coil in the region of maximum lateral loading,

significantly reduces both deflections and bending stresses to maximums of

0.035 in.,, and 12,000 psi respectively, as shown iu Figure D-5 (c). Although

no specific criteria presently exists for allowable magnet deflections, the

results obtained do not appear to be excessive, even with the conservative

stiffness values (vacuum walls not accounted for). Based on these results,

it appears that support of the TF coils at the top and bottom (Figure D~5 (c))

is the most suitable for purposes of minimizing coil stress and deflections.

This support concept is also attractive because it provides maximum access

to the blanket/shield.

In-plane deflections due to the coil dead weight were also obtained.

The deflected shape for this condition and maximi-rn deflection and bending

stress are shown in Figure D-5 (d). Support for the in-plane loads is

located along the center core interface and vertical support is provided

at an outer point indicated in the figure. The magnet is allowed to de-

flect horizontally at this outer support point, however.

6. Design Development

Factors which drive the EPR design approach are: (1) the large lateral

forces (toroidal injection) induced on the TF coil, (2) the requirement to

remotely remove all components for repair, and (3) access requirements for

maintenance. The lateral forces on the TF coil create a torque of approxi-

mately 1.8 :•- 109 ft-lb in a counterclockwise direction at the top of the

coil and an equal and opposite torque at the bottom. To transmit these loads

without excessive stresses or deflections require use of direct load paths.

These load paths must allow adequate access for remote maintenance oF reactor

components. Structural members can be removed to attain access, but it is

desirable to have direct access to components requiring frequent maintenance.

This implies maximum access to the first wall and vacuum system with reduced

accessibility to the magnet system. The EPR structural support concepts will

be a compromise of maintenance, fabrication, cost, and risk factors.
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In the present study two different concepts were developed for comparison

purposes. The two concepts selected are referred to as: (1) the Torque Shell

concept and (2) the Torque Frame concept. These concepts differ primarily

in their manner of restraining the lateral forces developed by the TF coils

and in the access provisions.

a. The Torque Shell

The torque shell concept uses shear webs located between each TF coil

to provide continuous support for the coil. The shear webs transmit the

large torques induced on the TF coil. This concept was shown in Figure D-l.

Other major features include an overhead tree for support of the upper OH

and EF coils, an outer support system for the large OH and EF coils, a lower

OH and EF coil support frame with a built in rewinding facility and four

lateral stabilization fittings which attach to the shear panels to provide

stability for any unsymmetric loads.

(1) Shear Panel Definition

A cylindrically shaped shear panel assembly approximately 2.0 inches

thick is located between each set of TF coils. It is attached at the cen-

ter of the TF coll cross-section using 3-inch diameter threaded fasteners

located on 9-inch centers. Each of these 16 assemblies consists of four

panels and five fittings. Continuous fittings are used at each penetration

(i.e. vacuum pump, neutral beam, etc.) to provide the necessary load

carrying capability around the opening. These fittings are installed with

the penetration equipment and can be left in place when shear panels are

removed.

(2) Shear Panel Attachment

The shear panels attach to the TF coil cryostat through a flange that

is butt welded to the TF coil cryostat. This flange is 2 inches thick, approxi-

mately 7 inches wide and is Installed at an angle 78.5° with respect to the TF

coil plane to provide a cylindrical surface For mounting the shear webb be-

tween adjacent TF coils. This flange can be segmented as required to assure

proper location of the mounting plane during TF coil manufacture.
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Fitting of the shear panels can be accomplished by the use of matched

drilling during assembly. When the panels are removed, f.he TF coils will

deflect and cause fastener misalignment of approximately 0.02 Inches.

Additional misalignment is expected from internal distortion of the TF

coils during their manufacture. Tapered shear pins and fa-teners in

oversize holes can be used to draw the shear panel down and align the closer

fitting fastener holes.

Eddy currents will be prevented from flowing through the TF coil to

adjacent shear panels by insulating the attachment joint. The mating sur- .

face between the attachment fla^ye and shear panel can be insulated using

tapers or spacers (teflon, phenolic, etc.) having limited load carrying

capacity. The bolt, however, must be insulated using material of high

strength which can Larry the necessary shear loads.

(3) Panel Installation and Removal

It is estimated that each bolt will require approximately 3 minutes to

install and 2 minutes to remove. To minimize the impact on overall main-

tenance time, it is desirable to perform panel installation/removal in

parallel with other maintenance operations or to develop a quick panel

attachment design (latches, etc.). The level of radiation at the external

surface of the shear panels is expected to be low enough to allow removal

of the fasteners with a minimal amount of radiation protection if tha blanket

and shield are left intact.

Normal maintenance access is provided by removal of the central access

panel. This requires removal of approximately 120 bolts and provides an

access opening approximately 8.0 m x 2.8 m to the blanket/shield assembly.

This panel can be removed in approximately 6 manhours without disconnecting

the nautral beam injectors. The design may require that temporary supports be

provided so that the TF coils do not have to be de-energized before removal of

this panel.

As an option to the fully closed torque shell structure some areas

could be left open to make the concept more attractive from a maintenance

standpoint. This will not cause any significant change in calculated

weights since adjacent panels and stiffeners will have to be beefed up to

accommodate this approach.
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Additional access can be provided for major repair operations by re-

moving the upper and lower access panels. These panels can be removed from

around the blanket/shield supports and vacuum pumps, however, little addi-

tional access is obtained unless the vacuum ports and the upper and lower

piloiunl coils are moved.

(A) Torquo Shell An alysis

The torque shell support concept was u. deled using shot panels and

axial rod members. As shown in Figure D-6 s the structure was assumed ~. J

be constrained for deflection in the vertical as well as the- lateral

(tangential to the shell) direction at the stabilization support fitting.

In addition vertical constraints were imposed at the top and bottom of

the model wnere the shell attaches to the center core. The shell was

allowed to deflect tangentially at the shell/center core interface. Maxi-

mum lateral deflections at the top and bottom of the reactor are approxi-

mately 1.3 inch and 0.65 inch respectively. Applied loads result in small

induced tension forces of approximately 200,000 lbs in the inner magnet leg

and'or the center core structure. Shell thickness of 7O75-T6 aluminum is

approximately 1.0 incli based on the shear allowables of 0.4 F . Some

additional panel thickness and/or stiffeners will be required to preclude

panel buckling, resulting in approximately a 10% in weight.

(5) Blanket/Shield Support

The blanket/shield and first wall are supported by a frame which is pro-

vided as part of the Primary Energy Conversion S\stem (PECS). This frame

is supported by a total of 32 columns each 40 feet long which attach to the

reactor floor in the lower access pit. These columns have been sized as

circular aluminum tubes 16 inches in diameter with a 1- inch thick wall to

provide support for a combined dead weight/induced force load of 6955 tons.

This total load is due to the 6600 tons PECS weight plus the lower torque

frame and poloidal magnets. The columns provide sufficient margin against

buckling.

(6) Overhead OH and EF Coil Support

The siiear panel concept requires that a separate support be provided

for the four upper OH and EF coils. This is provided through use of an

aluminum support tree as shown in Figure D-6. The support tree consists
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of sixteen (16) aluminum radial beams which span 12 m (40 ft) between the

centsr core and the outer OH and EF coil support columns. Resulting com-

pressive stresses of 1500 psi occur in t'-c 9 foot diameter concrete center

core which supports its' own dead weight (380 tons), the support tree (less

than 245 tons) and 5211 tons of magnet weight and induced forces. The beams

are centered between TF coils to provide clearance for the coil connections.

Each beam supports 4 cross members which provide continuous support for

segments of the OH and EF coils. A gap is provided between the ends of

adjacent cross members and the beams are separated with structural insulated

joints in the center area to limit induced eddy current flow within the

structural tree.

In addition to providing structural support for the poloidal coils,

this supprrt tree serves as a handling fixture for the 155 tons of ceil

weight. This coil weight combined with the 15 ton structural weight is

significantly below the 400 ton polar crane capacity.

(7) Low^r OH and EF Coil Support

For the torque shell concept the 4 lower OH and EF coils are supported

by 16 beams attached to the blanket/shield support columns. These beams

transfer the upward arting induced coil forces to the support, columns during

reactor operation as well as support the dead weight loads of the coils.

These columns incorporate jacks to allow lowering of the support beams and

coils for repair. The supprrt beams provide continuous support for tho coils

through use of cross aembers. As with the overhead support tree, these cross

members incorporate insulating features to limit induced eddy currents.

(8) Outer OH and EF Coil Support

The two sets of outer OH and Er coils are supported by fittings attached

to the outer poloidal support columns. These fittings form a continuous

support for the coils and incorporate insulated joints as required to limit

eddy current flow. Each sot of OH and EF coils have induced forces which

act in opposite directions, thereby reducing the net load which must be

supporter by the support column.

Each column incorporates a set of jacks (elevators) which allow raising

and lowering the outer coil support fittings for additional access. The

fittings also serve as a handling fixture in that, the overhead crane can
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be attached to pickup the assembly if coil removal is required for repair.

As an alternate to overhead coil removal, a rewinding facility could be

provided about the reactor ceaterline and the support columns integrated into

a jacking system for raising and lowering these coils for repair.

(9) TF Coil Vertical Support

The 16 TF coils assemble into a common cryostat around the center column

at the reactor. The requirements for in place repair of the OH and EF coils

within the lower half of this cryostat prevents effective support of the

cryostat from the center concrete column. Support for the cryostat has been

provided by the use of 8 columns, 25 feet long. Each column is a 16 in. x 16 in.

rectangular tube with a 1/2 inch wall. Access for rep.iir of the center core

coils is provided between these columns.

An additional vertical support located near the outer portion of the coil

is provided as a part of the basic TF coil and requires a support pad which

can carry approximately 131 tons/pad. The effect of this support on the mag-

net deflected shape was shown in Figure D-5 (d).

b. Torque Frame Concept

This concept uses a frame and shear panel combination to react both the

large torque induced in the top of the TF coil and the large vertical forces

induced in the upper OH and EF coils. A similar frame and shear panel struc-

ture is used to support the lower OH and EF coils and to react the torques

induced at the bottom of the TF coil. These frames provide a total of eight

support points for each TT coil. This support arrangement was based on an

analysis of the TF magnet support requirements as described in Section 5.

Support is provided for the vertical loads of the blanket/shield and TF coil

using the same concepts as described for the torque shell. The outer OH and

EF support is also similar to the torque shell except supports are not pro-

vided on the columns for the vacuum ports.

(1) Upper Torque Frame

The upper torque frame consists of a horizontal circular shear plate

to which concentric rings are attached to provide continuous support for

the upper ohmic and equilibrium coils. Four concentric rings of TF coil

lateral restraint fittings extend from the shear plate down and attach t-o

the side of the TF coil to react the TF magnet torque forces. Support lor
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the vertical loads is accomplished by radial beams which rest on the center

concrete core and are supported around the periphery of the reactor by the

outer support columns located at each TF coil. This support concept is

similar to the support used for the torque shell.

Lateral TF coil forces are transferred into the torque frame, by the

lateral restraint fittings, and are transferred by the torque frame to

four primary tension members. These four members, each carry approximately

5 x 106 pounds tension force and are located in a horizontal plane approxi-

mately 50 feet above the floor extending 120 feet to the outer wall of the

reactor building. These tension members are pinned to the upper torque

frame and can be readily disconnected and placed in storage positions against

the building wall. Normal maintenance operations I those requiring less than

50 faet overall height) canbe performed without removing these members.

Toroidal field coil lateral restraint fittings were analyzed to obtain

material thickness for use in weight determination. Overturning moments due to

the lateral magnet loads are reacted by adjacent panel structure and the

lateral applied loads arp transferred into the reacting torque frame above.

Applied lateral loads were obtained from results of the magnet deflection

studies.

Analysis of the upper torque frame was conducted using a CASD finite

element model. This model idealized the structure as axial bars and shear

panels as shown in Figure D-7. Only one quarter of the full model was re-

quired due to symmetry. The automatic resizing capability of the CASD

program was utilized to size the shear panel thicknesses and axial bar

ireas to the specified stress levels. These results were then applied to

structural weight calculations.

Verti<- ' forces are applied to the torque frame beams due to a combination

of poloida . ,,iagnet dead weight and in-burn poloidal magnet forces. Each of

the sixteen radial beams was analyzed as a pinned-pinned simply supported

member with vertical loads applied. Because no clearance requirements were

identified these beams were allowed to be as deep as required and, to further

minimize weight, beam cross sections were allowed to taper according to moment

carrying requirements. The smaller circumferential beams which provide con-

tinuous support of the poloidal magnets were also analyzed as pinned-pinned
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simplv suppor t ed mc-mlu-rs, a l though a de^rm; of f i x i t y i s r e c o g n i z e d here-.

Weight i imi r itniL lnii liy t h e s e members i s small in comparison to the weight

of the r a d i a l beams.

(2) Support I'.at icnns

Sixteen columns arom. . tin- reactor perimeter art- needed to help

support tiu- overhead tonjue iratne and two sets of ol! and F.F colls, These

tilt, foot tall columns must he cnpahle of withstanding applied axial, com-

pression loads and the intermediate moments at the coil support locations.

Culuni:i weights were calculates! based on both stainless steel and aluminum

r.i.ttiT ial properties. Although the yield strength is nre.it or for the alurai-

nir..:, its lower modulus caused resulting weights to be approximately equal

lor hot'n steel and aiuminurr. since chi colunns are designed to preclude buckling

( .)) Lower Torque Franv

The lower frame Is similar to the upper frame except it is located be-

tween the TF coil and the lower OH and EF coil. This location allows lowering

uf individual magnets to the rewinding; turntable without disassembly of the

structural frame. The shear plate for this frame must be offset slightly to

allow clearance of the TF and lower coils.

The structural rings directly above the 01! and EQ coils provide contin-

uous support for these coils. Four concentric rings of lateral support pads

react the TF coil induced torques. These A rings are attached to the torque

frame structure to allow the TF coil induced torques to be transmitted to

the wall of the lower access pit. This frame is supported in the vertical

direction by the blanket/shield support columns. By release of these support

points, this frame assembly can be lowered to allow magnet repair. The vacuum

pumps are supported by a removable bracket attached to the torque frame.

Both the vacuum pump and brackets must be removed prior to lowering the

magnets for repair.

Both the upper and lower torque frames are divided into segments by in-

sulated joints to reduce the radial flow of eddy currents. Torque frame

rings will also be isolated from the upper and lower OH and EF coils to pre-

vent current flow through the frame into these coils.
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/. Concept Comparison

Each of the concepts considered provides structual support for the TF

coil components. Support requirements for the magnets must be further

evaluated and integrated into an optimum overall design considering the

various loading conditions which may occur, the magnet deflection criteria,

access and maintenance requirements, weights, and costs. In this section,

advantages and disadvantages of the torque shell and torque frame structural

support concepts will be discussed. In addition data will be presented on

the concept weights and construction costs for different materials.

a. TF Coil Support

The primary difference between the torque frame and torque shell con-

cept ''' in the method of supporting the lateral loads induced in the toroidal

field coils. The torque shell concept provides more continuous support for

the TF coil which will probably allow use of thinner TF coil cryostat struc-

tural walls and result in less eddy current heating.

b . Overhead Support Frames

The radial beams used for overhead poloidal coil support were shown in

different locations for the torque frame and torque shell concept to show

th° effect of TF coil electrical connector location on structure design.

The torque frame concept uses a straight beam aligned with the TF coils and

outer support column and requires relocation of the TF coil connector but

results in a straightforward design. The torque shell concept locates the

radial beam between adjacent TF coils to clear the TF coil connector in its

present location. However this requires splitting the beam ends to span

to the support columns. Either of these beam locations can be used without

significant effect on overall weight, although the split beam will increase

fabrication cost slightly.

c. Access/Maintenance

All normal maintenance of the blanket and sh ie ld wi l l be accomplished

from the s ide of the r eac to r . Both concepts provide equivalent access to the

magnets and b lanket / sh ie ld components. The torque frame concept with the

overhead tension t i e s allows d i r e c t access for normal maintenance. In com-

parison, the torque shel l concept requires removal of 1 to 16 cen t r a l access
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shear panels depending on the amount of access rt-q ui red. F.ach ]>anel requires

approximately four manhours for remuval and six inanhourH for reinstallation.

It is anticipated that pant 1 removal can be accomplished during blanket and

shield cooldown and therefore may not increase downtime. Reactor start-up

will be delayed, howeve-, for panel reinstallation.

For both support concepts, the upper poloidal coils can be removed lor

repair by lifting the overhead support structure with the reactor polar cram-.

Direct access can be provided for TF coil removal by raising the upper

poloidal coils, removing or lowering the outer poloidal coils and removing

the required outer support column.

Failure of the lower poloidal coils could require disassembly of the

entire reactor unless in-place repair provisions are provided. The concept

developed for this repair operation was shown previously in Figure D-l.

It consists of a system of jacks Duilt into the blanket/shield support

columns which can be used to lower the support frame and coils to a turn-

table. Once the coil is placed on the turntable the support frame is raised

and shielding installed to allow direct access to the magnets. The turntable

can then revolve about the reactor center column to allow rewinding of super-

conductor through the openings between support columns. As an option to this

in situ rewinding facility, depending upon magnet reliability and cost com-

pared to the cost of the rewinding facility, the installation of spare mag-

nets in the access pit during initial reactor assembly may be used. Pro-

visions for accessing and repairing the lower coils are included in both

structural support concepts.

d. Weight Comparisons

Weight of the structural support system components is important when it

affects the cost of material, cost of fabrication, or handling equipment

requirements. As shown previously in Table D-l, both the cost of material

and cost of fabrication are based upon weight, for comparable shapes and

fabrication techniques. A summary of the structural support system weights

is shown in Table D-2 for 7075-T6 aluminum, 2219-T87 aluminum and 304 stainless

steel. These weights are based on the structural sizing of components as

determined during the study.

The only place where weight has significant impact on handling equip-

ment is the overhead support tree in the shear panel concept and the upper
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Table D-2. Weight and Cost Cumjiarisun

ai

CONCEPT

MATERIAL
AND

FABRICATION
TECHNIQUE

TOTAL WEIGHT (TONS)

COST (MILLIONS)

Material
& Fabrication

Erection

Design

Total

TORQUE SHEL

ALUMINUM

Bolt
7075-T6

$1

$0

$5

240

8 - 2

5 - 0

J2.7M

0 - 5 .

4M

8M

9M

Weld
2219-T87

4 37

$ 3 . 3 - 4.4M

$ 0 . 5 - 0.8M

S2.7M

$ 6 . 5 - 7.9M

L

STAI

$3

$0

$h

• ILhSS

We 1 d
KJ4

7 22

. 1 - 4

. 5 - 0

$2.7M

. 3 - 8

Sll'l-.L

.5H

.8M

.0M

• R I K < . ) U - ; ! i A M

ALUMINUM

Holt
707 5-Td 2.

$2

SO

$5.

358

2 - 3.DM

5 - 0 .8H

$_'.7M

4 - 6.5M

$4

SO.

$7.

We 1 d
M9-TB7

fi84

3 - ' ) . 7M

5 - 0 . fcSM

$ 2 . 7M

:> - 9 . 2M

SiAIN'L

Wi

1

S O . •}

c

S8.S

.SS STKKL

•Id
•Ah'.

>',2

-HA M

- 0 . 8 M

2 . 7H

- ] 1 . b'A



torque I r.inie in the ii>r(|Uf frame concept , Bi'causc the four po lo ida l c o i l s

weight L55 t o n s , tin- s t r u c t u r e must hi- l imi ted to a maximum of 245 tons to

keep from exceeding the 400 ton overhead crane c a p a c i t y . Only aluminum used

in .i bo l t ed f a b r i c a t i o n t a i l s wi th in thin l imi t t o r the torque frame concept

w!ii If any u1' the ma te r i a l s shown e a s i l y f a l l w i t h i n the l imi t f^r Che torque

she l l concep t . It is d e s i r a b l e to stay well below the l imit co a l low margin

for increased weight due to inc reased loads or to allow use of h e a v i e r but

lower cost f a b r i c a t i o n t e chn iques .

e . Cost Comparisons

The t o t a l cost of the s t r u c t u r a l support system wi l l cons i s t of cost

of de s ign , m a t e r i a l / f a b r i c a t ion , and e r e c t i o n . A summary of t o t a l concept

weights and c o s t s are shown in Table IV2. Tiie lowest cost is achieved uslnj;

7O75-T6 aluminum and is approximately S6 H for the torque frame des ign and

$5.5 M for the torque s h e l l d e s i g n .

Severa l f a b r i c a t o r s were contacted to ob t a in e s t ima te s of m a t e r i a l and

f a b r i c a t i o n cost for aluminum and s t a i n l e s s s t e e l a l l o y s using the overhead

torque frame as a b a s i s . These e s t ima tes were then scaled to the torque

s h e l l concept based on a M i s s i s s i p p i V.illey S t r u c t u r a l S tee l e s t i m a t e of a

20/' i nc rease for complexity. The e s t ima tes were shown prev ious ly in

Table D- l .

Costs for 304 s t a i n l e s s s t e e l , 2219-T87 welded aluminum and for bo l ted

7075-T6 aluminum are shown in Table D-3 for the torque frame concept along

with an e s t i m a t e by M i s s i s s i p p i Valley S t r u c t u r a l S tee l of the e r e c t i o n cos t

for e i t h e r concept .

Table D-3. Cost Est imate for Torque Frame Mate r i a l s

Material S ta in less Steel Aluminum

Material Type 304 2219-T87 7075-T6

Fabrication Technique Welded Welded Bolted

Material & Fabrication $ 3600 $ 6300-8300 $ 6300-8300

Erection $ 600-1000/ton $ 600-1000/ton $ 600-1000/ton
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APPENDIX E

MATERIALS CONSIDERATIONS FOR THE PRIMARY ENERGY
CONVERSION SYSTEM

The materials in the primary energy conversion system will be exposed

simultaneously to the severe radiation, thermal, mechanical, and environ-

mental conditions imposed by an operating fusion reactor. As a result,

materials problems present one of the major technological constraints to

the successful operation of a fusion power reactor, and the proper selection

of materials will have a major influence on the attainment of the EPR ob-

jectives. As stated previously, the primary objectives of the EPR are

the production of megawatt quantities of thermonuclear power and the con-

version of this power to sensible heat, which may be used to produce elec-

tricity. The minimum risk approach for enhancing the attainment of these

two objectives in the suggested time period severely limits the materials

alternatives for the EPR. In particular, the absence of a tritium-breeding

blanket in EPR alters the priorities for materials selection in the primary

energy conversion system relative to a demonstration or commercial-scale

reactor. The strong incentive to utilize available materials technology

in order to meet scheduled design objectives places further restraints on

the materials selection. It will be necessary to utilize materials in EPR

that are probably not optimal for commercial-power reactor applications,

since time and economic restrictions prohibit the satisfactory development

of an advanced materials technology for the EPR. As a result, the materials

considerations for EPR are strongly influenced by available materials

technology.

The major components of the primary energy conversion system are the

first-wall system, the blanket, and the shield. The primary function of

the first-wall system is to provide a region of appropriate geometry and

sufficiently pure environment that satisfactory plasma performance can be

achieved. The first-wall system consists of (1) the toroidal vacuum vessel

that surrounds the plasma region, (2) a current breaker to minimize the

ohmic heating of the vacuum wall, (3) coolant lanels to shield the more

permanent vacuum wall from intense photon and charged-particle radiation

eminating from the plasma, (4) a low-Z liner for control of high-Z im-

purities in the plasma, (5) all penetrations of the primary vacuum vessel
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such as vacuum-, auxiliary heating-, and diagnostic-ports, and (6) plasma

diagnostics and instrumentation located within the vacuum vessel. Since

the first-wall system serves as the first physical barrier that isolates

the plasma from the remainder of the reactor system, the materials of these

components are subjected to the most severe radiation environment in the

reactor. Since EPR does not include a tritium-breeder blanket, the materials

considerations for the blanket/shield region relate primarily to neutronic

properties (see Chapter IX).

The materials considerations for the primary energy conversion system

are discussed according to the primary function, viz., structural, low-Z

liner, electrical insulator, and neutronic shield. Structural materials

are used for the vacuum vessel, coolant panels, coolant piping, and blanket

support. Low-Z liner materials, which shield the plasma from the high-Z

structural materials, are needed for impurity control. Electrical insulators

are required for current breakers, rf coil support and diagnostics. Shield

materials protect the superconducting magnets from the high-energy neutrons.

In the following sections the properties of candidate materials for the

various applications are summarized as they relate to EPR applications.

1. Structural Materials

The structural materials must maintain their mechanical integrity and

dimensional stability for extended periods under the severe conditions

imposed by a fusion reactor environment. Primary considerations for the

selection of structural materials are fabricability, elevated-temperature

mechanical properties, resistance to radiation damage, induced activity,

coolant compatibility, resource availability, and economic impact. A

number of candidate alloys have been evaluated with respect to these

property requirements. Austenitic stainless steel appeared to be ade-

quate for the limited EPR design requirements; however, vanadium-base alloys

were considered to have greater long-term potential for commercial reactor

applications. The overriding considerations in this assessment were the

established fabrication technology and available data base for stainless

steel. Tl e following assessment of the property data for the candidate

structural materials, primarily stainless steel, provide a data base for

determining She operating limitations of the materials in EPR.
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a. Austenitic Stainless Steel

The properties of annealed Types 304 and 316 stainless steel and 20%

cold-worked, Type 316 stainless steel are reviewed for the temperature range

23 to 55O°C. Emphasis is placed on the physical, mechanical, and radiation

properties; however, ocher properties relating to compatibility, magnetic

fields, and w'eld-metal are discussed briefly.

(1) Physical Properties

Thft temperature dependence of the physical properties for Types 304 and
2

316 stainless steel is well documented.'" Table E-l summarizes the relevant

physical property data for the two steels at room temperature and 500°C. The

differences in properties between Types 316 and 304 stainless steel are quite

small. There is no experimental evidence that radiation significandy alters

these physical properties at the fluences expected in EPR.

(2) Mechanical Properties

(a) Tensile Properties

The nominal tensile properties of the austenitic stainless steels, which

are well documented, are listad in Table F.-.l ac 23° and 500°C. The tensile

strength of stainless steel remains fairly uniform to temperatures of 600°C,

where it begins to decrease significantly. However, extensive fission

reactor irradiation data indicate that neutron irradiation substantially
4-13affects the strength and ductility of stainless steel. Data obtained

from post-irradiation fission reactor tests at temperatures of 480 to 540°C

were used in Figures E-l through E-4 to show the effects of neutron radiation

en the strength and ductility of stainless steel at ^ 500°C. The error bars

show the range of uncertainty in the data. Only a small amount of information

exists for irradiations above 20 dpa (equivalent to a fission reactor flux

of -v 4 * io 2 2 n/m2, E > 0.1 MeV), 4 so that the curves are of limited accuracy

at. the higher fluences. The curves indicate that the strength and ductility

differences in these materials become smaller with irradiation. At fluences

above ^ 40 dpa, the yield and ultimate tensile screngths approach ^ 80 ksi,

and the uniform anri total elongations approach 0.5 and 1%, respectively.

Annealed Type 316 stainless steel maintains the largest ductility up to at

least 20 dpa. The limited data taken above 20 dpa indicate that a saturation
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Table.ET1.

I ,-\>

Properties of Austenitid Stainless Spiels *

Property

Specific Heat (cal/g-'K)

Thermal Conductivity (cal/s-cm-°K)

Thermal Diffusivity (cm2/s)

Thermal Expansion (* 10-6/°C)

Density (g/cm^)

Electrical Resistivity
(fi-cm x 10-6)

Young's Modulus (x 106 psi)

Uniform Elongaticn (%) . ! J]

Total Elongation (%) ;i !

0.2% Yield Strength (* l63 psi)

Ultimate Tensile Strength !
(< 103 psi)

Annealed 304

23PC

0,C90

0,0375

0.0385

16.7

8.02

70

28.1

35

40

30

75

500°C

0.097

0.053

0.0460

20.2

7.82

105

23,2

22

25

16

54

Annealed 316

23°C 500°C

0.107

0.0315

0.0370

16.7

7.95

76

m.i

;33

39

30

75

0.337

0.0475

0,0450

20.2

7.77

104

22.9

25

28

17

60

316 207 CW

Zj u

0.107

0.0315

0.0325

16.7

7.95

76

28.1

14

21

92

119

, 500°C

0,137

0.0475

0,0430

20.2

7.77

104

223

7.5

8

74

99
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level may be reached above which the deterioration of the tensile properties

slows or stops; however, lack of data between 20 and ^ 60 dpa precludes the

determination of this saturation point. Also shown in Figures E-l to E-4

are the changes in strength and ductility with time that correspond to a

wall lofding of 0.5 MW/m2 and 50% duty factor.

Substantial amounts of helium, which will be generated in stainless steel

by the 14-MeV fusion neutrons, will further degrade the residual ductility

of the steel. Helium generated in the matrix by (n, a) reactions segregates

into bubbles along grain boundaries. Under an applied stress, the bubbles

grow and coalesce to initiate cracks, which produce an intergranular frac-

ture and a sharp decrease in ductility. The potential effects of large con-

centrations of helium on the ductility of Type 316 stainless steel has re-

cently been investigated. At 600°C, ̂  60 dpa, and ^ 4000 appm He, the

total elongation in annealed Type 316 stainless steel was reduced to 0.8%,

compared to a value of 0.2% for 20% cold-worked Type 316 stainless steel.

At 680°C, the total elongation was practically zero for both materials under

similar irradiation conditions. This ductility loss due to the presence of

helium dominates the fracture process above 600cC, and severely limits the

permissible operating temperatures of stainless steel structural components.

Experimentally, the presence of helium will begin to significantly reduce

ductility above 500°C. To avoid excessive helium embrittlement, the

operating temperatures of structural components in EPR will be limited to

temperatures i 500°C.

The radiation hardening increases the strength of the annealed material

at elevated temperature while the strength of the cold-worked material de-

creases slightly due to aging (see Figure E-3 and E-4). After irradiation

to > 10 dpa at 500°C, the effect of prior history on the tensile properties

of austenitic stainless steel is not critical.

Creep is the time-dependent plastic flow of metals under the conditions

of constant stress. Two forms of creep will occur under EPR conditions, viz.,

thermal and radiation creep. Thermal creep depends sensitively on both

temperature and stress. For the case of austenitic stainless steels, thermal

creep is negligible below 500°C; however, it becomes significant at substantially
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higher temperatures. This rapid increase in the thermal creep rate will

be a factor in limiting the operating temperatures in EPR. The effects of

irradiation on creep properties have been measured in two ways, by in-reactor

creep tests and by post-irradiation creep-rupture tests. The in-reactor

creep behavior of stainless steel is not well characterized. There have

been relatively few experiments performed, and most of the experiments were

performed at low fluences. Post-irradiation creep-rupture tests indicate

that radiation damage can substantially alter the creep rate and creep

strain at fractvire. The total time to fracture can be reduced because of

either an increased creep rate or decreased ductility. ' ' ' '

The effects of radiation on creep are estimated from equations developed

from test data. ' ' Figure E-5 indicates that, at 10 ksi, radiation creep

dominates the creep process under EPR conditions such that after 10 years

of operation radiation creep may reach ^ 1.5%. It should be emphasized

that the radiation creep equation was formulated using low fluence (y 5 dpa)

data and that the influence of high helium production and significant void

swelling on creep was not taken into account. Therefore, the extent of

radiation creep indicated by Figure E-5 is probably not conservative. The

100,000-hour post-irradiation rupturf; stress for annealed Type 316 stainless

steel is shown in Figure E-6~ as a function of displacement damage at

500, 550, and 600°C. The rupture stress first decreases with fluence,

paspas through a minimum, and then begins to increase. As the steel is

irradiated, both the creep rate and ductility decrease. The loss of ductility,

which can be reduced to below 1%, dominates the creep rupture process at

low fluences and results in a decreased rupture time. At high fluences the

creep rate is greatly reduced due to irradiation hardening, which results

in an increased rupture time even though the ductility remains low. Figure

E-6 indicates a minimum creep rupture stress of "v 17 ksi at 500°C.

One variable which has not been thoroughly studied, but which will

likely be important in fusion reactor applications, is the effect of high

helium concentrations on the creep-rupture properties. Helium tends to

promote intergranular fracture at high temperatures and low strain rates.

Small concentrations of helium have been shown to significantly affect creep
1 R

properties of stainless steel at temperatures above 550°C; however, little
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data exist on the effect of high helium concentrations (> 100 appm) at

lower temperatures. A recent investigation on Type 316 stainless steel

indicates that the combination of high helium concentration and appropriate

neutron damage may substantially reduce the creep-rupture life below that

caused only by neutron damage. Another major deficiency in the available

data relates to the fact that most mechanical property data are obtained

from post-irradiati"m tests rather than during irradiation, which is more

desirable.

(c) Fatigue

Mechanically or thermally induced cyclic loading can lead to fatigue

failure of structural components. The allowable fatigue lifetimes of ihe

materials are generally expressed in terms of cycles to failure as a function

of strain range. Considerable elevated temperature baseline data, primarily

in the low-cycle fatigue regime, have recently been obtained on austenitic
'1 22

stainless steel for fission reactor applications."" ' Although the fatigue

lifetimes of annealed Types 304 and 316 stainless steel in air do not differ

significantly, factors such as prior history (cold-work), strain rate, tempera-

ture, and test environment can substantially affect the fatigue properties

of stainless steel. Figure E-7 gives elevated temperature fatigue data for

annealed Type 316 tested in air. Also shown in Figure E-7 is the elevated

temperature fatigue design curve established by ASME code case 1331-8 for

18 Cr - 8 Ni stainless steel (tnis includes both Type 304 and 316 stainless

steel). Appropriate adjustments to the design curve must be made to account

for variations such as loading (hold-time), mean stress, and environment.

Only limited data exist on the effect of neutron radiation on the austenitic

stainless steels. Representative data for irradiated Type 316 stainless

steel, which are shown in Figure E-8, indicate a moderate decrease in fatigue

life caused by irradiation. A smaller effect of radiation was observed for

annealed Type 304 stainless steel; however, the fatigue lifetime of cold-

worked material was lower than that of annealed Type 316 stainless steel.

The effects of combined neutron damage with high helium concentrations have

not been evaluated.

(3) Radiation Swelling

Significant swelling of austenitic stainless steel has been observed

after irradiation in fission reactor environments to high fluences (> 1021 n/cm2)
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The swelling is caused primarily by the segregation of radiation produced

vacancies into voids during high temperature irradiation. Normally, swelling

occurs between 0.3 to 0.5 of the absolute melting temperature, which corres-

ponds to temperatures of 250 to 575°C for stainless steel. Several factors,

including temperature, neutron flux, total radiation dose, prior history,

grain size, impurity concentration, and the presence of helium, influence
27

the degree of swelling. Swelling data from fission reactors have been used

to formulate empirical equations that relate temperature and neutron fluence
3 28

to the amount of swelling in stainless steels. ' * The peak swelling pre-

dicted by these equations is given in Figure E-9 for Types 304 and 316

stainless steel. The neutron fluence, 4>t> has been converted to displace-

ments per atom, ipa, using the relation 50 dpa ̂  1023 n/cm2 (E > 0.1 MeV).

The swelling versus time in EPR at a wall loading of 0.5 MW/m2 and a 50%

duty factor is also indicated. All three materials show swelling of Ji 5%

after 10 years with 20% cold-worked Type 316 stainless steel showing the

lowest swelling. These results do not allow for effects caused by the high

helium production rates expected in fusion reactor applications. However,

recent experiments indicate that large concentrations of helium do not

appreciably alter the extent of peak swelling, but rather the helium tends
29

to broaden the temperature range where peak swelling is observed. Because

of this peak-broadening effect, peak swelling should be assumed in EPR over

a wider range of temperatures.

(4) Eifects of Weldments

A large amount of welding will be required in tha construction of an

EPR. Since much of the weldments will be exposed to the same severe environ-

ment as the bulk metal, the integrity of both the weld-metal and the heat-

affected-zones is critical. Only limited data are available with which to

evaluate the reliability of welds in a fusion reactor environment. Variations

in properties of weldments and heat-affected zones are caused by differences

in chemical composition and microstruccure from the base metal. For example,

significant ferrite phase is intentionally included in weld-metal to mini-

mize embrittlement. Thermally induced residual stresses in weld regions

can also affect the behavior of welds.
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The mechanical properties of weld material may be substantially dif-

ferent from the parent material. ~ For the case of Type 316 stainless steel

at elevated temperatures,_the tensile.pEoperfiies of the weld material are

quite close to those of the-parentmaterial in a 7-S& cold-worked condition.

Gxeep rupture tests on Type 316 weld-deposited metal indicate that tha

rupture life is approximately the same as the parent metal. Fatigue life

of welded structures can be reduced from weld free structures, because the

weld itself creates a point of stress concentration where fatigue cracks
32

can originate. The long life fatigue stress limit of weld joints appears

to vajy from 40 to 90% of the parent metal with most reported values in the
- - — - 32
range.of_ 55 to 65%.

The effects of radiation on weld-deposited stainless steel are similar

to those in the parent metal. From the limited data available, there is an

iadicaHon that the property change threshold for annealed weld metal occurs
31

at a somewhat lower fluence than for the wrought alloy. Considerable

development will be required to reliably predict the behavior of the ex-

tensive weldments in EPR.

(5) Coolant Compatibility

The extensive pressurized-water coolant technology developed for fission

reactor and conventional energy conversion applications provides a sub-

stantial data base for the EPR application. However, two major concerns

relating to coolant compatibility in the fusion reactor environment re-

main. _The first involves stress corrosion cracking caused by a combination

of a corrosive (oxidizing) environment and stress in the structural material,

which can lead to premature cracking and failure.Since weld regions are

particularly susceptible to this phenomenon, the sensitivity is increased

because of the extensive welding required in the EPR. Problems relating to

limitations of water chemistry control may be encountered because of the

presence of tritium in the water. Hydrogen overpressures, which are typically

used to control the oxygen levels in pressurized-water systems, may not be

acceptable in the presence of substantial tritium inventories. The second

problem relates to radioactive mass transfer of corrosion products from the

high-flux regions of the reactor to areas outside the high-level shield.

Further analysis is necessary to assess the impact of this effect on the

shielding requirements^
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(6) Magnetic Effects

The effects of the strong magnetic field on the significant amounts of

ferrite present in the stainless steel have not been evaluated; however,

they are of potential concern. Weldments of austenitic stainless steel
30

normally contain 5-10% ferrite. This contribution may be substantial

because of the extensive welding that will be required in EPR. Irradiation

of stainless steels at elevated temperatures will also induce ferrite for-
34

mation in bulk material. The ferrite particles that formed were calculated

to be of the order of 20 A in diameter, and the concentration of ferrite

depended on the irradiation temperature and the heat treatment following

irradiation. Simple aging at elevated temperatures can also contribute to

ferrite formation. The importance of small quantities of ferrite in stain-

less steel on tha magnetic field, and effects of the magnetic field on the

steel components, should be resolved.

b. Alternate Structural Materials

Austenitic stainless steel appears to be an adequate structural material

for the limited objectives of EPR; however, alternate materials will probably

be required for more advanced designs. Major limitations of austenitic stain-

less s*:eel for advanced applications include (1) relatively low-temperature

operation d 500°C) limited by radiation embrittlement, swelling, and strength

properties; (2) excessive swelling at high neutron fluences; (3) high induced

activity; and (4) excessive corrosion by lithium at high temperatures.

Stainless steel also has a relatively high thermal-expansion coefficient

and relatively low thermal conductivity, both of which enhance thermal stress

problems. Low-swelling stainless steels (Ti or Si modified), which tend to

alleviate the swelling problem, have been proposed as an alternative to the

standard stainless steels. However, they do not circumvent many of the other

disadvantages of standard steels.

The refractory metals, niobium, molybdenum, vanadium and their alloys,

have been suggested as possible structural materials for fusion devices.

These matprials all have a body-centered cubic structure and high melting

temperatures P900°C < T < 2600°C). In the temperature range of 0.2 to

0.5 T^, the strength of pure refractory metals is relatively independent of

temperature, and the ductility is high. Interstitial impurities (oxygen,
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nitrogen, carbon) usually increase the strength and decrease the ductility

substantially. These metals also exhibit a ductile to brittle transition

temperature (DBTT) below which they fracture in a brittle mode. Their major

disadvantages for fusion applications relate to the lack of fabrication tech-

nology, of materials property data and of experience under reactor conditions.

However, the refractory metals possess many attractive properties that are

discussed below.

Although niobium (Nb-lZr), molybdenum (TZM) and vanadium-base alloys

are considered to be the prime candidates,, vanadium-base alloys possess the

most favorable properties. The major advantages of vanadium-base alloys

compared to niobium- and molybdenum-base alloys relate to lower induced

activity, less effect on breeding ratio and better radiation swelling

properties. In comparison with stainless steels, the vanadium-base alloys

also result in much lower induced activity. Radiation swelling in pure

refractory metals occurs to about the same degree as in stainless steels,

but the peak swelling temperature is higher in refractory metals. *

Interstitial impurities can alter the radiation swelling properties sub-

stantially and are responsible for the formation of an ordered array of voids,

known as the void lattice. ' Substitutional alloys often show reduced

swelling. The principle example is vanadium-titanium alloys, which show

almost no swelling at relatively high fluences. At low temperatures,

radiation affects the mechanical properties of refractory metals by in-
39

creasing the strength and decreasing the ductility. Radiation also in-

creases the DBTT. In molybdenum, the DBTT can be raised to 500°C by
40

irradiation. Helium embrittlement also occurs in refractory metals, but-
the onset of embrittlement occurs at higher temperatures than in stainless

41
steel. Selected vanadium-base alloys maintain much higher ductility after

36
irradiation than does stainless steel. Since the thermal expansion is

less and the thermal conductivity is greater for vanadium than for stain-

less steel, thermally-induced stresses would be considerably reduced for a
2

given heat flux. Vanadium, as well as other refractory metals, possesses

gooJ compatibility with high-purity lithium. The refractory metals

probably can not be used with water or helium coolants at the required

temperatures.
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The basic conclusion to be drawn from this information is that refractory

metals in general, and vanadium-base alloys in particular, are potentially

capable of withstanding higher radiation doses, temperatures, heat fluxes,

and neutron wall loadings than stainless steels. Vanadiura-base alloys with

a composition of V-(10-15)Cr - (0.3 - 1.0)Ti are presently considered to

be the best choice for advanced application.

2. Insulators

Ceramic insulators are generally ionicly-bonded brittle materials with

high melting points. They include metal oxides, nitrides, carbides, phos-

phides, silicides, and sulfides. Their bulk properties are not only a

function of material composition, but vary over a wide range with fabrication

methods. Variables such as porosity, grain size, and surface condition can

have a great influence on ceramic properties.

The primary use of ceramic insulators in EPR is as electrical insulation.

Current breakers in the first wall and flux breakers in the blanket require

low voltage insulator materials, while the rf coils, if installed, would re-

quire high voltage insulation. As with stainless steel, the insulation

should maintain its mechanical integrity over the lifetime of the reactor.

The mechanical property requirements are minimal, however, since the insulatio

will not be used for structural purposes. The basic properties of candidate

ceramics for use in EPR are reviewed in this section. Interpretation of

available information is complicated by the large number of ceramics that

have been tested and the large amount of scatter in the data. Because of

the difficulty of evaluating individual materials, the properties of ceramics

are discussed primarily in general terms. Reviews of the properties of

insulator materials for use in fusion reactors, which recently have been
43 44

published, contain additional information. '

a. Electrical Properties

43

Electrical conductivity is very low in most ceramic materials. The

conductivity of these materials at low to moderate temperatures is typically

10~11* to 10~12 fT1 cm"1, increasing rapidly with temperature to 10~5 to

10"'* fT1 cm"1 at 1000°C. The activation energy for the conduction process

at elevated temperature is often close to that of atomic self diffusion.
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The physical mechanisms for conduction can be complex because of the ionic

nature of the lattice. Conduction may be either ionic or electronic depending

on the temperature and valence considerations. Since the conductivity is

low, small amounts of imp^ •ities and the surface environment can play a

significant role in the conduction process. Such variables as environment,

heat treatment, purity, fabrication history, microstructure, and measurement

technique are responsible for the large scatter of experimental data (up to

7 orders of magnitude). Typical values for the electrical conductivity of

several candidate materials are shown in Table E-2.

There is a similar wide variation in the dielectric properties of insu-

lators. The dissipation factor (tan 6) and dielectric constant (e") are

also dependent on impurities, environment and fabrication. In general, tan 6

is lower and e' is higher as the purity increases. Single-crystal and

sputtered insulators are superior to sintered insulators. The tan 5 in-

creases and e"* decreases rapidly with frequency at temperatures above ^ 300°C.

At room temperature very little change occurs with frequency.

Radiation can significantly alter the electrical properties of insu-

lators. Neutron irradiation can increase the conductivity by 102-103, and

ion bombardment can increase the conductivity by as much as 105. These

changes are usually temporary, and the pre-irradiation conductivity normally

returns either after irradiation ceases or after suitable heat treatment

following irradiation. It is difficult to predict what permanent changes

might occur in insulators at the high fluence levels expected in EPR since

the experiments that have been performed have all been done only at low

fluence levels. In addition, there is a large amount of data scatter, and

experimental difficulties in measuring electrical properties in a radiation

field limit the accuracy of the data. Further experimentation will be

required before the effect of radiation on the electrical properties of

insulators can be properly evaluated.

b. Radiation Swelling

Studies of radiation swelling in insulators have all been made at low

fluences (< 10 2 2 n/cm2). Even at these low fluences, volume changes of

several percent have been observed. The volume changes are usually aniso-

tropic, except in certain cubic insulators such as MgO. ' The mechanisms
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Table E-2. Representative Values of the Bulk Properties of Ceramic Materials at •v500DC
43,44,52

Material

A12O3

BeO

MgO

Y2O3

CrO3

BN

A1N

Si3N4

Density
(g/cm3)

3.9

3.0

3.3

5.0

3.1

2.2

2.6

3.0

Melting
Point
(°C)

2050

2550

2800

2410

2265

2400 (SUB)

2500 (SUB)

1900 (SUB)

Electrical
Conductivity
(sH-cra"1)

io-g

10-8

10-9

10-9

10-2

10-10

IO-9

10-9

Young's
Modulus

(* 106 psi)

55

50

45

17

7

50

20

Thermal
Conductivity
(cal/s-cra-DK)

0.026

0.185

0.033

0.0054

0.069

0.057

0.020

Thermal
Expansion
(x ]0-5/°C)

7.9

10.3

11.6

7.5

7.0

3-8

4.8

3-4

Specific
Heat

(cal/g-°C)

0.27

0.35

0.29

0.13

0.19

0.54

0.27

0.25

Bend
Strength
(' 103 psi)

55

35

30

57

10

35
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for radiation swelling in insulators are significantly different from thoee

of metals. Volume changes can be caused by lattice parameter changes pro-

duced by lattice defects, by defect agglomeration and dislocation loop forma-

tion, by crack formation, and by gas bubble formation, ' Void formation
46

may occur in these materials, but voids have not been identified as major

contributors to swelling as they have in metals. As with other properties,

radiation swelling is influenced by the fabrication process and amount of

pre-existing porosity in the material. The effect of impurities on radiation

swelling has not been systematically investigated; however, a small concen-

tration of lithium has been shown to reduce the radiation damage observed in

MgO.47

c. Mechanical Properties

The brittle nature of ceramics determines to a large extent their re-

sponse to an applied stress. At low to moderate temperatures, very little

plastic deformation occurs, and a crack, once initiated, will propagate

rapidly through the material. Generally, the limiting mechanical property

is the low tensile strength. It is usually specified in a statistical manner

since repetitive tensile tests under presumably similar experimental conditions

do not yield similar results. The scatter in test results is due to the dis-

persion of flaws, e.g., surface scratches on the specimens. When a sufficient

stress is applied, one or more of these flaws will grow into a crack. Fracture
44

is likely because there is no plastic deformation to blunt the crack tip.

Porosity and grain size, which can be treated as flaws, can influence the
48

strength of insulators. A large porosity can also alter the elastic
49

moduli of ceramics. These materials typically show some plasticity at

elevated temperatures (> 1000°C), and a few insulators show increased strength
44

at temperatures where plastic deformation occurs. Representative mechanical

properties of candidate ceramic materials are given in Table E-2.

Radiation can, at low doses, increase the rupture stress of ceramics by

reducing the residual strain caused by anisotropic thermal expansion during

fabrication or by impeding dislocation movement. Radiation can also degrade

the mechanical properties of insulators by introducing defects in the lattice

that can act as flaws for crack initiation. A large increase in the number of

flaws will increase the statistical probability of fracture under an applied

E-24



stress. Microcracking that results from radiation swelling leads to a

marked reduction in the modulus of rupture. The degree of microcracking

with radiation depends on temperature, grain size, fabrication method, and
45

the amount of anisotropy in radiation swelling. The onset of significant

microcracking will generally set the upper limit to the mechanical lifetime

of an insulator in a radiation environment.

d. Physical Properties

Thermal expansion and thermal conductivity are generally less in in-

sulators than in metals. One notable exception to this rule is BeO which

has a thermal conductivity greater than that of many metals. A comparison of

the thermophysical properties of insulators is given in Table E-2. Most

of these properties, specifically thermal expansion and specific heat, are

Lvit
50

not expected to bs effected by porosity, * however, thermal conductivity

will decrease significantly with an increase in the amount of porosity."

Neutron irradiation also reduces the thermal conductivities of ceramics.
43

The effect of radiation is greater at lower irradiation temperatures. At

the low fluences used in experiments (< 10 ̂  n/ccr), the thermal conductivity

decreases from 25 to 50%. The effect of high neutron fluences on the thermo-

physical properties has not been investigated.

3. Low-Z Liner Materials

The use of low-Z materials in the form of a thin coating on the interior

of the first wall has been proposed for plasma impurity control in EPR.

Candidate materials for the first wall coatings include Be, B C, BeO, BeC,

SiC, BN, C, and B. Surface radiation properties of these materials and some

technological considerations relating to the coating concept are discussed

in Appendix B. Reference 43 gives a good review of the state of coating

technology and Reference 44 is a recent review of low-Z ceramic materials

for fusion reactor applications. Representative values of the physical

properties of the candidate low-Z materials are given in Table E-3. The

physical properties of these materials as coatings will depend to a large

extent on the fabrication process and the final microstructure of the

coatings. The microstructures typical of plasma spray coatings differ

substantially from those of monolithic cast or sintered material, There-

fore, property values given in the table should be used only as a general
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Table E-3. Representative Values of Bulk Properties of Low-Z Materials at 500cC
.(2)

M

Material

Be

3itC

BeO

Be2C

SiC

BN

C

B

i

t

Density
(g/cm3)

1.86

2.4

3.0

1.9

3.2

2.25

1.5-2.0

2.5

Melting
Point
(°C)

1285

2430

2570

2100

2830

2300

3500 (SUB)

2037

Thermal
Conductivity

i (cal/s-cm-°K)

0.26

0.043

0.14

0.175

0.07

0.34

0.043

Thermal
Expansion
(:•• 10-6/°C)

11.2

6.5

8.8

9.4

5.5

8.5

4.0

Specific
Heat

(cal/g-°C)

0.66

0.37

0.44

0.51
1

0.28 :

0.37 !

0.18 !

C.50

Vapor
Strengtli
(Torr)

<10~5 (est.)

<10-l° (est.)

•-10-9 (est.)

<10-]° (est.

<10-5 (est.)



guideline. Thermal conductivity can be substantially affected by significant

porosity or microcracking of the structure. In general, high melting point,

thermal conductivity and specific heat are desirable for the coating material,

and low vapor pressure and low thermal-expansion coefficients are regarded

as beneficial.

4. Blanket and Shield Materials

The materials in the blanket and shield have been chosen primarily be-

cause of their neutronic properties. The bulk properties of these materials,

with the exception of stainless steel, are discussed below. Since the

materials that are likely to be the most seriously affected by the radiation

environment are boron carbide and graphite, their properties are explored in

greater detail. Since both of these materials have been used extensively in

existing fission reactors, a considerable amount of information on radiation

effects is available.

a. Boron Carbide

Boron carbide is a brittle material with a high melting point. Like

other refractory materials, the bulk properties are sensitive to the method

of fabrication and the degree of porosity. Typical values for the bulk

properties are shown in Table E-4. The thermal conductivity and the elastic
49 53

moduli will decrease with increasing porosity, ' however, the effects ot

fabrication variables on the mechanical properties are not quantitatively

defined.

Much of the boron carbide radiation damage is caused by the formation

of large amounts of helium produced by (n, a) reactions with 10B. The in-

soluble gas forms into bubbles with high Internal pressures, which produce

swelling, internal cracking, and a loss of strength. The effect of radiation

can be divided into three temperature regimes. At irradiation temperatures

less than 500°C, plate-like defects containing helium form, but no bubble

growth occurs. At temperatures between 500 and 1000uC, cavities form and

collect helium to high internal pressures. Denuding of cavities near grain

boundaries is evident. At temperatures greater thnn 1000°C, large bubbles

will form and result in increased swelling. The denuded zones will also

increase in size at the higher temperatures. In samples irradiated at
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Table E-4. Representative Values of the Bulk Properties of Blanket and Shield Materials
44,56,67,68

Material

(500°C)

w (23°C)

00
Lead Mortar
(23°C)

Al
(23°C)

! Melting
Density j Point
(g/cm3) I

2.4

Graphite 1.5-2.0

2.7

Electrical Yew's Thermal Thern.1 Sp^if lo

1#f£}5y <^".o SS"-^ .^T^jo^o

7 x 1O'?

4 x io

6.9

10

0.043

0.34

0.0081

0.55

4 . 0

3.5

24

0.37

0.18

0.297

0.215

Tensile
Strength
(/ 103 psi)

22

12

0.40

10



650 to 730°C, the platelets were accompanied by large strain fields. These
53

strains were eliminated by annealing at or above 1450°C. The high pressure

helium bubbles can cause fracture in B.C. Both powder and bulk B C have

been observed to break up after neutron irradiation. ' At 430 and 700°C

after a 3% burnup of 1 03, 98% dense pellets showtd extensive transgranular

fragmentation. Less cracking was observed in 90% den?e pellets under the

same conditions. Neutron irradiation also decreases the thermal conductivity

of B C. Samples of 91% and 77% theoretical density were irradiated at

300°C to a fluence of 3.3 x 1019 n/cra2. Little change in the thermal con-

ductivity of the 91% dense material was observed, however, a factor of five

decrease in the thermal conductivity of the 77% dense samples occurred.

Annealing at 1000°C returned the thfc.-mal conductivity to the unirradiated

value. Reduced effects of helium are expected with material depleted in
10B.

b. Graphite

Graphite is unique among materials in that it can be manufactured in

many forms, and its bulk properties can be varied over a wide range. Graphite

is available as whiskers, fiber, cloth, foil, and coatings, as well as in

bulk form. It has a hexagonal structure with an atomic spacing of 1.4 A in

the a direction and with an atomic spacing of 3.3 A in the c direction. In

crystalline form, its properties are highly anisotropic due to the variation

of atomic bonding between the. a and c directions. This atomic arrangement

leads to an anisntropy of two orders of magnitude in measured values of the

thermal conductivity and thermal expansion. The various forms of graphite

are usually described in terms of their anisotropy, density, and crystalline

size distribution.

The mechanical properties of graphite show a brittle behavior at low

temperatures, but plasticity and creep occur at elevated temperatures, and

the strength increases at elev?ted temperatures as plasticity increases.

The various types of graphite show a wide range of strengths with pyrolytic

carbon being significantly stronger than commercial pitch-coke graphites.

Representative values of the properties of graphite are given in Table E-3,

Radiation damage in graphite is fundamentally diffeient from that ob-

served in metals. Transmission electron microsc.oy has revealed that visible
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radiation damage occurs in the form of dislocation loops„"" At irradiation

temperatures below 650°C, the loops are all interstitial in character, and

above 650°C, small vacancy loops begin to form in the immediate vicinity

of the interstitial loops. It is believed that interstitial atoms are

produced randomly by radiation and diffuse easily along the basil plane

where they form small groups of atoms. These small groups, moving slowly,

amalgomate to form stable loop nuclei. Vacancies are assumed to be stationary

".-. lower temperatures and only begin to move above 65O°C.

The volume changes of graphite with neutron irradiation are well docu-

mented because of its use as a neutron moderator. Although the reaction of

graphites to radiation varies over a large range, several trends emerge.

Elevated temperature irradiation first induces an initial volume contraction
59

followed by a turnaround and rapid expansion. Graphite will typically

densify 5-10%, return to 0% volume change after being irradiated to <v< 10 2 2 n/cm2

(E > 0.18 MeV), and swell without limit at higher fluences. The densifi-

cation rate is greatest in the range from 800-120C°C, and low density graphites

(< 1.6 g/cm3) densify at a faster rate than high density material. Measure-

ments of crystallite dimension changes show that shrinkage occurs in the basal
59

plane and expansion occurs along the c direction. Many hulk graphites show

large anisotropic swelling. Certain forms of graphite have, a greater resistance

to dimensional changes than others. Generally, the strongest and most

isotropic materials show the best dimensional stability. '

Radiation can promote creep in graphite. At 550°C the observed creep

is approximately linear with fluence and occurs at approximately constant

volume. Approximately 2% creep strain is observed in bulk graphite after

irradiation at 55O°C to a fluence of "•> 1022 n/cm2. Graphite coatings also

show high creop strains. Coatings irradiated between 750-1000°C exhibited

creep strains as high as 5%.

Other properties that can be effected by radiation include thermal
fry

expansion which decreases with irradiation at elevated temperatures,

Young's modulus, which increases with irradiation, ' fracture stress,

which generally increases with irradiation, and thermal conductivity,

which decreases with irradiation. ° Since the available data on these

properties are limited to fluence levels below 1022 n/cm2 i.e., below the
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onset of rapid radiation swelling, their behavior at high damage levels

cannot be rel iably assessed.

c. Lead Mortar and Aluminum

Lead mortar and aluminum, used in the outer r/nield, wi l l not be sub-

jected to high nautron fluences or elevated temperatures, and therefore

their bulk properties are not expected to change with time. Property

values for these materials are included in Table E-4,
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APPENDIX F

MAGNETICS

1. Normal Metal Flux Shield for Toroidal Field Coils

The TF coils can be shielded from the time-varying field of the poloi.da.1

field coils and plasma if they are enclosed by a good e.iuietor. Eddy

currents induced in the conducting shield will produce a magnetic flux which

opposes the change in flux inside the shield. For a change of flux parallel

to the TF coi l , we can treat the shield as a long solenoid, with uniform

induced flux within.

Consider the shield as an ac circuit driven bv an emf <£. from the
App

changing applied flux. A length .1 of the shield has resistance R and

inductance L given approximately by

Rl = pp/X (F-l)

LI = YP A (F-2)
o

where p and A are respectively the cross sectional perimeter and enclosed

area of the shield, p is the electrical resistivity, p = 4 n x 10~7 H/m.
o

The current depth X is determined by the smallest of three lengths:

the shield thickness t, the skin depth 6, and the so-called mean hydraulic

depth A/p. The numerical factor y is nearly unity in the interesting cases

p<5 << A or pt << A.

For a sinusoidal tirpe variation of the applied flux, we can write

= V exp (jwt)

e x p

The current will also be sinusoidal and obey

I = jail .

The circuit equation

| , = LI + RI
App

• I I
<1>. = LS. — + R l —

A p p % I

F - l



has a solution

jwB A exp (jut)
(F-3)I = 2 .

Ji jwLS, + RJl

The average power d iss ipa ted per unit length i s

- -> RS,wzB2 A2

- = 1/2 \\\~ R» = 2 • (F-4)
1 * 2(u)2L2*2 + R2£2)

When Equation (F-5) and (F-6) are subs t i tu ted in to Equation (F-8) , we obtain

- X w2B£A2

l 2 ( F _ 5 )
2 pp [1 + (Y1QUQ AX/pp)2]

In the limits of low conductivity and high conductivity, Equations (F-3) and

(F-5) simplify to give the following:

Low Conductivity Limit: R >> coL

l/£ = jwB AX exp (jwt)/pp (F-6)

V/i = Xu2B2A2/2pp (F-7)

High Conductivity Limit: R << uL

111 = B exp (jut)/YM (F-8)

7/H = ppB2/2 X Y2U2 • (F-9)
o o

Equations (F-6 to F-9) alv^ays give an over-estimate of the current and

power, but unless R ^ tuL one or the other limit gives results close to the

exact expression.

Equation (F-9) can be used in the low conductivity limit, if we replace

X by
X' = p26'*/4A2X . (F-10)

If the time-varying field is perpendicular to the axis of the shield,

the general eddy-current problem does not have an analytic solution. For

a circular cross section shield of radius a in the high conductivity limit

with v = 1, che power is given by

P, II = 4 TT aB2p/2 Xp
•*- o o

= ppB2/Xy2 (F-ll)
= 2 (P((/fO .
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Although Equation (F-ll) is derived for a circular shield, i t is expected to

hold for any convex shield with aspect ratio not much different from unity.

From Equation (F-9) and (F-ll) we can obtain the power lost in the shield

of A TF coil in a sinusoidally-varying flux, if the high-conductivity limit

applies

? = (pp/Xu2) § (B2 + 1/2 B' ) di . (F-12)
r o r 01 o|i

If the time variation is not sinusoidal, but given by the Fourier series

oo

B(t) = B / a cos 2v n t / x ,
O f nirf n

n=0

with T the period, and if X = i = (2p/w u ) = /n 6 l s then Equation (F-12)

becomes M

P = (pp/iSiu2) $ (B*- + 1/2 B2 ) dl
O Oi. O|, Jtmm4 n

n=l

Equation (F-13) is used in Chapter IV to calculate the power lost in a normal

metal shield.

2. Eddy Current Effects in the Subdivided Blanket and Shield

Although placing the equilibrium field coils outside the blanket and

shield is helpful from the points of view of maintenance and protection from

radiation damage, the time-varying equilibrium field must penetrate the blan-

ket and shield if it is to act on the plasma. The flux from the EF coils

will induce eddy currents in the metal blanket and shield, which in turn

will serve to exclude the flux, or at least retard its penetration. The eddy

currents and their effects can be lessened by subdividing the blanket and

shield. In the following we develop equations to calculate eddy current

effects in the blanket and shield with various degrees of subdivision.

a. Unsegmented Blanket and Shield

If the construction of the blanket and shield prevents radial currents,

it can be approximated by a toroidal shell, with toroidal and poloidal currents

only. Furthermore, unless the aspect ratio is too low, the toroidal shell can

in turn be replaced by T cylindrical shell, with the toroidal and poloidal

currents replaced by axial and azimuthal currents.
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I f t h e t ' ^ u i 1 i l - r ium f i e l d ii i s v e r t i c a l a n d p e r p e n d i c u l a r t n t h e a x i s

o f t h e c y l i n d r i c a l b l a n k e t a n d s h i e l d , t h e n w h e n t h e e q u i l i b r i u m f i e l d

c h a n p e s , t h e r e w i l l b e , i n t h e l o w c o n d u c t i v i t y l i m i t , a n a x i a l c u r r e n t w i t h

d e n s i t y

.1 = - < .1 s i n •' K , ( F - 1 4 )
o

where J is the electrical conductivity of the blanket and shield material,

a is the radius of the cylindrical shell, the dot designates the time deriva-

tive, and •"• is the azimuthal angle. This current will produce a field iii

the plasma

B. = - ~ ha - B , (F-15)
in 2 o

where h is the thickness of the cylindrical shall.

The results of the calculations are given in Chapter IV, but i t is

appropriate to state here that the induced field at the plasma as calculated

by Equation (F-15) is more than the applied Field. This non-physical result

would not actually occur; the induced fields would induce additional currents

which in turn would produce fields, limiting the net induced field to a value

sufficient to cancel the applied field. Two conclusions follow about what

will happen if the blanket and shield are unbroken.

(1) The induced field is large (comparable to the applied field).

(2) Fields induced by the. induced field are significant.

Consequently, i t appears that the blanket and shield must be divided into

pieces small enough so that:

(1) The induced field at the plasma is negligible.

(2) Fields induced by the induced field are negligible,

b. Blanket and Shield Segmented Toroidally

If the cylinder is broken into segments of length 2? which is small

compared with the diameter, the current density has components

J = .i y cos;' B̂  (F-16)

Jv = f i {l>'2 ~ y 2 ) S i n 9 ^o (F-17)
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where v is measured axial lv from the CPMU'I' of ihe segment. The fluid nn

axis a distance v along the axis is given by

B
i n

u

o

V + V *•" . ' - )

- In (/a- + V"
1 v = ' " yo

>- + v)
' " Jy = - • - x o

(F-18)

Tor 16 segments and an a p p l i e d f i e l d of 4 .2 kC, the induced f i e l d a t the plasmi

i s c a l c u l a t e d by Equat ion (F-18) to he 390 G; for 32 segments , i t i s reduced

to 97 C, o r 2 .3 percen t of the a p p l i e d f i e l d . Plasma phys i c s c o n s i d e r a t i o n s

sugges t t h a t even t h i s v a l u e i s uncomfortably l a r g e ; i t seems s a f e s t to t ry

to f u r t h e r reduce the eJJy c u r r e n t s . To do so r e q u i r e s e i t h e r segment ing

even more or making tile b l a n k e t and s h i e l d of b locks weighing a few t ns

each .

c . Subdivided Blanket and Shie ld Represen ted by a Brick Model

The induced magnet ic f i e l d due to eddy c u r r e n t s i<, g iven by the B i o t -

Savar t Law:

d v

where B. is che induced field, J is the eddy current density, and r is the

displacement from the source point (x, v, z) to the field point (x , y , z ).
G O O

The eddy current density is determined by the conditions:

J • n = 0 on the conductor surface (F-20)

div J = 0 (F-21)
* • •

curl J = -at = o (B + B ) (F-22)
a in

where n is a unit vector normal to the conductor surface, o is liit electrical

conductivity, B is the applied field, and the dot designates differentiation
a

with respect to time. Solution of Equations (F-19 to F-22) is a difficult

problem, and no general algorithm for their solution exists.

Let us make sufficient assumptions that the equations have convenient

analytic solutions. Limitations on Mie applicability of the model due to

these assumptions are discussed be.'ow.

(1) The conductivity is sufficiently low that the induced field is small

relative to the applied field. Thus B + B mav be replaced in
• a :n ~

Equation (F-21) by B .
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(2) All conductors can be represented as rectangular solids aligned

parallel to the coordinate axis. Let a conductor be entered at

the origin and have length 2a, 2b, 2c in the x, y, z directions

respectively.

I 3) The field B is everywhere in the z direction; constquently .1

is everywhere parallel to the x~y plane.

(-'») The field B varies across a rectangular conductor according to

B = B (I - X + •" | . (F-23)

Under the above assumptions, Equations (F-20 to F-22) are satisfied by a

current density J with components

J = aB v a" ~ X" (F-24)
X °" 2 + h2

Jv =--
1B x b~ " >'' . (F-25)

^ ° a2 + b2

Equation \ . r -19) then has a z component which can be w r i t t e n

B. = — / / / [(v - v ) v ( a 2 - x2) + (x - x) x ( b 2 — y 2 ) ] / r 3 dy dz . (F-26?
i n a 2 + b 2 - o • • • o

Substituting:

' o' " " o' o '

and carrying out the integration, we find the following equation for the z

component paral lel to B :
a

u
B. = - -A • B [tan ~l — {1/2 u2 (x2 - a2 + y2 - b2) - wlf/6}

LI\ -t •; . , o wr o o
a - + b'"

+ t a n " 1 — i w ( a : - x 2 1 + 1 / 2 v 2 ( a 2 - x 2 + v 2 - b 2 ) + v 3 y + L / 2 v 1 ( \
vr ' (i o no " o

+ t a n " 1 — i ' u x ( h 2 - v 2 ) + 1 / 2 u 2 ( b 2 - v 2 + x 2 - a 2 ) + u 3 x + L / 2 u 4 }
ur o • o " o o o

+ I n ( r + u ) ( w v ( b - - v - 2 v / 3 ) - wv ( a 2 - x 2 + 3 v 2 / 2 ) - L / 2 w 3 v )
" I I " O <) " O

+ I n v r + v . ) f w u ( . - r ' - x 2 - 2 u 2 / 3 ) - w x ( b 2 - v 2 + 3 u 1 2 ) - 1 / 2 w ? x f
1! O O O

+ I n ( r + w) {uy ( u 2 + x 2 - a 2 ) + v x ( v 2 + v 2 - b 2 ) + 2 x v ( u 2 + v 2 ) }
o o o o o" o

+ r f u v w / h + 1/2 x vw + 1 / 2 v uw + 2 x v w } ] ( F - 2 7 )
O " O O' O
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• 1 1 2
where o is the electrical conductivity, r = (u' + v + w* .! ~, and u, v, and

w are evaluated at their upper and lower limits <• a - x , + b - y , and

• c - z respectively.

To use the model to calculate the effects of subdividing the blanket and

shield, each piece of the blanket and shield if represented by a rectangular

stainless-steel brick. A FORTRAN program, BRICK, was written to establisn

the vertices of the bricks in one segment, to translate and rotate the bricks

to represent the other segments, and to calculate the induced fit-Id at a

specified point by F.quation (F-2 7).

The torque on a horizontal block due to the toroidal field can readily

be found from Equation (F-24 and F-25):

N = /// J yBtdV = 16 BooBtaVc/9(a
2 + b2) , (F-28)

where N is the torque and B t the toroidal field.

d. Limitations to the Model Due to Assumptions

Let us look at the consequences of the four assumptions listed above.

For the type of application intended, subdividing the conductor to control

the effects of eddy currents, assumption (1) holds by definition in that

the conductor is not adequately subdivided unless the assumption holds.

Depending upon the degree of subdivision required, assumption (2) may or

may not hold. In some cases, a more detailed treatment may be needed for

nearby conductors, and the model used for more distant conductors. There

is a class of problems for which assumption (3) is good, but certainly the

model would be improved by including all three components of J and B.

Assumption (4) is the most questionable; if the field B wt̂ re actually
a

uniform and equal to B , then the above expression would probably under-
estimate B. , but by less than one third.

in

If we relax the condition that L'.,.L- field v>n"t vary across a brick

according to Equation (F-28), which was imposed so that the current density

would obey the simple expressions Equation (F-24 and F-?5) and if instead

we allow fifth-power tutms in the expressions for current, we get

J_ - oB y [a2 - x : + (a2b2 (a2 - b2) + (a4 - a2b2 + b4) x2 + 2a2b2y2

X ° " (F-29)
- 2 b2x2y2 - a2x4} / {ak + 5 a V + b'1}]/ (a2 + b2)
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J = - J B x I'D-' - v - + 1 a - V ( b - - a " ) + ( a : * - a ' b - ' + b u ) y : :

>' ° ' ( F - 3 0 )

+ 2 a : h V - 2 a ~ V v 2 - b - V " » / { a 4 + 5 a 2 b 2 + b 4 } ] / ( a 2 + b 2 )

[ a2x'' + n x~v - (a- + I T ) + b2v' I
I - — — ' • • — - —

(a2 + b2) (a4 + 5 a2b2 + b") J
_3

Equations (.F-29 and r-31) obey the conditions expressed by Equations (F-19 and

K-.U). Moreover, Equation (F-31) approximates B = 3 over much more ol the
c! O

conductor volume than Equation (F-23) does. Wien Equations (F-29 iind F-30)

jr; r-tibs tir.uted into F.quation (F-19) and the integration carried out, an

analytical H\-prf--sion for R results, involving the same iunctions as the

simpler expression in Equation (F-27). When calculations with that ex-

pression are compared with those described above, the limitations of assump-

tion (4) can be understood.

e. Phase Delay and Time Delay

All of the induced fields considered tibove will lag behind the applied

field, because of their B dependence, Thus they will contribute a phase
o

delay and time delav to the total field B and B. . If we take the anpliedJ - o in
tieid to have the time variation

3 (t) = 4 3 - % COS -t/t ,
o 2 oo 2 oo

then tie induced field will vary with time as

B. (t) = - B. sin U / T
in in max

The combined f i e l d can be w r i t t e n

B + B. = - B - B1 cos ( T C / T - -:b)
o in _ oo

with the phase delay r g iven by

: = t an" 1 2B. /B (F-32)

in max oo

The phase de lay : can al.= r> be put in terms of a time delay t

cos O t / - - i) = cos ir(t - t ) / T

(F-33)
with t - : \ / T

o
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of penetrations. Therefore, Che special shields for penetration-. i»iirtsem

a ver" significant fart o£ the ^hiolding svstein in EPK and are exju-v-Lu'l to

re;" in equally important in future tokamak mac tors. The design of a pcne-

cr.it.ion shiold is u:orc difficult, however, than the design of the primary r

bulk shit'i.i] in tw.> respects*. (I) treatment of penetrations requires three-

dimensional neutronies analysis, a-m (2) the geometry of the reactor imposes

severe restrictions on the availability of space for penetration shields,

.ibovw. and beyond the space restrictions on the bulk shield. Moreover, as

will hi- shown later in this appendix, the neutral beam ducts can be shielded

on tho sides only. Thus, thurc is always a straight-through path for the

neutrons, a path leading to the beam injector and on to the exterior of the

reactor.

The penetrations in a tokamak reactor enn be rl.issi f ind, in jjpnor.-«l,

into two types: (1) major penetrations, and (2) normal penetrations. The

major penetrations are those penetrations* that are large in size and their

functional requirements do not permit substantial modifications in their

shape. These major penetrations include, for example, the evacuation, neutral

beam, and rf ducts. On the other hand, the normal penetrations are small and

are amenable to substantial shaping of their path inside thr. blanket/shield.

Among the penetrations in this category are, for example, the coolant channels,

clearances between shit-ld blocks, -and some of the small penetrations for diag-

nostics. This classification is of great importance wiLh respect to the de-

velopment of a strategic procedure for tne design of a reactor. The effects

of normal penetrations.can_be regarded as_ moderate, perturbation?-on. the p_er-_

furmance of the system. Thus, although the impact of these normal penetrations

should be anticipated qualitatively in the earlv stages of the design, their

detailed design and analysis can Le deferred until later stages of .he ov'.rail

reactor design process without much penalty.- On the other hand,-the effects

of the major penetrations and their special shields on many of the reactor

components is so gteat that these effects must be factored into the design

an early as possible. By treating the major penetrations and their special

sh.iei.ds as an integral part of the reactor system many of the trade-otfs

and conflicts can be resolved at early stages of the de&jgn. £o do othtr-

wisc. may resujt in a need for costly modifications in more advanced phases

of the desigr.
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2. Calculational Model

Any penetration analysis depends to a great extent on many specific de-

tails of the reactor geometry and characteristics. The preliminary reference

design for EPR documented in references 1 and 2 was used for the initial parts

of the penetration scoping study. This reference design has a major radius,

R, of 625 cm and a circular plasma cross section with a Minor radius, a, of

210 cm. There are 16 TF coils; each has a D-shaped vertical cross section

with a horizontal bore of 7,7 m and a vertical bore of 11 m. A horizontal

cross section of a TF coil is 0.60 m thick and 0.90 m wide. The blanket and

primary shield consist of alternating rones of stainless steol (SS) and boron

carbide (B<,C). A small segment of the blanket/shield at the inner side of

the torus is 1.0 m thick while the rest of the blanket/shield is 1.31 m thick.

In the reference design, as in any tokamak reactor, the inner segment of the

blanket/shield cainot be utilized for placement of any major penetrations.

These aregenerally accommodated on the top, bottom, and outer side of the

torus- Therefore, the specific details of Che inner segment of the blanker/

shield will be ignored for the purpose of this work, and the blanket/shield

is assumed to surround the plasma with a uniform thickness of 1.31 m. The

dimensions and material disposition of the blanket/shield are shown in Table

G-l. The inner radius of the first wall is 2.40 m. There are 32 vacuum ducts

in the design, and each is cylindrical with an 0.85 m diameter. Two vacuum

ducts are located at the top and bottom of the torus, equally spaced between

each pair of the TF magnets. A cylindrical neutral beam duct with an 0.85 m

diameter is located between each pair of TF magnets, centered around the mid-

plane, and its axis is nearly tangential"to"the toroidal -naghetic axis. In

order to wake the discussions of the geometric models clear in the rest of

this appendix, a schematic reference of toroidal geometry is given -in Figure

G-l.

Most of the neutronics analyses were carried out using a three-dimension-

al geometric model w_ith_the_continuous energy Monte Carlo ̂ ode VIM and

nuclear data from ENDF/B-IV. Three-dimensioral geometries are best treated

at preheat with the" Motile Carlo method. These calculations are inherently

machine- and man-time consuming, making a thorough 3-D analysis of the full

reactor geometry very costly. Therefore, a somewhat simplified 3-D geometric

model, which is less costly but incorporates the basic features of the reactor
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TABLE G-l Dimensions and Material Composition of a
Reference Blanket/Shield for a Scoping
Study of Major Penetrations.

ione

1

)

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Outer Radius
cm

210

240

241

256

261

276

281

291

301

311

321

331

340

351

361

371

430

490

Thickness
cm

210

30

1

15

5

15

5

10

10

10

10

10

9

11

10

10

59

60

^Material
Composition

Plasma

Vacuum

Stainless Steel

Stainless Steel

Boron Carbide

Stainless Steel

Boron Carbide

Stainless Steel

Boron Carbide

Stainless Steel

Boron Carbide

Stainless Steel

Boron Carbide

Stainless-Steel

Boron Carbide

Stainless Steel

Vacuum

Magnet
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geometry and accounts for all first-order effects of penetrations, was de-

veloped as follows: (1) Since the torus consists of 16 segments that are

essentially identical, only one segment needs to be analyzed. The segment

is defined as the entire reactor region bounded by two planes which intersect

at the poloidal axis (see Figure G~l) and each plane divides a TF magnet into

two symmetric halves, A periodic boundary condition is applied at both planes.

(2) It is assumed that the interaction of perturbations due to various types

of penetrations is a second order effect and can be ignored in a scoping study

on first-order effects of penetrations. Therefore, the evacuation ducts are

analyzed in the absence of neutral beam ducts and vice versa. This makes it

possible to identify the effects of each individual type of penetration.

For any one particular type of penetration, the interface of r.ucts with one

another is accounted for, however, by virtue of the periodic boundary condi-

tions specified in item 1 above. (3) In order to avoid explicit toroidal

calculations, the toroidal curvature is ignored, but the dimensions of the

segments are adjusted to produce correct volumes, and correct spacing of

regions in the vicinity of the penetrations urder consideratiors. The effect

of toroidal curvature on local fluxes is small, as shown in Chapter IX.

However, the toroidal geometry causes the spacing between the TF magnets

to vary from almost zero at the inside, to a fraction of a meter at the

top and bottom, and a few meters on the outside. In order to account for

the correct relative positions of the penetrations, penetration shields,

and magnets, the spacing between the TF magnets in the neighborhood of the

specific penetration under consideration is employed. Note also that the

outward shift of the magnetic flux surfaces which causes an outward shift

of the plasma neutron source strensth will enhance radiation streaming

through penetrations located at the outer side of the torus. This shift

in the neutron source is not accounted for here, and a uniformly distributed

neutron source in the plasma region is assumed. (4) Since the exact position

of the (nearly tengential) neutral beam axis relative to the toroidal axis

cannot be reproduced in the geometric model discussed above, an inclination

angle 0, is assumed. The sensitivity of the results to this angle is examined

in a later section of this appendix.
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Figure G-2 shows a schematic of the geometric representation for analysis

of the vacuum ducts and their shields. If the toroidal magnetic axis is

assumed Co be a straight l ine, then Figure G-2 represents a cross section

in the x-z plane where the z=axis is taken along the toroidal magnetic axis

and the x-axis is parallel to the poloidai axis and passes through the plasma

centerline. The system is symmetric around the midpiane. A cross-section

view in the x-y plane would show the blanket and the bulk shield as a set of

concentric circles surtounding the circular plasma and scrape-off regions

with one cylindrical vacuum duct at the top and another at the bottom. Figure

G-3 shows a schematic of the geometric representation for the analysis of

the neutral beam ducts and their shields. A set of orthogonal coordinate

system (x,y,z) is also used here. The z-axis, as in Figure G~2, represents

the toroidal magnetic axis, but the x-axis is in the miriplane and the y

axis is parallel to the poloidal axis. The neutral beam duct is 0.85 m in

diameter. The axis of the beam duct is in the midp.l..ne (x-z plane) and makes

an angle 9, with the x-axis. Note that in both Figures G-2 and G-3 the minor

radius, r , for a point, is simply r = /X2 + y2 .

In Figures G-2 and G-3 some spatial zones are identified by numbers

that will be useful in later discussions. Zone 1 represents the plasma

region and Zone 2 for the scrape-off region. Zones 3 through 16 and 31

through 44 constitute the blanket-bulk shield. The wall of the penetration

duct is represented as 1-cm thick tube of stainless steel that extends from

the first wall to the exterior of the TF coils. The portion of the pene-

tration duct inside the blanket and bulk shield is defined as Zone 21 and the

corresponding portion of the duct wall is Zone 23. The part of the penetration

duct outside the blanket-bulk shield is Zone 22 and the corresponding portion

of the duct wall is Zone 24. The neutral beam and evacuation duct extend

far beyond Lhe TF coils in a detailed design, A neutral beam duct generally

extends <v 2-5 meters beyond the TF coils and leads to the large size chamber

of the beam injector. Many components are located inside the beam injector,

such as the neutralizer, bending magnets, cryosorption panels, ion source, and

accelerator. An evacuation duct leads to a vacuum pump. An evacuation duct

can be bent before LK is connected to a vacuum pump, but nt the expense of

a reduction in the pumping efficiency. If the vertical bore of the magnet

is large enough, the vacuum duct can be bent external to the bulk shield and
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before it reaches the TF coils. In this study, no e1. fort was made to model

the beam injectors or the vacuum pumps. This avoided excessive computational

cost involved in tracking the histories of particles in very large volumes

beyond the exterior of the TF coils. Particles crossing a surface external

to the TF coils were tallied in a leakage bin. However, in order to quantify

the level of radiation streaming into the beam injectors and vacuum pumps,

a 5-cm thick stainless steel disc was placed as an "end cap" on the pene-

tration duct and is shown as Zone 25 i^ Figures G-2 and G-3.

As will be shown later in this appendix, the presence of penetrations

causes a strong redistribution of neutrons in the blanket-bulk shield and the

TF coils. In order to show this effect, the blanket/shield and the TF coils

are divided into zones according to locations with respect to the penetration

duct. For the blanket-bulk shield, each concentric poloidal ring is divided

into two zones. One zone close to the penetration duct is bounded by the

cylindrical wall of the duct, and by another cylinder with an axis coinciding

with the duct axis and a radius that is 0.15 m larger than that of the pene-

tration duct. The other zone spans the rest of the volume of the poloidal

concentric ring. An example of such two zones are Zones 6 and 34, respectively.

The TF coils composition is homogenized as 50% SS + JOZ CU. These coils are

divided into poloidal concentric rings, each is 5 cm thick (.depth). Each ring

is divided into two zones. One zone is bound between two planes located at

y = -100 and y = +100 and the other zone constitutes the rest of the ring.

The first 5-cm ring consists of Zones 18 and 28 and the second 5-cm ring con-

sists of Zones 19 and 29 with Zones 18 and 19 as the regions closer to the

penetration duct.

i. Analysis of Unshielded Penetrations

Calculations for seven design sets, A-G were made. Each set examines

one or more aspects of the penetrations and their shield. This section is

devoted to an analysis of the unshielded penetrations. Although it is

cleat" that special shielding bus to be provided to counteract the penetration

effects, this analysis of unshielded penetrations is useful in providing

insight into the requirements of such special shielding. Various schemes

for shielding the penetrations are uxamined in the next section.
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Des'gn set A includes three cases (1, 2, and 3), all of which have no pene-

trations, i.e. the blanket-bulk shield is solid and continuous everywhere.

The variable parameter here is the blanket-bulk shield thickness, which is 131,

Lll, and 91 cm for cases I, 2, and 3, respectively. The blanket and bulk

shield composition for case 1 is that shown in Table 0-1 and referred to here

as composition Cl. Cases 2 and 3 are obtained by eliminating outer parts of

the shield with the appropriate thickness. Hie innermost radius of the TF

coils in all cases is 430 cm. Table G-2 shows the total neutron fluxes

(normalized to 1 MW/m*' neutron wall loading) at several key locations and

the neutron leakage per DT neutron. In Table G-2 and other tables in

this appendix, the percentage values in parentheses below each flux or

leakage value represent the statistical error (i.e. the standard deviation)

as estimated by VIM. These results show that increasing the thickness of the

bulk shield by 20 cm reduces the level cf nuclear radiation at the TF coils

by a factor of > 15. The tolerable level of nuclear radiation at the TF coils

is generally determined from a trade-off study of the conflicting requirements

of the various reactor components and an optimization procedure to minimize
2 5

the overall cost of the reactor per unit power output."' One constraint.

that cannot be violated, however, is that the radiation level at the TF coils

must not exceed a level that permits the components of the superconducting

magnet to function properly without excessive radiation damage and nuclear

energy deposition. The magnet protection criteria were summarized in Chapter

IX and were examined in more detail in references 2 and 5. These magnet pro-

tection criteria depend on the design of the magnet and the specific super-

conducting and stabilizing materials. The radiation levels of cases 1 and 3

cover the range of acceptable levels for tokamak reac.-or designs that are of

practical interest at present.

Design set B consists of cases 4, 5, and 6, which are similar to designs

1, 2, and 3, respectively, except for incorporating a cylindrical penetration

duct that is 0.85 m in diameter, as shown in Figure G-2. Results for cases

4, 5, and 6 are shown in Table G-3. Comparison of results in this table

with results shown in Table G-2 for design set A shows that: (1) The presence

of penetrations causes a strong spatial variation of the TF coil neutron fluxes

in the poloidal direction (i.e. along the circumference of the D-shape). The
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TABLE U-2 Neutron Fluxes Normalized to a
Neutron Wall Loading of IMVJ/m*-
at Key Locations for Designs in
Design Set A (no penetrations)

Ca»e No.

Code No.'1

Composition o£
Bulk Shield

Thickness of
Bulk Shield

Dimensions of
Penetration Shield

Number o£ Histories

MC004

Cl

131 cm

20,000

MC00 5

Cl

111 cm

16.000

MC006

Cl

91 cm

Diameter of
Penetration Duct

Orientation of
Penetration

Penetration Shield
Composition (if any)

none

-

-

none

-

-

none

-

-

16,000

*1B

*19

*28

*29

Neutron Leakage
per DT Neutron

9.93(6)
(±18%)

7.2S(6)
(±18%)

9.93(6)
(±18%)

7.28(6)
(±18%)

9.90(6)
(±18%)

(±14%)

1.85(8)
(±14%)

1.23(8)
(±15%)

1.85(8)
(±14%)

1.23(8)
(±15%)

1.85(8)
(+14%)

1.9K-6)
(±13%)

3.19(9)
(+13%)

2.20(9)
(±14%)

3.19(9)
(+13%)

2.20(9)
(±14%)

3.20(9)
(±13%)

2.93(-5)
(±11%)

Code No. refers to a particular computer run and is used only for
convenience in documentation.
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TABLE G-3 Total Neutron Fluxes Normalized to a
Neutron Wall Loading of lMW/m2 at Key
Locations for Uesiuns in Design Set B

Case Mo.

Code No.

Composition ot
Bulk Shield

Thickness of
Bulk Shield

Diameter of
Penetration Duct

Orientation of
Penetration

MC003 MC111 MC091

Cl Cl Cl

131 tin 111 era 91 cm

85 cm 85 cm 85 cm

perpendicular perpendicular perpendicular

Penetration Shield
Composition (if any) none none

Dimensions of
Penetration Shield

Number of Histories

'18

'23

Neutron Leakage
per UT neutron

20,000 10,000

4.08(12)
(±9%)

6.19(12)
(±17%)

1.48(14)
(±3%)

1.50(14)
(±4%)

1.63(13)
(±8%)

1.47(13)
(±10%)

1.19(13)
(±10%)

1.14(13)
(±17%)

1.97(-2)
(±6%)

2.54(-2)
(±8%)

10,000

1.03(13)
(±9%)

*19

*28

*29

*21

* 2 2

2.67(12)
(±11%)

3.42(11)
(±77.)

1.90(11)
(±11%)

1.59(14)
(±3%)

2.22(13)
(±6%)

4.13(12)
(±19%)

7.11(11)
(±8%)

4.00(11)
(±13)
4.59(14)
(±4%)

2.16(13)
(±11%)

7.77(12)
(±8%)

1.14(12)
(±14%)

6.84(11)
(±16%)

1.50(14)
(±6%)

2.37(13)
(±8%)

1.27(14)
(±5%)

1.83(13)
(±9%)

1.83(13)
(±12%)

3.18(-2)
(±8%)

axis of penetration duct perpendicular to the toroidal axis as shown in
Fig. G-2.
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ratio of the neutron flux in region 18, $\Q, to that in region 28, 4>2 8» * s

•~i> 12. The penetrations also cause large variations in the toroidal direction

(in the Z directions; see Figure G-2) across the TF coils. (2) The pene-

trations increase the aeutron flux in the TF coils by several orders of magni-

tude. (3) Increasing the bulk thickness of the blanket-balk shield from 0.91

m to 1.31 m reduces the neutron flux at the nuignet by a factor of "̂  300 in the

absence of penetrations but by only a factor of "̂  3 when penetrations are

present. (4) The large-size penetrations assist a greater number of neutrons

at high energy to reach the TF coils. This causes the increase in thi trans-

mutation, atomic displacement, and nuclear heating rates at the TF coil due

to the presence of penetrations to be. generally higher than the increase in

the total neutron flux. (5) The neutron leakage per DT neutron in the

presence of penetrations is ^ 2 to 3%, while in che absence of penetrations

it varies from 1.2 x 10~7 for the 1.31 m bulk shield (case 1) to 3 x 10~5

for the 0.91 m bulk shield (case 3). (6) The neutron llux at the end cap,

Zone 25, is ^ 1.2 x 1013 n/cm2 sec. (For comparison., the neutron flux at

the first wall is 7.6 x 1014.) This means that auxiliary systems located at

the end of the penetration duct receive a significantly high dose of radiation.

The large-size penetrations enable a large number of neutrons and photons

to reach the magnets in two ways: (1) by creating possible direct iine-of-

sight from the plasma region to the magnets, and (2) increasing the population

of the neutrons and phctons in the blanket/shield regions in the vicinity of

the void penetration where they can travel into the magnets through short

paths in the blanket/shield. This second effect, generally called penetra-

tion-assisted radiation streaming, becomes more dominant as the size of the

void penetration Is decreased and the line-of-sight streaming is reduced.

But both direct and assisted streaming are sensitive to the size of pene-

tration for a given reactor configuration, as shown next.

Table G-4 shows the neutron fluxes and leakage for cases 7 and 8 compared

with case 4 discussed above. The diameter of the cylindrical penetration is

varied from 0.85 m in case 4 to 0.42 m in case 7, and to 0.20 n: in case 8.

The results in Table G-4 show that the neutron fluxes af the TF coils are re-

duced by more than an order of magnitude when the cross section area of th-3
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TABLE G-4 Total Neutron Fluxes Normalised to a

Neutrori Wall LoadinR of :
Locations fox" Designs in

(size .:

Case JJti.

Code No.

Composition of

Bulk Shield

Thickness of,

Bulk Shieia

Diameter of

Penetration Duct

Orientation of

Penetration

Penetration Shield

Composition (if any)

Dimensions o£

Penetration Chield

Number of Histories

*18

+19

*28

*29

+ 21

*22

*23

+ 24

*25

Neutron Leakage
per DT neutron

)f penetration)

4

MC003

Cl

131 cm

85 cm

perpendicular

none

-

20,000

4.08(12)
(±9%)

2.67(12)
(±11%)

3.42(11)
(±7%)

1.90(11)
(±11%)

1.59(14)
(±3%)

2.22(13)
(±6%)

1.48(14)
(±3%)

1.63(13)
(±8%)

1.19(13)
(±10%)

1.97(-2)
(±6%)

IMW/T 2 at Kev

Design Set C

7

MC061

ci

131 cm

42 cm

perpendicular

none

-

20,000

3.51(11)
(±18%)

(±25%)

2.56(10)
(±34%)

1.86(10)
(±32%)

1.24(14)
(±6%)

6.18(12)
(±24%)

1.14(14)
(±7%)

3.61(12)
(±27%)

4.30(12)
(±43%)

1.8K-3)
(±20%)

8

MCO62

Cl

131 cm

20 cm

perpendicular

none

-

50,000

1.10(10)
(±56;;)

8.04(9)
(±70%)

2.50(9)
(±65%)

2.03(9)
(±79%)

8.65(13)
(±7%)

7.62(11)
(±65%)

8.65(13)
(±7%)

5.16(11)
(±64%)

5.35(11)
(±100%)

8.26(-5)
(±45%)
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void penetration is reduced by a factor of 4. From the very limited number

of cases in Table G-4, it can be tentatively concluded that the total neutron

flux at the TF coils is roughly proportional to the square of the cross sec-

tion area of the void penetration. Thus the neutron flux at the TF coils

is approximately proportional to d~*, where d is the characteristic dimension

of the penetration cross section (e.g. d is the diameter of a circular cross

section or the side length of a square cross section). These correlations

are brought up here only to demonstrate qualitatively the great dependence

of radiation streaming on the size of penetrations. The geometry of the sys-

tem and the shape of the penetration are also important. For example, a

penetration with a rectangular cross section with one side much larger than

the other side is likely to result in less radiation streaming than another

penetration with the same cross section area but with a square or circular

cross section. Both direct and assisted streaming are strongly dependent

on the size and shape of the p'^netration.

Comparing *J>2 3 as well as $24 for the three cases in Table G-4 shows that

the neutron fluxes along the walls of the penetration vary also with the

penetration size. The neutron fluxes in the portion of the duct walls in-

side the blanket-bulk shield increase by ^ 30% when the diameter of the duct

is doubled. The variation in the neutron fluxes in the portion of the duct

walls outside the blanket-bulk shield with the size of the duct is much more

pronounced. These results indicate that the spatial variation in response

rates such as gas production and nuclear heating along the duct walls de-

pends on the size of penetration and is generally stronger for smaller size

penetrations.

In Table G—4, as well as in other tables in this appendix, the number

of neutron histories run for each case is given. This number represents the

number of primary (DT) neutrons and does not include the multiplicative effect

of neutron splitting. The number and locations of splitting surfaces used

in the Monte Carlo computation was changed from one problem to another

according to a rough expectation of the spatial distribution of the neutron

population. A limitation of VIM and many other present Monte Carlo codes

is that the splitting surfaces have to be surfaces of concentric bodies.

When these bodies are taken as the concentric cylinders in the blanket-: ulk

"shield with their common axis as the z-axis (see Figure G-2) a difficulty is

encountered. If the number of splitting surfaces is kept small, then the
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number of neutrons that travel mostly in the blanket-bulk shield and reach

the TF coils is severely underestimated because of the very large degree of

attenuation (̂  106 to 108) involved. On the other hand, if the number of

splitting surfaces is greatly increased extremely large numbers of histsorie:

are generated by splitting those neutrons traveling only in the void ducts.

This causes the computer storage capacity to be rapidly exceeded* For un-

shielded large-size penetrations, a reasonably small number of splitting

surfaces suffices, as the major contribution to the radiation level in the

exterior of the bulk shield comes from the void duct and the neighboring

region where radial attenuation is very weak. The situation is more diffi-

cult, however, for smaller size penetrations, as can be seen clearly from

comparing the number of neutron histories and the associated statistical

errors in cases h, V, and 8 in Table G-4. For example, 20,000 neutron

histories are sufficient to calculate the neutron flux at the end-cap,

4> > to within 10% accuracy when the penetration diameter is 0.85 m, but

50,000 neutron histories are not sufficient to calculate $25 to better

than 100% accuracy when the penetration diameter is 0.20 m. These diffi-

culties are compounded when an exterior penetration shield is employed, as

shown in the next section. A capability of handling general splitting

surfaces that permits less splitting in the void duct and its vicinity and

more splitting in regions where strong attenuation takes place is believed

to be an important tool in any Monte Carlo code to be used in this type of

penetration analysis.

4. Shielding of Major Penetrations

The effects of major void penetrations can be classified into two -cate-

gories. The first category includes the effects on reactor components ex-

ternal to the bulk shield due to a dramatic enhancement of radiation stream-

ing. The effects on the penetration walls and blanket-bulk shield in the

vicinity of the penetrations are included in the. second category. Effects

in the second category were covered in Section A of Chapter IX. Effects in

the first category can be guarded against by incorporating efficient pene-

tration shields, as examined in this section.

There are several shielding schemes which might be used to protect

reactor components external to the bulk shield from enhanced radiation

streaming caused by large-size penetrations. These are:
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(1) Moveable Shield Plug — If the functional requirements of a pene-

tration permit that the penetration be closed during the plasma

burn, then a shield plug can be moved at the beginning of each

pulse to close completely the penetration region embedded in the

bulk shield.

(2) Local Component Shield — Reactor components affected by radiation

can be surroundeu by a shield capable of reducing the radiation

level in the component to a tolerable level.

(3) Bulk. Shield Extension — The bulk shield can be extended into and

in between the TF coils, and on to the outside as necessary.

(4) Local (exterior) Penetration Shield - - Each penetration is surrounded

as it emerges from the bulk shield by an appropriate local shield.

This shield must suffice to reduce the radiation level at the TF

coils and at all other auxiliary systems located in the reactor

building to a permissible level.

Each of these shielding approaches has its own merits and disadvantages.

The movable shield plug is the easiest to define in terms of nuclear require-

ments, since it needs to have the same dimensions as the penetration itself

and it can be of a composition similar to that of the blanket-bulk shield.

The most important advantage of the movable shield plug is that, in contrast

to all other approaches, it completely eliminates the penetration effects

and restores the effectiveness of the bulk shield. It also requires the

smallest inventory of shielding materials of the four options. Whether a

movable shield plug is less costly and is more favorable than the other

shielding schemes has yet to be determined from detailed studies including

engineering and reliability considerations. A movable shield plug weighs

several thousands of kilograms for the size of penetration discussed in

this work. It also requires incorporating mechanical and electrical compo-

nents as well as automatic concrol systew, all of which must have high quality

performance. Moreover, failure of these components has to be anticipated

and Che consequences must be assessed and factored into the design. There

is a finite probability that the movable shield plug will fail to close the

penetration before initiation of the plasma burn. In such situations, a

significant number of neutrons and photons would stream through the penetration.
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Repair of a major failure in the shield plug, would have to be made remotely

and would involve a down Cine- period for the reactor. However, in view

of many disadvantages associated with other shielding schemes, a oovable

shield plug has to be considered as a serious candidate for penetration

shielding. A movable shield plug should be considered only, of course,

for penetrations whose functional requirement*;- permit that they can always

be cloyed during the entire duration of the plasma burn, i.e. at all tines

when the fusion probability is greater than zero. This insnediately elimi-

nates, for example, a movable shield plug as a viable approach for neutral

beam duett in beam-driven devices and for divertors.

This study does not find the movable shield plug to be a viable approach

for the neutral beam discts for several reasons. One specific reason for

near-term devices up to and including the tokamak KPR is thai these nachines

may have to be operated in a beam-driven node, either tv offset subignition

confinement or to prolong burn pulses. In this case, the beans duct cannot

be closed during the time of plasma bunt. Tor future tokamnks beyond EPR's

the movable shield plug does not appear atractive for the neutral bean ducts

for reasons that include the following:

(1) During the plasma heating phase, the neutral bean; is injected for

a finite period of time and the fusion power increases steadily.

Tile total energy of the neutrons emitted during the beam injection

phase depends on the characteristics of the design but it is

generally significant. Thus radiation streaming during the plasna

heating phase when the shield plug cannot be used is very likely

to be intolerable. The sane problem arises when the beam is used

to extend the burn pulse.

(2) The neutral beam ducts have to provide a straight-through path

from the neutralizer to the plasma chamber. Titus, the mechanical

movements of the shield plug to close the neutral beam duct will

involve rotational as well as displacement movements. This will

involve time delay in closing the beam duct with the plasma alreadv

in the ignition phase. Moreover, complicated patterns of move-

ments for placing the shield plug inside the beam duct will magnify

the risk of failure that will always be associated with periodic

mechanical movements of massive weights on a short time scale.
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"Hit' second approach for penetration shieliiinj* is local .shield':1.)*, of

component:-; that arc affected by radiation. This approach can be easily re-

1 t-i:Cr.-*l as the primary approach on the ground of the larp.e volumes of reactor

components that have to he shielded; it is, however, a useful supplemental

shielding nethod lor some small-size equipment tnat is overly .sensitive to

mil-1 ear radiation.

Simple extension of the bulk shield is not an efficient technique for

reducing radiation levels. As shown in the previous section, increasing the

tiiickness of the. bulk shield by 0.40 tn reduces the high level of rcidi.ition

.streaming by only a factor of 3. Of course, in principle the bulk shield

can be extended nuc'n further, into the spaces between TK coils ;tn-j out be-

yond these coils if necessary, to protect tiu: raajjiu't and other auxiliary

systems. Unfortunately, the volumes of materials involved in this approach

are so large that the cost is very high.

The local penetratios shield approach takes full advantage of the: spec ific

shape-.; of penetrations, and of the fact that the penetrations r»iy be located

relatively long disr..-ices apart. In this approach, each penetration is

surrounded as i * emerges fron the bulk siiield by local .sb.ieiding. Tta- shapes

and compositions of the local shields can be carefully adjusted so as to

conserve space and mininlze cost. With this local penetration shield approach,

the- dimensions of the bulk shield, for a given tutorial composition, should be

H O greator than the minimum required for the protection of the TK coils in

regions far away from the penetrations (i.e. in the complete, absence of any

penetration effects). The local penetration shield approach requires ex-

tensive nuclear analysis to determine the appropriate, material composition and

the optimum geometrical shape far each particular type of penytration. In

this study, a modest attempt is raade to examine the Kfoss features of a local

penetration shield.

Because of constraints on available space for local penetration shields

it is important to find an effective shield material vhich is not. unduly ex-

pensive. Such a composition was found in references 2 and 5 for typical

fusion reactor spectra to be a mixture of stainless steel and boron carbide.

Design sec D in Table G-5 allows for ;i penetration shield whose composition
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TABU; <;-5 Total Neutron fluxes Nqnaalized to a
Neutron Wall Loading of M W / y at;, Kfty
Locations for Designs in Design Sec 0

Casv No.

Code No,

Composition of
Bulk Shield

MC215

Cl

10

MC51

Cl

11

HC52

Cl

Thickness of
Bulk Shield 131 cro 131 cm 111 cm

Diameter of
Penetration Duct 85 cm 85 cm 85 cm

Orientation of
Penetration perpendicular perpendicular perpendicular

Penetration Shield

Composition

Dimensions of
Penetration

(if any)

Shield

5O/;SS+5OZB,C

t
2 ° t i = : 3 O c a

•C +£2=119cm

SS

t2"t

l.+t

«30ca

2-119ciB

B 4 C

t 2 " C l

i.+l2

-30 cm

-119cm

Suaber of His tor ies

*18

; 2 8

*29

; 2 i

:t22

*23

*2A

«25

Neutron Leakage
per DT neutron

30,000

9.69(10)
(r.20Z)

6.04(10)
U232)

9.97(9)
(*18%)

7.37(9)
(±22%)

1.68(14)
(±37.)

3.37(13)
<i52)

1.53(14)
(±32)
2.88(13)
(±52)

1.67(13)
(±7%)

4.04(-3)
(±7%)

10,000

1.93(12)
(±132)

1.27(12)
(±232)

1.78(11)
(il^)

1.14(11)
(±212)

1.72(14)
(±4%)

4.53(13)
<±8X)

1.56(14)
(±62)

-

2.25(13)
(±112)

1.10(-2)
(±82)

10,000

7.08(11)
(±192)

3.30(11)
(±202)

1.67(10)
(±25%)

1.67(10)
(±272)

1.55(14)
(±4%)
2.32(13)
(±82)

1.39(14)
(±42)

-

1.17(13)
(±172)

4.44(-3)
(±122)
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is 50% SS + 50% Bj+C in case 9, all stainless steel in case 10, and all B4C

in case 11. The geometry of the system is as shown in Figure C--2, with the

inner radius of the TF coils as 4.30 m. The penetration shield is 0.30 m

thick and extends from the bulk shield to the end cap. The results in

Table G-5 show that the B^C penetration shield is more effective than the

SS penetration shield in reducing neutron fluxes at the TF coils. The reason

is that the B4C absorbs a larger fraction of the low ensrgy neutrons. Boron

carbide, on the other hand, is much less effective than SS in slowing down

the high energy neutrons. Therefore, the 50% SS + 50% B^C penetration shield

in csse 9 gives much better overall attenuation than we find in cases 10

and 11. Comparing cases 9 and 11 shows that the 50% SS + 50% Bi,C penetration

shield lowers the radiation level at the TF coils and other components on

the side of the shield by about a factor of 7 compared with the all-B^C

penetration shield. However, the radiation level in both cases is essentially

the same at the open ends. The problem is just that - open ends. Some neu-

trons, travelling in thr void duct, strike the penetration shield adjacent

to the side of the duct, but others do not; many neutrons scatter from the

side penetration shield into the duct wheie they can travel for a long path

before they can make another collision on the side shield. Thus, the attenua-

tion of neutron fluxes outward in the void duct will tend to be weak. This

effect, as will be seen shortly, persists regardless of the thickness of the

penetration shield. The attenuation of the neutron fluxes along the duct

could perhaps be affected significantly by a perfect absorber penetration

shield. Such an absorbei-, which would also effectively attenuate, neutrons

of all energies traveling in the direction of the TF coils, does not exist.

However, the possibility of optimizing the composition and material disposition

of the penetration shield needs to be examined thoroughly in future studies.

Comparing case 9 in Table G-5 with case 4 in Table G—3 shows that the

use of a 0.30 m thick penetration shield results in a factor of 40 reduction

in the neutron fluxes at the TF coils. However, Ai. reference to case 1 in

Table G-2, the penetration shield needs substantial improvement to provide

an additional four orders »>f magnitude in attenuation in order to completely

eliminate the penetration effects at the TF coils. Design set E in Table G-6

examines the effects of the penetration shield thickness and length. In

cases 12, 13 and 14, only the first 15 cm of the magnet depth are included
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TABLE G-6 Totrl Neutron Fluxes Normalized to a
Neutron Wall Loading of !MW/in': at Kev
Locations for Designs in Design Set E

Case No.

Code No,.

Composition of
Bulk Snield

12

201

Cl

13

202

Cl

14

212

Cl

9

215

Cl

Thickness of
Bulk Shield

diameter of
Penetration Duct

Orientation of
Penetration

Penetration Shield
Composition (if any)

131 cm

85 cm

Perpendicular

131 cm

85 cm

Perpendicular

50% SS + 50% B4C

131 cm

85 cm

Perpendicular

131 C3D

85 cm

Perpsndicular

Dimensions of
Penetration Shield

Number of Histories

*18

•19

*28

*29

*22

*23

*24

*25

Neutron Leakage
per DT neutron

t =30cm

Z. =550131

C2^2=°

20,000

2.17(11)
(±21%)

2.13(11)
(±23%)

2.1.1 (10)
(±26%)

1.06(10)
(±34%)

1.58(14)
(±4%)

2.46(13)
(±5%)

1.44(14)

2.02(13)
(±6%)

1.23(13)
(±10%)

9.60(-3)
(±6%)

t =75cm

^ =55cm

VV°
30,000

1.31(11)
(±12%)

1.80(11)
(±16%)

4.84(8)
(±41%)

3.14(8)
(±42%)

1.52(14)
(±3%)

2.48(13)
(±5%)

1.38(14)
(±3%)

2.09(13)
(±5%)

1.14(13)
(±8%)

9.18(-3)
(±6%)

t =75cm

^=5900

t9=34,£?=15cm

30,000

1.32(9)
(±79%)

1.08(9)
(±85%)

2.44(6)
(±100%)

*

1.58(14)
(±2%)

2.91(13)
(±5%)

1.41(14)
(±3%)

2.36(13)
(±5%)

1.28(13)
(±7%)

8.80(-3)
(±5%)

t =t =30cm

£1+-£2=119cm

30,000

9.69(10)
(±20%)

6.04(10)
(±23%)

9.97(9)
(±18%)

7.37(9)
(±22%)

1.68(14)
(±3%)

3.37(13)
(±5%)

1.53(14)
(±3%)

2.88(13)
(±5%)

1.67(13)
(±7%)

4.04(-3)
(±7%)

NS = no score = No neutrons reached this region in the histories run.
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in the calculation in order to eliminate the computer time consumed in tracking

particles traveling inside the TF coils (i.e. in region 49 in Figure C-2).

Case 9 of Table C-5 is also shown in Table C-6 for comparison purposes. All

penetration shields in cases 12, 13, 14 and 9 have a 50% SS + 50% Bi,C compo-

sition. The penetration shield in case 12 is 0.30 m thick and covers only

0.55 m of the duct length external to the bulk shield. 'Hie penetration shield

in case 13 has the same length as that of case 12 but is 0.75 m thick. The

penetration shieid in case 14 is 0.75 in thick in the region between the bulk

shield and inner surface of the magnet then narrows down to fully occupy the

0.34 m thick region between the TF coils. Kote that a cylindrical penetration

shield region that is 0.75 m thick and has a length of 0.59 m (tj = r2 - ri =

4.30 - 3.71 = 0.59 m where *2 ^s the inner radius of the magnet and rj the outer

radius or the bulk shield.) interfaces with the TF coils (this can be viewed

in an x-y view of Figure G-2). Regions of interface were excluded from the

penetration shield.

Results for cases 12 and 9 in Table G-6 show that removing the portion

of the penetration shield between the TF coils increases the neutron fluxes

at the TF coil by a factor > 2. Increasing the thickness of the penetration

shield to 0.75 m without shielding the penetration segment which lies between

the TF coils is an inefficient approach, as can be seen on comparing the

TF coil fluxes for cases 13 and 9. The results in Table G-6 show that in-

s-Teasing the thickness of the penetration shieid from 0.30 m in case 9 to

0.75 HI in case 14 (with the penetration covered from the outer surface of

the bulk shield to in between the TF coils) reduces the neutron fluxes at

che magnets bj a factor of ^ 70. There is an important difference between

the penetratic • shields in cases 9 and 14 beside the different thickness.

In case 9 the penetration shield covers the penetration fully, i.e. it ex-

tends to the end ^ap. In case 14, however, the penetration shield covers

only those portions of the penetration which lie between the bulk shield

and the TF coils, and extends in between the TF coils for only 0.15 m.

Thus, the portion of the TF coils (0.15 m depth) included in the calculation

is protected from direct line-of-sight exposure of any region inside the

penetration duct (note that a vacuum boundary condition is applied at the

G-2 4



outermost surfaces) in both cases. However, in case 14 the portion of the

duct beyond the TF coils is left bare. This causes the neutron leakage in

case 14 to be about twice that in case 9. A comparison of the neutron fluxes

in Zone 25, $2 5' a n^ the neutron leakage for cases 9 and 14 reaffirms an

important conclusion obtained earlier in this section. Regardless of how

thick the penetration shield is made to be, extending the penetration shield

to surround the portions of the void duct beyond the TF coils is necessary

in order to protect auxiliary systems and equipment located external to the

IT coils.

On comparing the results for cases 14 and 1 one sees that the attenuation

obtainable with thick penetration shield in case 14 (0.75 in thick and tapered

off to 0.34 m in between the TF coils) needs to be improved by an additional

two orders of magnitudes in order to completely eliminate the penetration

effects at the TF coils. The inadequacy of this relatively thick penetration

shield may be surprising at first glance, but should seem more plausible when

the characteristics of the problem at hand are examined more closely. The

neutron flux at the first wall, in the problems examined so far, is ^ 7.6 x lO1^

n/cm2, sec. The results for case 1 (see Table G-2) shows that the 1.31 m

thick bulk shield provides an overall attenuation in the neutron fluxes of

^ 10s. The results of case 4 (see Table G-4) shows that the 0.85 m diameter

duct allows "" 0.02 of the neutrons to stream out. Thus, to completely re-

store the effectiveness of the shield system, the penetration shield is re-

quired to provide 106 attenuation. Previous results ' show that in typical

fusion spectra the 50% SS + 50% Bi,C mixture provides a factor of 10 attenuation

for about every 17 cm. Thus, the penetration shield needs to be, very quali-

tatively, greater than 1 m thick. Comparing <J>ig f°r cases 14 and 4 shows

that the 0.75 m thick penetration shield provides an attenuation of i 4 x 10^,

which is consistent with the expected attenuation if the fact that a portion

of the penetration shield in case 14 is only 0.34 m is accounted for. Comparing

the results of case 1.4 in Table G-6 with Case 3 in Table G-2 shows :hat it ,

the magnet protection criteria are satisfied by the attenuation provided by

the 0.91 m thick blanket-bulk shield in the absence of penetrations, then

the penetration shield specified in case 14 is adequate to eliminate the

penetration effects at the TF coils. Thus, the size of the penetration

shield, as expected, depends strongly on the tolerable radiation level at

the TF coils.
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In cases 1 to 14 the width of the repeating segment, W , which is the

distance along the Z-axis between the two symmetry planes shown in Figure G-2

was taken as 2.45 m. The inner radius of the magnet, r , was taken in these

cases to be 4.30 m. If the outer minor radius of the bulk shield is r^,

then the radial clearance, A , between the bulk shield and the toroidal
sm

field coils is given as A = r - r . Obviously, the penetration effects
sin TTI o J ' r

and the design of the penetration shield should depend on W and A in addi-

tion to the dependence on other parameters discussed earlier in this section

and the previous section. The value of W depends on the major radius, the

spacing between each pair of TF coils, and the coil width in the vicinity of

penetration. For a given r , the value of A depends on the actual shape

of the toroidal-field coils, and on the location of the penetration. For

a D-shaped TF coil, A is larger on the top and bottom of the torus than on
sm

the outside at midplane. Conversely, W is smaller on the 'op and bottom

of the torus than on the outside at midplane. This introduces a basic

difference between the geometric representation of the evacuation ducts and

that of the neutral bea:n ducts, in addition to the difference in orientation

of the ducts. It will be recalled that the axis cf the evacuation duct is

perpendicular to the magnetic axis, while the neutral duct axis is almost

tangential to the magnetic axis. In the following, the differences in the

neutronics effects of the two types of penetrations are examined.

In the EPR design given in Reference 1, and used for guidance in geometric

representation of this penetration scoping study, each TF coil has a D-shaped

vertical cross section with a horizontal bore of 7.7 m and a vertical bore

of 11 m. Thus, for the evacuation ducts located at the top and bottom
of the torus, W = 2.45 m and A = 1.79 m. Design set F in Table G-7

s sm

includes three cases; 15, 16 and 17 for the evacuation ducts. Case 15 is

for unshielded evacuation duct. It should be noted that case 15 is similar

to case 4 in Table G-3 except that A is 0.59 m in case 4 and 1.79 m in
r sm

case 15. Comparing the results for these two cases shows that extending

the vertical bore of the TF coils actually increases the neutron fluxes at

the coiis while the neutron leakage remains approximately the same. Case 16

in Table G-7 incorporates a penetration shield that is 0.75 m thick and ex-

tends 0.60 m beyond the outer surface of the bulk shield. Thus case 16 is
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TABLE (>-7 Total Neutron Fluxes Normalized to a
•N'eutron Wall S-oadina of lMW/ia2 at Kev
Locations for Designs in Design Spt F

Cast No.

Code .No.
Composition of

Uulk Shield

15

401

Cl.

16

405

Cl

17

406

Cl

Thickness of
Bulk Shield

Diameter of
Penetration Duct

Orientation oi
i'enfetration

131 cm

85 cm

131 cm

85 cm

131 cm

85 cm

perpendiculai perpendicular perpendicular

Penetration Shield
Composition (if" any)

Penetration Shield

none 5G%SS+5O%B,C 50%SS+50%B.C
4 4

•^=60 cm

t.=75 cm

I =10Gcm

t =75 cai

'29

•21

6.12(11)
(±6%)

1.55(14)
(±3%)

Number of His tor ies

*18

*I9

«28

20,000

4.87(12)

3,61(12)
(ilOZ)

9.44(11)
(±7%)

20,000

1.79(12)
(±11%)

1.31(12)
(±15%)

2.60(11)
(±9%)

20,000

8,93(11)
(±9%)

5.61(11)
(=12%)

1.13(11)
(±10%)

1.44(11)
(±9%)

1.60(14)
(±4%)

1.58(13)
(±7%)

1.62(13)
(±7%)

6. £6(10)
(±11%)

1.51(14)
(±4%)

1.90(13)
(±7%)

*23

*24

*25

Neutron Leakage
per DT neutron

1.34(14)
(±3%)

1.12(13)
(±6%)

6.69(12)
(±142)

1.99(-2)
(±5%)

1.43(14)
(±4%)

1.23(13)
(±7%)

5.47(12)
(±12%)

8.94(-3)
(±7%)

1.32(14)
(±4%)

1.48(13)
(±730

6.02(12)
(±13%)

7.05(-3)
(±8%)
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essentially the same as case 13 except that A is 1.79 in in case 16 and

0.59 m in case 13. Agaiu, a larger number of neutrons can reach the TF

coils when the magnet vertical bore is increased if the penetration shield

is not extended,to reach in between the coils. Case 17 in Table G—7 is the

same as case 16, except that the penetration shield length is increased

from 0.60 m in case 16 to 1.0 m in ease 17. This increase of 0.A0 m in

the penetration shield length reduces the neutron fluxes at the TF coils

by only a factor of 2. Although the volume of the penetration shield

in case 17 is more fcnan 60% larger than that in case 14, the radiation level

at the TF coils in case 17 is about a factor of 670 greater than that in

case 14. This again is due to the fact that a portion of the evacuation

duct near and in between the TF coils is left "bare" in case. 17. A signifi-

cant conclusion to be drawn, therefore, is that, for all practical purposes,

increasing the bore of the TF coils cannot eliminate the need for effective

shielding surrounding the evacuation duct in the regions where it passes

between the TF coils. This is unfortunate since to make room for such

shielding, it is necessary that the clearance space beteeen a pair of TF

coils be > d + 2t , where d is the duct diameter and t is the thickness
- ps' ps

of the penetration shield. To satisfy this requirement for a given major

radius, d, t , and TF coil width, the number of TF coils has to be reduced.

The resulting increase in the magnetic field ripple then leads to enhancement

of particle diffusion from the plasma. To avoid this situation, it seems that

the vertical bore of the TF coils has to be increased, and the increase should

be utilized in a different approach. If the increase in the magnet vertical

bore is such that A is significantly larger than d + t then the evacua-

tion duct can be bent as it emerges from the bulk shield. Thus, the vacuum

pumps can be moved so that they will no longer be visible to neutrons in the

primary portion of the evacuation ducts, and at the same time both branches

of the duct can be completely surrounded on all sides with penetration shield

in order to protect the TF coils. -

Cases 18 through 21 in Table G-8 examine some of the neutronics aspects

of the neutral beam ducts with the geometric representation shown .in Figure

G-3 and discussed earlier in Section 2 of this appendix. The width of the

repeating segment, W , in all these cases is 3.90 m, which leaves 3.0 m
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TABLE G-8 Total Neutron Fluxes normalized to a
Neutral Wall Loading of IMJ/m2 at Key
Locations for Designs in Design Set G.

Case No.

Code No.

Composition of
Bulk Shield

Thickness of
Bulk Shield

Ldameter of
Penetration Duct

Orientation of
Penetration

Penetration Shield
Composition (if any)

Dimensions of
Penetration Shield

Number of Histories

•l8

*19

*28

*29

*25

Neutron Leakage
per DT neutron

18

501

Cl

131 cm

S5 cm

9=0
0

none

—

20,000

7.54(11)
(±11%)

5.97(11)
(±12%)

1.18(11)
(±13%)

7.30(10)
(±17%)

1.45(13)
(±12%)

1.45(-2)
(±6%)

19

502

Cl

131 cm

85 cm

eb=35°

none

—

20,000

9.62(11)
(±12%)

5.83(11)
(±16%)

1.13(11)
(±17%)

7.78(10)
(±18%)

8.21(12)
(±20%)

9.45(-3)
(±6%)

20

504

Cl

131 cm

85 cm

6, =35°
b

50%SS+50%B4C

Thickness =
50 cm

40,000

1.69(9)
(±62%)

2.06(9)
(±6 72)

2.20(9)
(±59%)

9.2(7)
(±75%)

9.19(12)
(±11%)

3.92(-3)
(±6%)

21

505

Cl

131 cm

85 cm

e =35°
D

50%SS+50%B.C
4

Thickness =
70 cm

40,000

1.35(8)
(±68%)

3.41(8)
(±65%)

6.11(7)
(±64%)

3.43(7)
(±79%)

9.92(12)
(±950

4.00(-3)
(±6%)
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clearance between each pair of TF coils. The inner radius of the magnet, r ,

is 4.30 m in all cases. Cases 18 and 19 incorporate no penetration shield.

In cases 19, 20 and 21 the axis of the beam duct makes a 55° angle with the

toroidal magnetic axis, i.e. 9, = 35° (see Figure G-3). For comparison, the
b

axis of the beam duct in case 18 has a 6, = 0°, i.e. this duct is perpendicular

to the toroidal magnetic axis. Thus, case 18 is similar to case 4 except that

W is 3.90 m in case 18 and 2.45 m in case 4. When the neutron fluxes in
s

both cases are normalized to the same neutron wall loading, the results for

the two cases provide a useful comparison between the effects of a penetration

located at the top (or the bottom) of the torus and another that is located

on the outside centered around the midpiane. The neutron flux at the end cap,

<{>2 5, is approximately the same in both cases (the difference is within the

statistical uncer inty in the Monte Carlo calculations). Since the pene-

tration size is the same in the two cases but W is substantially different,

it can be concluded that the neutron flux inside the void penetration is

fairly independent of the ratio of the void penetration volume to that of the

blanket-bulk shield. The dependence on the penetration size was shown earlier

in Section 3 to be very strong. Comparing 4>i8> $19» $28» a n^ $2? r o r cases

4 and 18, one finds that the radiation level at the TF coils in case 18 is

about a factor of 5 smaller than that in case 4. This means simply that in-

creasing the clearance between the TF coils reduces the number of neutrons

streaming into the TF coils. Thus, increasing the clearance between the TF

coils should lead to an increase in the neutron leakage. When the neutron

leakage per DT neutron is renormalized so that the DT neutron current at the

first wall is the same in cases 4 and 18, the neutron leakage in case 18 is

found to be indeed 30% higher than that in case 4.
With 6, = 0° in case 18 and 9, = 35° in case 19, the results for the

b b

two cases should provide an indication of the sensitivity of the neutronics

effects of the beam duct to the orientation of the beam duct axis with re-

spect to the magnetic axis. The differences in the neutron fluxes for the

two cases as shown in Table G-8 are found to be near the limits of the

statistical uncertainty. Additional computation to reduce the statistical

error was found unwarranted as these results already indicate that the neu-

tronics effects of the beam ducts are not overly sensitive to the orientation

of the beam axis with respect to the magnetic axis. There are many compen-

sating and counteracting effects that tend to reduce the dependence on 9 .
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A penetration shield of 50% SS + 50% B^C surrounds the beam duct in both

cases 20 and 21 and extends from the outer bulk-shield boundary to the end

cap. The beam duct shield is 0.50 m thick in case 20 and is 0.70 m thick in

case 21. The. 0.50 m-thick beam duct shield provides a factor of ̂  570 reduction

in the maximum neutron flux, <j>ig, at the TF coils. The 0.70 m thick beam duct

shield reduces <j>18 by a factor of 12 relative to that with the 0.50 m thick

shield. Comparing the results for case 21 with those for case 1 shows that

the 0.70 m thick beam duct shield needs to be improved further in attenuation

effectiveness by about a factor of 13 in order to reduce the maximum neutron

flux at the TF coil to that in the absence of the beam duct. On the other

hand, if the radiation level at the TF coils obtainable in case 2 is acceptable,

then the 0..70 m thick beam duct shield is sufficient to protect the super-

conducting coils against radiation streaming caused by the neutral beam ducts.

Note, however, that the neutron fluxes at the end cap and the neutron leakage

obtainable with the 0.70 m thick beam duct shield are still very high.

Effects of penetrations on the blanket-bulk shield regions in the

vicinity of penetrations were found to be very significant as discussed in

detail in Chapter IX. The radiation damage indicators and energy deposition

in the walls of the penetration were also examined in Chapter IX.
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APPENDIX H

FIRST WALL STRESS ANALYSIS

The structural design and analysis of the EPR first wall is based

on two general guidelines — (1) "minimum mass" design within the con-

straints of the required geometric configuration and the applied mech-

anical and thermal loads; and (2) maximum first wall lifetime for the

prescribed cyclic thermal loading and irradiation-induced changes of

material properties.

Minimum mass design is analogous to minimum weight design in the

aerospace industry, where the payoff is in reduction of propulsion plant

requirements. For the EPR, decreasing the mass of the first wall structure

reduces the radiation it absorbs, which is accompanied by a reduction of

temperature gradients, thermal lag between parts of the structure during

thermal cycling, and thermal stresses. Consequently, the size and complexity

of the coolant system required for the first wall can be reduced. Moreover,

because the structural functions of the first wall require that its maximum

allowable temperature be less than that for the blanket, heat removed from

the first wall is less useful from consideration of power plant economics-

Decreasing the me.ss of che first wall also reduces its volume, leaving more

room for the blanket and shield within the toroidal field coils. However,

minimum mass design also involves trade-offs with fabrication and analysis

costs, since it is likely to involve more complex structural configurations

and increased hazard of buckling instability.

A number of types of structural failure must be considered in assuring

an adequate lifetime for a first-wall structure. Plastic strains resulting

from a combination of sustained and cyclic mechanical loads can result in

immediate stress failure or low cycle fatigue failure. A sustained mechani-

cal load accompanied by cyclic thermal strains can result in thermal ratcheting,

which leads to plastic instability failure or low cycle fatigue failure. High

temperature operation under sustained loads can cause creep deformation, re-

sulting in loss of structural function or creep failure. High cycle fatigue

failure may result from low amplitude, high frequency strain variations

accompanying thermal cycling. Atmospheric pressure acting on the evacuated

first wall structure may cause short-time mechanical buckling or, at elevated
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temperatures, creep buckling. The long tern, failure mechanisms are in-

fluenced by the effects of strain history and irradiation and thermal

environment on material properties. A suitable choice of design re-

strictions and structural configurations can eliminate some failure

mechanisms from consideration, and others can be designed against by a

proper choice of structural dimensions and configurations and coolant

system specifications.

The general considerations discussed above contribute to a number of

decisions and restrictions for the first wall structural design. In

addition, design decisions for other EPR components also affect the first

wall structural configuration. Analyses providing quantitative information

on the sensitivity of stress levels to structural configurations and

dimensions are summarized in subsequent sections of this appendix. Some

general conclusions and design decisions pertaining to or following from

stress analysis of the EPR first wall are:

The first wall should not be supported directly by the blanket,

since temperature differences between the two structures or

shifting of the massive blanket blocks could result in failure

of the thin-walled vacuum vessel. Support should be provided

by struts or hangers with a minimum of constraint to avoid

excessive stresses from non-uniform thermal expansion of the

vessel and support structure.

A ring-reinforced thin-walled vacuum vessel is preferable to a

thicker uniform-wall shell from minimum mass design considerations

for vessels of EPR size.

Reinforcing rings can be made significantly smaller for a given

stress level if the vessel is supported from the sides rat;her

than from the top or bottom.

• Buckling can be prevented by proper design of the vessel wall

and its reinforcing rings and stringers. However, further

analytical and experimental work is required in this area to

assure a reliable design because of the structural complexity

of the EPR vacuuir vessel. The wall thickness is sized primarily

from buckling considerations; therefore, an improvement in the
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accuracy of the calculation of the buckling load could result in

a reduction in the applied safety factor and a significant de-

crease in first wall mass.

Detachable coolant panels should be located inside the vacuum

vessel on sliding supports to avoid thermal ratcheting failure

and assure a long cyclic fatigue lifetime, the vacuum vessel

supports the atmospheric pressure load and the weight of the

vessel, detachable coolant panels, and its own coolant system.

The detachable coolant panels absorb the brunt of the plasma

thermal cyclic load. Thermal ratcheting is caused by the

superposition of a sustained mechanical load and a cyclic thermal

load which combine to produce plastic strain in the same direction

in each cycle and subsequent failure. The separation of coolant

panels and vacuum vessel prevents thermal ratcheting of either

structure since sustained mechanical loads are not transferred

from the vacuum vessel to the coolant panels through the sliding

supports and cyclic thermal loading of the vacuum vessel is mini-

mized. Sliding supports also reduce the cyclic thermal strain

levels in the detachable coolant panels and thus increase cheir

expected fatigue lifetimes.

The EPR vacuum vessel is composed of truncated circular shell

sections supported by circular rings. The circular cross-

section components are easier to fabricate and analyze than a

true toroidal shell, but the beveled corners at the joints be-

tween shell sections present stress problems which should be

analyzed in detail.

The EPR vacuum vessel and its support structure are designed to

equilibrate all mechanical loads by elastic stresses to avoid

any failure mechanisms involving plastic strain. Some plastic

deformation of the coolant panels from thermal loads will be

permitted since they perform no structural function.
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• The maximum allowable operating temperature for the first wall

structural material (Type 316 stainless steel) is set at 500°C

to avoid thermal creep problems.

• The allowable design stress for structural components analyzed

in subsequent sections of this appendix is set at two-thirds of

the yield stress to allow a margin in the elastic range to cover

stress concentrations and design features not included in the

initial analyses. It is customary to set allowable stress limits
2

of a < — 0 and a + a. < a , where a , o,, and a are primary
m 3 y m b y m b' y v J

membrane stress, primary bending stress, and yield stress, re-

spectively; this assumes plastic shakedown of secondary stresses

will occur in the first few load cycles in regions of stress

concentration, so that subsequent cycles are elastic. However,

the EPR first wall is subjected to cyclic variations from both

the burn cycle and the reactor start-up shut-down procedure. The

more conservative design assumption of a + a < — a is used here
m b 3 y

to lessen the likelihood of low-cycle fatigue failure aggravated

by the severe thermal and radiation environment. It also pro-

vides a design margin to allow for features not covered in the

analyses described in this appendix and to allow for some of

the approximating assumptions used here. As more detailed analyses

are performed, it will be possible to reduce some of the con-

servatism in the specification of design stress.

In the sections that follow, 9 is the angular coordinate measured

around the circumference of the vessel cross-section and x is the axial
. , 0 . , o
OBI Ob xm

and a denote membrane and bending stresses in the circumferential and

axial directions. Membrane stresses are uniform across the wall thickness;

bending stresses vary linearly across the thickness, being equal and

opposite on the inner and outer surfaces. The upper and lower signs in

expressions of the form a = ± f denote stress values on the outer and

inner surfaces of the shell wall, respectively. Table H-l gives values

of frequently used parameters.



Table H-l. First Wall Structural Parameters

K , major radius of toroidal shell

R, radius of first wall cross section

E, elastic modulus

v, Poisson's ratio

E = E/(l-v2)
° ro ,. 2. ,-1/4v = [3 (1-v )]

a, coefficient of thermal expansion

a , yield stress

a , allowable stress
Q.

y, specific weight

6.25 m

2.40 m

22.6 x 10 6 psi

0.3

25 x 10 6 psi

0.778

1.03 x 10~5/°F

17,000 psi

10,000 psi

0.28 lbs/in.3

The toroidal vacuum vessel is approximated by a straight circular

cylindrical shell in many of the following analyses. Implications of

this approximation for various loading conditions have been discussed

elsewhere.

1. Effect of Constraints on First Wall Thermal Stresses

Stresses in the vacuum vessel resulting from the temperature difference

between it and its support structure will be discussed here, and those

resulting from the weight of the vessel ano atmospheric pressure will be

included in later sections.

Let the toroidal vacuum vessel be approximated by a straight circular

cylindrical shell having the same cross section and having a uniform wall

thickness. Assume the shell is connected at N equally spaced locations around

its circumference to supporting structure which is at a different average

temperature. Then, making use of results in Reference 3, the stresses in

the shell at the supports are given by

°0m

°9b =

E ah2

o
6R2

E ah
r oDO '

AT

T̂ i

f(B)

:(S)

cos 8,

(sinB
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where

3 = ir/N,

f(B) = 3 sin3|[(l-+ h
R 2 )3(3 + sing cosS) - 2 sin

2g], (H-2)

and AT is the average temperature of the vessel minus the average temperature

of its supports. As the supports become continuous around the circumference

of the shell, i.e., as N -*• <»,

CT •+ E aAT,
em ° (H-3)

°eb * °'

independently of the wall thickness.

Figure H-l shows an /AT, a., /AT, and their sum as functions of number

dm VD

of support locations, N, for a wall thickness, h, of 2 cm. Continuous curves

are shown, but only integer values of N are physically realistic. As the

number of supports become large, oQ/AT becomes approximately 250 psi/°F, i.e.,

a 100°F temperature difference between the vacuum vessel and its support

structure would produce a stress of about 25,000 psi, not including the

stress due to vessel weight and atmospheric pressure. Therefore, supporting

the first wall continuously by the blanket would present significant design

problems in controlling the temperatures of first wall, blanket, and vacuum

and beam ducts to avoid excessive thermal stresses in the thin-walled vacuum

vessel. For simple hanger supports, i.e., N = 1, the thermal stresses due

to support constraints vanish.

Consequently, the support system for the first wall should constrain

the vacuum vessel as little as possible to avoid excessive thermal stresses

during reactor start-up and operation.

The temperature drop 6T through the first wall produces a bending

stress given by

°eb = ~+ 2(fey 6T <H-4)

so that varying the wall thickness affects this stress component only in-

sofar as it affects the temperature drop.
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2. Stress in Uniform-Thickness Wall

The feasibility of using a uniform-thickness vacuum vassel to sustain

the atmospheric, gravitational, and thermal loadings is investigated in

this section.

a. Solid Wall

For uniform external pressure p, the circumferential and axial mem-
4

brane stresses in a toroidal shell with circular cross sections are

(2R o +Rsin6)
a = — •*•— —.
9m 2h (R + R PinO) '

(H-5>
pR

xm 2h

The corresponding stresses in a straight circular cylindrical shell with

the same cross-sectional dimensions and capped ends are

. ..&
xm 2h *

Figure H-2 shows the stresses produced by atmospheric pressure as a function

of angular position for h = 2 cm. Approximating the toroidal shell by a

straight shell is non-conservative at 6 = - 90° and conservative at 8 = + 90°;

the solutions agree at the top and bottom of the shells. Since the maximum

stresses caused by the weight of the shell occur at the top and bottom and

are considerably larger than those produced by atmospheric pressure, the

use of cylindrical shell solutions for the vacuum vessel analysis appears

reasonable. However, the reliability of this procedure requires further
2

investigation.

Consider a shell hung from a rigid beam at the top. The circumferential

bending stress distribution resulting from the weight of the shell is given

°9b = * TT~ [ 1 + \ c o s Q ~ ( i r~e) s i n e ] ' CH"7)

and the sag at the bottom is

LT) = 3 (TT2 - 8) ̂ ~ . (H-8)
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The circumferential membrane stress resulting from the weight is negligible

compared to the bending stress.

In general, the stress distribution in the shell results from support

constraint against thermal expansion, atmospheric pressure, and the shell

weight. The support constraint is zero for this case (N = 1 in Figure H - l ) .

The maximum stress from the other two loadings occurs at the inside surface

at the top of the shell and is found by adding a. from Equation H-6 to ©„,
urn DD

from Equation H-7 for 8 = 0 . The result is shown in Figure H-3 as a function

of wall thickness, along with the sag at the bottom. A wall thickness of

about 6 cm would be required to satisfy the design stress value of 10,000 psi.

A solid wall of this thickness would be difficult to cool evenly.

Supporting the shell at several points around i ts circumference was

studied also. A significant reduction in wall thickness is then theoretically

possible. However, the analysis is quite sensitive to the proper distribution

of the shell weight among the supports, so that design and fabrication diffi-

culties make this support configuration impractical.

b. Sandwich Wall

Another design concept that was investigated was using sandwich wall

construction for the shell. Consider a shell wall of thickness h composed

of two stainless steel cover plates of thickness h connected by a cere

which is k percent stainless steel. Since the core provides Che shear con-

nection between the cover plates, it must be securely attached to them and

strong enough to cause the sandwich wall to bend as a uait. The maximum

bending stress produced by the shell weight occurs at the top and is given by

f2(l-k)h +kh "I

The sag at the bottom is

Figure H-4 shows the maximum stress from the shell weight and atmospheric

pressure as a function of wall thickness for various wall constructions.

For a design stress of 10,000 psi, the savings in mass to absorb radiation
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and require cooling is significant compared no a solid wall, as is shown

in Table K-2.

Table H-2.

Configuration

Solid wall

h = 1 era, k =o
h = 1 cm, k =
o

*
for maximum stress

25%

10%

of

Shell

10,000

Mass

psi.

Comparison

h,cm

6

5

4.25

for Sandwich

Mass

Wall*

per unit axial length
kg/m

7030

3220

2610

The major drawback of the sandwich wall is fabrication; fastening

the cere to the cover plates with sufficient rigidity to prevent crushing

of the cross section in bending would require a difficult and expensive

welding operation. The ring supported uniform shell construction dis-

cussed in the next section is comparable to the sandwich wall construction

in weight and is much easier to fabricate.

3. Stress in Ring-Stiffened Shell

From Figure H-3 it is apparent that the main contribution to the stress

in a uniform-wall shell hung from the top is the distortion of the cross

section caused by the shell weight. Reinforcing rings reduce this dis-

torr.ion and result in thinner wall, lighter weight construction for a

given peak stress. Because of the numerous penetrations of the first

wall for vacuum and injection ports, there are not many locations suit-

able for continuous reinforcing rings. Rings spaced about one meter

apai."'_ and straddling the vacuum ports clear the injection ports and can

provide adequate support tor the vacuum wall and its coolant system.

a. Effect of Ring Weight, Shell Weight, and Pressure Differ-
ential on Ring Dimensions

Consider stainless steel reinforcing rings of width c, depth b, and

spacing L connected by sections of thin-walled, circular cylindrical

shell of radius R and thickness h (see Figure H-5). Assume the rings
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whore u is <iefitu*d in Table- K-l. Tuo tocal ci rcunforcmcial stress is the

sir's of the components givun bv Kquacions li-11, ii-12, ar.ti ii-13; its naxinius

occurs at tiu- inside surface cit t!u- top (•> = 0) . Figura H-5 .shows the three

components and tbt'ir tot;il as .1 function of ring dentil b, i'or L = 1 m,

c = 5 rra, b = 2 cm and parameters given in Table ii-1. (This value of h

is based on the buckling analysis described in this next .section.) For

a design stress of 10,000 psi, Figure Ji-3 indicates that a ring d«ptb

of about 19 cm would be required. If the ring width is increased to

10 an, the required ring depth is reduced to about 15 era.

The average mass of these ring and shell structures per unit axial

length of shell are 3340 kg/m and 3870 kg/m for the 5 cm and 10 cm width

rings, respectively. These contrast with 7030 kg/m for the uniform wall

shell.

The ring dimensions determined above would not be considered un-

reasonable for most structural applications of the size of the first wall

torus; however, for an KPR design, rings of these sizes might be difficult

to cool, interfere with the blanket, or cause assembly problems. Conse-

quently, methods were investigated for reducing the size of the rings

while maintaining a design stress of 10,000 psi and the 1 m ring spacing.
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b. Effect of Support Location on Ring Dimensions

One way by which smaller rings ould be utilized is by moving the

support location away from the top or bottom of the ring. Consider symmetric

supports located at an angle 6 from the top of the ring. The bending

stress in the ring resulting from the weight of the shell which it
. 3

supports is

0 = , 6yhR2 (L-c) K ( Q g) (H-14)
' Ob cb2 ' '

and the bending stress in the ring from its own weight is

(H-15)

In uhe above, K is defined by

K(6,3) = cosB - (TT-6) sing + (— + sinz6) cose + 9 sine, 0 <_ 6 <. P;

K(9,3) = cosS + S sinS + (y + sin2B) cos9 - (ir-C) sin9, 6 <_ 9 <. ir.
(H-16)

Figure H-6 shows K as a function of 9 for several values of S. The maxi-

mum stress occurs where JKl is a maximum: let 9 denote this location
1 ' max

for a given support location. Table H-3 gives 0 and K(9ma^,g) for

various 6.

Table H-3. Maximum Stress Location for Ring-Reinforced
Shell

B

0

22

45

67

90

0

.5°

.5°
0

max

0°

22.5°

90°

67.5°

66,8°,

K(9max'e)

1.50

0.619

-0.308

0.175

113.2° ±0.0917

Figure H-7 shows the maximum circumferential stress in a ring supported

at various locations as a function of ring depth b for a ring width c of

5 cm and a shell thickness h of 2 cm. This maximum stress is the sum of

the bending stresses given by Equations H-14 and H-15, with K being given in

Table H-3, plus the membrane stress resulting from atmospheric pressure
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Kivun by Equation H—13. A significant reduction i;i ring depth is possible

for a given maximum stress if the supports arc moved away from the top of

the ring. This occurs because the ring tends to distort less under a

distributed weight if the supports are moved out. Table H-4 gives ring

(3i:st.-nsions aiid vusscl mass per unit axial length for various sheil con-

structions. For the thinner ring configurations, the rings account for

only about 10"; of the total mass, so further mass reduction would have to

come- primarily from a decrease in the shell wall thickness h; this thick-

ness is determined by buckling considerations, as discussed in Section 4

of this Appendix.

Table li-4. Shell Mass Comparison for Various Vessel Designs*

Configuration
Mass per I'nit Length,

h, cm :: c, cm b, cm kg/ra

Uniform Kail

Ring-Reinforced

Ring-Rein forced

Ring-Re in forced

Ring-Rein forced

Ring-Reinforced

Ring-Reinforced

6

2

2

2

2

2

2

0"

0°

0°

22.5°

45°

67.5°

90"

-

5

10

5

5

5

5

-

19

15

12

8

6

4.5

7030

3340

3870

2930

2690

2580

2490

for maximum stress of 10,000 psi.

c. Tapered Rings

Another technique for reducing the dimensions of a reinforcing ring

is to vary the depth of the ring around its circumference. Since the

stress varies around the circumference of a uniform ring as shown in

Figure H-6, a more uniform stress state would be achieved by reducing

ring dimensions in lightly loaded regions. Because the maximum stress

in a ring supported at the top is at the top, its depth at the sides can

be reduced by about one-third. The rings would then not intrude as far

into the inner blanket region where space is at a premium. A similar re-

duction would not be possible for a ring supported away from the top be-

cause the maximum stress location then moves toward the side of the ring.

A tapered ring would be more expensive to design and fabricate than a uni-

form ring. On the other hand, if the ring is supported at the top it might
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be easier to combine its support structure with the vacuum port .support

-structure and thereby result in less interference with blanket assembly

and disassembly than a ring supported at the sides.

d. Effect of Coolant Panel We inn t on Kin;; Dimensions

In the analyses described in subsections (i.) and (2) above, the weight:

of the coolant panels and other coolant system hardware supported by the

vacuum vessel was not included in sizing the reinforcing rings. Let the

weight of the coolant panels, vacuum vessel coolant channels, and associated

piping, manifolding, and supports be equivalent to an additional thickness

h* of stainless steel shell. The circumferential bending stress in the

ring corresponding to this additional weigiit is

= * fr-rh*R~L K ( 0 , 3 ) , (H-17)
•3b Cb2

where K is again defined by Equation H-16. Figure H-8 shows the maximum stress

in the ring resulting from the weight of the shell (Equation H-14), the weight

of the ring (Equation H-15), the pressure differential across the vacuum wall

(Equation H-13), and the weight of the first wall coolant system (Equation H-17)

for a 5-cm-wide ring supported from the top. Figure H-9 gives the maximum

stress if the supports are moved to a 45° location. For the EPR design,

h* is approximately 2 cm. The design stress of 10,000 psi then corresponds

to ring depths of 26 cm and 11 cm for these support cases. Increasing the

ring widths to 10 cm results in a decrease of required ring depths to 19 cm

and 8 cm for B = 0° and 3 = 45°, respectively.

e. Stress Concentrations

The geometric discontinuity in wall thickness at the junction of ring

and shell results in the portion of shell near the relatively stiffer ring

being more highly stressed then the remainder of the shell. The stress

concentrations caused by the pressure differential across the vacuum vessel

wall and by the average difference between shell temperature and ring

temperature are described here.

The axial bending stress in the shell near the ring resulting from

the external atmospheric pressure p is (H-18)

p2c (b-h) , x .. r , x
* - exp (- ^7-) [cos (

2ph î Rh + be u /Rh \i R̂h"

z « , 3pR p c (b-h) , x .. r , x N - / X . ,
a (x) = +-£- * - exp (- ^7-) [cos ( ) - sin ( )]

H-20



-25

15 20 25

RING DEPTH b, cm
30

Figure H-8. Effect of Coolant Panel Weight on Reinforcing Ring Depth;
Support at Top

H-21



a.

co
cc

-20

-15

-10

- 5

—

&

c
— h

\ \ \\v
\ V

\° ̂
\

= 45°
= 5 cm
= 2 cm
= Im
= 240 cm

1

1

\
—

\ \ h*= 4 cm

\ 3 \ —\2\ \

\ \ \

1
10 15

RING DEPTH b, cm

20

Figure H-9. Effect of Coolant Panel Weight on Reinforcing Ring Depth;
Support at 45°

H-22



The circumferential membrane stress a in the shell at the ring is equal
urn

to the corresponding stress in the ring as given by Equation H-13; it decays

with the same exponential behavior as o , to -pR/h as x increases. Figure
X£>

H-10 shows the stress components a and o. in the shell at the ring as
xb am °

a function of ring depth. For the ring sizes treated here, the discon-

tinuity stresses are less than 2000 psi.
If the ring is at an average temperature T and the shell is at an

average temperature T , the axial bending stress and circumferential mem-
s

brane stress in the shell at the ring are
3u2cb Ea (T ~T )

ISff (o) = ± _ IS- ,
x 2vh /Rh + be

(H-19)
be Ea (T -T )

a (0) = L ^(
2yh /Rh + be

The variation with x is similar to that in Equation H-18. The corresponding

circumferential membrane stress in the ring is

2y >/Rh Ea (T -T )
%m = — I—S- • (H-20)

2yh /Rh + be

The stress components resulting from the temperature difference T -T are

shown in Figure H-ll. For rings of the size considered here, the shell

stresses are approximately 200 psi/°F, so reasonably uniform temperature

distributions must be provided by the structural coolant system to avoid

large localized thermal stresses.

4. Buckling

A detailed buckling analysis of the EPR vacuum vessel composed of

a ring and stringer reinforced polygonal shell of an approximate toroidal

shape would be beyond the scope of the current design effort. Buckling

loads for some simpler idealized structural configurations were determined

to provide a basis for sizing the vacuum wall thickness.

Consider first a uniform-wall shell without reinforcing rings or

stringers. Sobel and Fltigge give buckling pressures for thin-walled

toroidal, shells as a function of the ratios of major to minor radius,

R /R, and minor radius to wall thickness, R/h, Their results are shown
o
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in Figure H-12 as a function of wall thickness for R = 6.25 m and
o

R = 2.4 m. For comparison, the buckling pressure of a long cylindrical

shell of radius R is shown also; it is given by

E h.3
_ ? _ . (H-21)
4R3

The toroidal shell can withstand a considerably higher pressure because

of the double curvature of its wall. The polygonal EPR vessel is com-

posed of truncated sections of cylindrical shells. Although it lacks

the double curvature of the toroidal shell, its beveled joints should

provide a stiffening effect. Consequently, the results for a polygonal

vessel should lie between those for toroidal and cylindrical vessels.

The buckling mode configuration for a toroidal shell are quite complex;

moreover, for EPE. dimensions, Sobel and Fliigge f.how that the buckling

pressures for the three lowest modes almost coincide. In commenting on

these results, Baker, Kovalevsky, and Rish state, "For values of [R /R]

less than 6.3, the buckling pressure should be verified by test." The

ratio R /R for the EPR vessel is 2.6, and the buckling modes corresponding

to its polygonal shape are probably more complex than those for the ideal

toroidal shell.

Figure H-12 also shows buckling pressures for reinforced cylindrical

shells. For short sections of cylinder between rigid reinforcing rings
3

spaced a distance L apart, the buckling pressure is

where

2Eh f q + n h (1 + q ) !

| 12 d-v2> R2 J

q = £ (H-23)

and the node number n is the integer which gives the lowest value for p for

each combination of R, h, and L. The results shown in Figure H-12 are for

L = 1 m and show that the buckling pressure for a ring reinforced cylindrical

shell is much higher than that for an unreinforced cylinder. The EPR rings

are too thin to be considered rigid, but the stringers between the rings

also provide some stiffening for the shell.
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The last curve on Figure H-12 shows buckling pressure for a cylindrical

shell panel between rigid stringers, given by

kE h3

where k = 6.1 for stringers at 30° intervals. The reinforcement again

adds significant buckling resistance to a cylindrical shell. The stiffening

effect of the rings has been neglected here; on the other hand, the stringers

are too thin to be treated as rigid.

Because of the flexibility of the reinforcing members, the buckling

mode for the EPR polygonal shell probably involves combined deformations

of the rings, stringers, and shell wall. A choice of h = 2 cm gives a

large factor of safety over atmospheric pressure for the buckling pressures

shown in Figure H-12 for the two types of shell reinforcement. Even though

these cases both involve elements of non-conservatism, the factor of safety

should be large enough to assure a safe design. Howe.ver, a more detailed

investigation should be performed to verify this and to provide a reliable

basis for reducing the wall thickness.

5. Strain Cycling of Coolant Panels

The coolant panels are subjected to two types of thermal cycling,

the burn cycle of approximately one minute duration and the reactor start-

up/shut-down cycle of widely variable duration. Figure H-13 shows idealized

temperature variations in the hottest EPR coolant panel during a typical

burn cycle of duration At (see Chapter VIII-C); T.(t) is at the interface

with the coating, T (t) is at the outer surface exposed to the coolant,

and

AT(t) = T.(t) - T (t) . (H-25)
1 O

The strain range for the burn cycle depends on the difference between the

maximum and minimum values of AT, and the strain range for the reactor

start-up/shut-down cycle (hereafter referred to as the ON-0FF cycle) is

a function of the average value of AT during the burn cycle. Two support

configurations will be considered here: (a) the panel is constrained

against bending and expansion by supports at a constant temperature T

during the burn cycle (fixed supports); (b) the. panel is constrained

against bending but not expansion (sliding supports). The later support
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configuration is the one chosen for the EPR design since it corresponds

to a significantly longer fatigue lifetime for the coolant panels.

a. Fixed Supports

It is assumed here that no sustained mechanical loads from the weight

of the structure or external pressure are transferred through the supports

to the coolant panels. Such loads could lead to thermal ratcheting, where

the mechanical loads provide a bias so that thermal cycling results in

plastic strain accumulation in one direction and failure. Since the

coolant panels are nearly as stiff as the vacuum wall, it is difficult

to design fixed supports which do not transfer a portion of the mechanical

loads to he panels; consequently, the sliding supports treated later would

be preferable.

For fixed supports and approximately linear temperature variation

through the panel thickness, the strains E. and e at the coating inter-

face and cooled surface, respectively, are

e i ( t ) = " T=7 l Ti ( t ) " Ts ] '
(H-26)

From Figure H-13, the variation of the strain E. at the interface is more

severe than the variation of e .

o

Let c* be the average value of e. during tha burn cycle assuming

no stress relief has occurred previously. Then,

e* = - T^~ l(T.) - T ], (H-27)
1 1-v l avg s

where ,
(Vavg-fe ^tTi(t) dt

(H-28)

% | (T2 + Ti).

The strain range during the burn cycle is

(H-29)
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Take the support temperature T = 450 °F, which is about the average of
s

the coldest and hottest panels. Using temperature values from Figure H-13,

z* = - 0.0032,
1 (H-30)
(e.) = 0.0021

I rng

For the coldest panel, e* would have about the same magnitude but the

opposite sign.

A mean strain alters the number of fatigue cycles to failure for a

given strain range, with a mean tensile strain decreasing the lifetime

and a mean compressive strain increasing it. However, the mean strain

during a burn cycle may not equal the average value E. computed above

because of stress relief during the operating cycle of the reactor, re-

sulting from self-annealing of th^ average thermal stresses at reactor

temperatures. Figure H-14 shows an idealized reactor operating history.

The ON and OFF phases are assumed to be approximately equal in duration

and to be very long compared to the burn cycle duration At. The average

interface strain in the hottest panel as it varies during the operating

cycle is shown in Figure H-14; i.e., during the ON phase (e.) is the

average value over the burn cycle At allowing for stress relief during

the operating cycle, and during the OFF phase (e.) is the strain

allowing for stress relief. It is assumed that the supports and panels

come to a common temperature during the OFF phase, which may be T , room
5

temperature, or somewhere in between. If no stress relief occurs (Case A)

then (e.) = e.* (Equation H-27) during the ON phase and (e.) = e. = 0
X 3V§ X X 3V^ X

during the OFF phase. If only the temperature in the ON phase is high

enough to cause stress relief (Case B), then stress relief will occur

during the first ON phase when the panel is permanently shortened but not

in later ON phases when the strain is zero; since the panel is shortened,

a residual tensile strain occurs in the OFF phases. If the OFF phase

temperature is also high enough to cause stress relief (Case C), then

the average strain decays during each ON and OFF phase. All these

phenomena depend on temperature, material history, radiation history,

and operating cycle variations.

Both strain range and mean strain are important in determining the

number of cycles to failure. Table H-5 lists these quantities for the
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Table H-5. Strain Combinations in Hottest Panel

UJ

Burn Cycle Operating Cycle

Stress Relief Case A B C A B C

Strain Range (e.) (e.) (e.) |e*| I r.* I 2 I e*

Mean Strain e£ 0 Between - -z \ E*| —0
(After

first ON
phase)

Between
0 and

e*
l



hottest panel for both the burn cycle and operating cycle and for each

of the stress relief cases A, B, and C shown in Figure H-14.

Figure VIII-8 shows expected cycles to fatigue failure as a function

of strain range for zero mean strain. This most closely matches Case

C. The expected lifetime is 101* burn cycles or 300 operating cycles,

whichever conies sooner, for the hottest panel with fixed supports. The

coldest panel would have a similar lifetime, and intermediate panels

would survive longer.

b. Sliding Supports

The supports here as assumed to keep the panel flat but not to pre-

vent expansion or transmit: any structural load to the panel.

The strain variations at the interface and cooled surface are

£ i ( t ) = ~ 2 (1-v) A T ( t )'
(H-31)

Eo(t) = + 2 ( ° _ v ) AT(t),

The strains e. and £ have the same magnitude and opposite signs.

Again letting e* be the average value of e. during the burn cycle

for no previous stress relief, then

e* = - " . (AT) , (H-32)

where

(AT) = — /. AT(t) dt.v 'avg At JAt

The strain range during the burn cycle is

" Ui)minUt

- (AT) . ] . (H-34)
mm

= o ,v N t(AT) - (AT) .
2 (l-\>) max m m

For the hottest panel (Figure H-13)

(AT) ^ 100°F
avg

(AT) <\. 180°F (at t2) (H-35)
max

(AT) . -v 60°F (at ti);mm
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for these values

Ei " " ° - 0 0 7 1 ' (H-36)
(e.) = 0.00085

i rag
Table H-5 still pertains, but the values of e* and (e.) are much lower

i i rng
than those for the fixed support configuration.

Again assuming that stress relief case C is appropriate, Figure H-15

shows the expected number of burn cycles to failure as a function of

(AT) - (AT) . and expected number of operating cycles to failure as

a function of (AT) for sliding supports. The fatigue lifetime data

are based on Figure VI1I-8. For the temperature differences given in

Equation H-35, the expected lifetime for coolant panels on sliding supports

is more than 106 burn cycles or 105 operating cycles, whichever comes sooner.
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APPENDIX I

ENRICHMENT OF ISOTOPES OF HYDROGEN
BY CRYOGENIC DISTILLATION

The estimated fuel burnup rate during a typical fueling cycle for

presently-conceived tokamak-type D-T fusion reactors is of the order of

a few percent of the injected species (an equimolar mixture of D and T);

hence, based on economic considerations alone, it is essential that the

spent fuel mixture be recycled. However, the contaminants produced in the

plasma chamber (by sputtering, transmutation, permeation, chemical reac-

tion, etc.) must be removed from the spent fuel mixture before the fuel

can be reinjected. While removal of the high molecular weight contaminant

atoms appears to present no serious problem, the purification of the hydro-

gen isotopes (H2, HD, HT, D2> ^ an<* ^2) into reinjectable forms may prove to

be mere formidable. Not only must the protium atoms be removed from the fuel

"ash", but the tritium and deuterium atom fractions must be properly ad-

justed for both cold fuel and neutral beam reinjection. Of the several

enrichment schemes that are under consideration, isotope separation

by cryogenic distillation seems to be the most premising. An examination

of the composition of the spent gases and the purity and composition of

the injected fuel shows that a relatively complex separation scheme in-

volving upwards of six distillation columns, arranged in cascade, would be

needed. Before a complex enrichment scheme can be adequately analyzed,

the basic computational tools must be developed. The mathematical formu-

lation for the analysis of equilibrium stage distillation processes and the

solution of the resultant equations using the IBM System 370/195 is described

below.

1 Development of the Computer Program

1 2 3
A variety of analytical techniques ' ' have been used in the design

of multi-component distillation columns. While most of these methods are

adequate to fulfill the needs of the chemical process industries, the

exact method of solution by matrix algorithm appears most suitable for isotope

separations. (The inaccuracies inherent in empirical schemes and trial-and-

e.rror solutions make these methods largely incapable of achieving the level of
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accuracy required in isotopic fuels analysis.) Hence, at the outset, it was

decided to proceed with analyses based on an exact method of solution ox

the governing equations, in order to insure that the accuracy of the

analytical results are limited only by the accuracy of the thermodynatnic

and phase equilibrium data.

a. General Considerations

A complex distillation column may Contain many feeds, side streams,

and other special features. The feed compositions may vary widely and

may be introduced at any stage (or plate). Development of the computer

simulation for a single distillation column was based on the general fea-

tures shown in Figure 1-1. Once the basic computer program that contained

the essential characteristics of a single column was developed, other special

features were added by appropriately modifying the mathematical model. Sev-

eral simplifying assumptions, of necessity, were made before the development

of the mathematical mode7. was carried out. The ideal equilibrium stage con-

cept in conjunction with the laws of conservation of mass and energy may

be utilized to describe the functional relations among the various compo-

nents. These assumptions may be stated briefly, as follows:

(1) The pressure drop across the column is negligible so that the

column may be assumed to operate at a constant pressure.

(2) Heat losses are small so that the column may be assumed to be oper-

ated adiabatically.

(3) Molar heats of vaporization of all components are the same so that

constant molar vapor flow may be assumed. (This is not a very

restrictive assumption because the differences among the molar

heats of vaporization of the six isotopic species of hydrogen

are small.)

(4) The vapors and liquids of the isotopes form ideal mixtures. This

is not an unrealistic assumption for isotopes of the same element,

especially at low pressures. Also, this assumption assures the
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validity of the laws of Raoult and Dalton; thus, the equilibrium

relationship between the vapor mole fraction and liquid mole

fraction may be represented by:

yi = kiXi (1~1)

k± = ̂  (1-2)

where

y. = mole fraction of component i in vapor phase

x. = mole fraction of component i in liquid phase

k. - equilibrium relation for component i between the two
phases

p. = partial pressure of component i

P = total pressure of the system

b. Mathematical Formulation

The composition of the feeds and the rates of the feeds, the distillates,

and the side streams are assumed to be known. For a given number of equilibrium

stages (NP), assumed feedplate (NFj, NF2) and side stream (NS) locations,

and reflux ratio (L/D), the functional relationship between the various

components across the distillation column can be expressed mathematically.

For component i, of a total of NC components, the law of conservation of mass

and phase equilibrium leads to NP (NP = number of theoretical stages)

equations, each containing NP terms. By denoting the plate number as j

and component number as i, the following set of NP equations may be written

(in FORTRAN to simplify the subscript notation):

-A(1,1)«X(1,I) + A(1,2)»X(2,I) + 0 + 0 + ... = B(l,l) (1-3-1)

A(2,1)»X(1,I) - A(2,2)-X(2,I) + A(2,3)«X(3,I) + 0 + 0

+ ... = B(2,l) (1-3-2)

0 + A(3,2) X(2,l) - A(3,3)-X(3,I) + A(3,4)«X(4VI) + 0

+ ... = B(3,l) (1-3-3)

•
0 + 0 + ... + A(NP,NP-1)-X(NP-1,I) - A(NP,NP)-X(NP,I)

= B(NP,1) (I-3-NP)
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The above set of NP equations may be expressed in matrix algebra as

follows:

AX = B (1-4)

where

A = NP x NP square matrix

X = NP x 1 column matrix

B = NP x 1 column matrix

The nature of the physical problem is such that it leads directly to the

tridiagonal matrix represented by equations (1-3-1), (1-3-2) ... (I-3-NP).

It should be noted that there are NC sets of independent equations (one

for each component) of the type represented by matrix equation (1-4). For

a physical problem, since the determinant of the NP x NP square matrix is

non-singular, the solution of equation (1-4) is given by

X = A^B (1-5)

where A"1 is the inverse of matrix A. Hence, the solution of equation

(1-4) results in NP values of component i, one value corresponding to each

equilibrium stage. Similarly, the solution of the remaining sets of equa-

tions of type (1-4) gives the mole fractions of the other components in the

liquid mixture. Thus, the mole fractions of all components at each

equilibrium stage are determined simultaneously.

c. Convergence Criteria

The correct solution is obtained when the following criterion is

satisfied (with an acceptable degree of tolerance) simultaneously at

each stage.
NC NC

I y = 1 = I k x (1-6)
1 x 1 L x

From this brief discussion, it is apparent that successful solution

of the above set of equations depends on development of reliable conver-

gence criteria. For ideal mixtures, the equilibrium constant, k, may be

represented as a function of pressure and temperature. Since the column

is assumed to operate at a constant pressure, the equilibrium constant is
4

dependent on temperature only. Existing vapor pressure data for the six
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hydrogen isotopes were used to calculate the equilibrium constants. For a

typical spent gas mixture, the vapor pressure data for the range from

20 to 30°K were found to be adequate to cover the entire range of interest.

For component i, k. may be represented by an n degree polynomial:

ki = CQ ±
 + cl ±r- + c

2 -T? + ... + C jT? (1-7)

where C. ., C^ ., etc., are constants, and T. is the temperature of the

liquid mixture at plate j. Since the operating temperature range for the

column at pressures in the range from 500 to 2000 torr is quite limited, a

fourth degree polynomial was found to adequately represent the data. A

subroutine was written to obtain the polynomial fit coefficients for each

component by least squares methods.

Before proceeding with the calculations, initial values for the end tem-

peratures of the column were assumed, guided by the saturation temperature

corresponding to the composition of the feed mixture. Additionally, the tem-

perature drop across the column was assumed to be a linear function of the num-

ber of theoretical stages so that a set of starting values for the equilibrium

constants could be estimated. To accelerate the convergence, Newton-Raphson

interpolation techniques were applied to estimate a set of new temperatures

for each plate during the successive iterative steps.

The solution of a set of linear equations for a typical component

involves very large numbers. For example, the determinant of a 30 x 30

square matrix for most of the hydrogen isotopes represented by equation (1-4)

is of the order of 10^3, To reduce the round-off errors, the main program

as well as all of the subroutines were written in double precision. Thus,

the propagation of round-off errors that are inherent in conventional itera-

tive solutions is minimized. In order to ascertain the validity of the

matrix inversion method adopted in solving equation (1-4), the solution vec-

tors were back substituted to see whether the original constant vectors

would be obtained. For all the cases considered, no error in the computa-

tional techniques could be found.

d. Description of the Computer Code

A detailed description of the main computer code, including FORTRAN

listings, the supporting subroutines, data input and ouput options is given

in Reference 5. The versatility of the computer code may be demonstrated by

analysis of a number of cases as summarized below.
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e. General Features of the Analytical Results

In order to study how enrichment of the spent fuel proceeds across a

distillation column, a number of simplified cases with only a single feed and

no side stream draw-off, were analyzed. The composition of the feed (spent

fuel) was assumed to be representative of presently conceived tokamak-type

reactors such as the ANL Experimental Power Reactor (ANL/EPR). Several

cases were analyzed by varying the number of theoretical stages, reflux

ratio, feed plate location, and operating pressure in order to (1) study

the behavior of distillation columns handling isotopes of hydrogen, and

(2) detect any anomalous behavior of the computer code such as failure

to converge. Some of these results are summarized in Table 1-1, and

the detailed operating characteristics (in the form of computer printouts)

are given in Tables 1-2 through 1-17.

All of the pertinent operating characteristics of the column,, the

composition of the feed, temperature of the liquid at each equilibrium stage,

and summation of the liquid composition at each equilibrium stage are listed

in the tables. In addition, the tables show the composition of the six iso-

topes of hydrogen and the atom percentage of the three species of hydrogen.

Since the distillation column has been assumed to contain a partial condenser,

the composition of the vapor leaving the column as distillate and the compo-

sition of the liquid returning to the column as reflux are shown under

Plate No. 1. An examination of the plate temperatures shows that, for most

cases, the difference between the bottom plate temperature and the top plate

temperature is less than 1°K. The summations of the liquid mole fractions

approach 1 after about 10 iterations, although the tables show computed

values after 15 iterations (for conservatism). A slight difference in

summary of data as shewn in Table 1-1 and the detailed computer printout

may be noticed for a few cases. This is due to the fact that Table 1-1

data are based on analytical results after 20 iterations whereas Tables 1-2

to 1-17 represent computer printouts after 15 iterations. The following

observations may be made from the summary of the computer results:

(1) Effect of Number of Theoretical Stages

As the number of the theoretical stages is increased, separation of

the lighter fractions from the heavier fractions is enhanced (see Tables
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Table 1-1. Summary of Operating Parameters and Analytical
Results of Cryogenic Enrichment for ANL/TEPR

Parameter
Column
Pressure

No. of
Plates

Feed Plate
Location

Reflux
Ratio

Atom % Top Product Atom % Bottom Product

H H D

H
I
CO

E
ff

e
c

t
E

ff
e

c
t

4J
O

E
ff

e

o

o

o

X
i-H

0)

-d
a)
a)

0

o
S3

o
•H
4J

u
n)

(0

a)
-4-1

1000

1

Torr

r

30

f

25

20

15

15

1

10

15

20

12

10

B

.5
10

15

20

25

15

i

6.8

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

6.9

6,9

ll.k

80.0

83.2

84.7

85.5

81.7

83.2

83.0

81.1

78.7

75.4

20

13

9

8

11

9

10

11

14

17

.8

.0

.8

.3

•5

.3

.8

.0

.9

.4

.7

0.

0.

^0

M)

.0

^0

0.

0.

0.

0.

08

02

02

01

02

06

38.9

35.6

34.4

33.8

33.4

35.0

34.7

34.4

35.2

36.2

37.6

61.0

64.3

65.6

66.2

66.6

65.0

65.3

65.5

64.8

63.8

62.3

o <u
u

•U 3
o <n
a) <n

500 Torr

1000 Torr

1500 Torr

2000 Torr

2500 Torr

30 15 15 7.0

7.0

7.0

7.0

6.9

86.2

83.2

81.0

79.4

78.1

6

9

12

i3

15

.8

.8

.0

.6

.0

-v»0

%o
-V3.01

^0.02

M).03

32.6

34.4

35.3

36.0

36.5

67.4

65.6

64.7

64.0

63.4

J
Input Composition = 2.10% H, 48.95% D, 48.95% T



Table 1-2. Study of the Effect of Theoretical Stages

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES POP ANL/TEPR, B . M I S R A . . . .NOVEMBER,

ISOTOPIC SEPARATION AT PT= 1 . 0 0 0 D 03 TO3.H, AFTER NUMBER OP IT38ATIONS= 15
NUMBER OF THEORETICAL STAGES= 15 REFLUX RATIO L/D1 = 1 . 5 0 0 D 01
SIDE STRF.A-1 LOCATION* 6 1JT PEED PLATE LOCATION= 5 2ND FP LOCATION^ 6 3RD FP LOCATION* 7
FEED RATES: 0 . 0 0 . 0 1.00D dd PRODUCTS: 3 .00D 01 0 . 0 BOTTOMS: 7.0UU 01

FEED COMP.N-H2
2 . 0 0 0 0 0 0 0 - 0 3

HD
2.700000D-02

HT
1.100000D-02

N-02
2.620000D-01 1.2800000-01

N-T,;
2.7000UUD-O1

APll
2.1000 00

APD
1.S95D 01

APT
1.895D 01

RUUILIERIUM STAGE TEMPERATURES, DEG. K.. (FROM L TO R IN ASCENDING ORDKR OP PLATE NDIBIiK )
2.U77319D 01 2.UB7"iOOD 01 2.U9&J81D 01 2.S02O5<)n 01 2.50H02JD 01 2. lb1.l52lU J1
2.51868JD 01 2 .5214780 01 2.52521OD 01 2.52(lI)il5D 01 2 .S i208»D 01 2.53<5')2au 01
2.5«0'iJ2D 01 2.51U735D 01 2.5U9799D 01

SUMMATION OF LIQUID SOLE FRACTIONS (FRl)H L TO R IN ASCENDING ORDER OF PLATE )
1.000000D 00 1.0T000OD 00 1.000000D 00 1.0000QOD 00 1.03000UD 00 1.000000D 00
i .ooooocn oo I.OOOOOOD oo LOOOOOOD OO I.OOOOOOD OO I.OOOOCMD OO LOOOOOOU HO
1.000000D 00 I.OOOOOOD 00 I.OOOOOOD 00

M
I

PLATE
1
1
2
3
1
5
6
7
8
9

10
11
12
13
11
15

NO. N-K2
•).fi66650D-03
.872U57D-03

).99215ftD-01
2.662392D-0U
.791B91D-04
.5561600-01

1.483106D-04
.151986D-01

1.322122D-05
•279560D-05

I.765951D-06
.101119D-06

3.1S8121D-07
}.2O23BBD-OB
i.608299D-0H
7. 114257D-09

HD
8.9356350-02
5.8689360-02
3.8H1902D-02
2.612653D-02
1.9B0053D-02
1.417278D-02
1.1375920-02
9.677710D-U3
6.5300060-OJ
U.3651233-03
2.8881O0D-O3
1.887250D-OJ
1.2113800-03
7.657623D-01
1.6911960-01
2.7581880-01

HT
3.473226D-02
2.7590730-02
2.170680D-02
1.7091660-02
1.i5842JD-O2
1.096376D-02
9.0J3U15D-03
7.6219510-03
6.120 3710-03
1.859011D-03
J.808831D-03
2.9418020-03
2.2J211UD-0J
1.6566J1D-03
1.1919100-03
8.290309D-04

N-D2
5.701631D-01
5.5308860-01
5.2305720-01
1.8613510-01
1.1666210-01
1.065i<)1D-01
3.6760B9D-01
3.309931D-01
3.1099JBD-01
2.8881000-01
2.6U7910D-01
2.J92631D-01
2.1258080-01
1.8513580-01
1,57 3760 0-01
1. 298(1150-01

DT
2.6831980-01
). 151035D-01
3.56 95 910-01
3.927B62D-01
1.221737D-01
1.156580D-O1
1.621231D-01
1.71f>5010-01
U.B66271D-01
1.99B286D-01
•j. 1079900-01
5.18M17D-01
S.223129D-01
5.2Ob123D-01
5. 123951D-01
4.964215D-01

3 .
1 .
5 .
7 .
9 .
1 .
1 .
1 .
1 .
2.
2 .
2 .
2 .
2 .
3 .
3.

N-T2
O1J1dbl)-U2
JJ5ij2'*U-u2
t)U2Bt>7l)-02
/09121D-02
aj002tll)-U2
22'J2U7U-O1
"(971070-0 t
79711JU-01
djua83u-o1
U21242U-U1
1771>2U-01
J7^7U1)-U1
bibaJ'jIJ-Ol
917991U-01
285642U-01
/20/2 10-ot

APH
6. t)71D 00
1.50U) 00
3.0880 00
2.20 3!) 00
1.1-170 00
1.2720 00
1.O35D 00
8.795D-01
6.JbSO-Ol
1.6250-01
1.3520-01
2.116D-01
1. 7210-01
1.211D-01
8.322D-02
5.5240-02

APD
7.1930
7.101D
7.210D
6.'>'V9D
6.67)0
6. J61CI
6.0J140
5.718D
5.57bD
5.409D
S.216D
4.995D
4.743D
4.158D
U.1380
3.732D

0 1
0 1
01

n i
01
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
0 1

APT
1.B20D
2. 1490
2.1820
2.8200
3.1630
3.5080
3.8531)
4.191C
4.3610
4.545D
4.7500
4.9810
5.2390
5.529D
5.B540
6.2130

01
01
01
0 1
01
01
01
01
01
i n
01
01
01
01
01
01



Table 1-3. Study of rhp Effect of Theoretical Stages

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES KOK ANL/TEPR, n. NISRA.. ..NOVEMBER,

ISOTOPIC SEPARATION »T PT- 1.000D 03 TOUR, AFTER NUHBEB OF ITERATIONS' 15
NI1PIBER OF THfORETlCAL STAUES= 20 REFLUX RATIO L/D1 = 1.500D 01
SIDE STREAM LOCATION b 1ST FEEJ PLATE LOCATION' 6 2ND VP LOCATION- H 1KD FP LUC*i IOh= 1U
FFED PATTS: 0 .0 0 .0 1.U0D Oz PRODUCTS: 1.00D 01 0.0 BOTTORS: 7. OOU 0 !

FEED COBP.N-H2
2.000OOOU-O3

IID
2.700000 0-02

HT
1. 100000D-02

N-U2
2.620000D-01

DT
U.2UOO00D-01

N-T2
2.70000UD-U1

APh
2. 1001) 00

»PD
U.895D 01

APT
14.B95D 01

EQUILIBRIUM STAGE TEMPERATURES, DBU. K. . (FHOn
2.170BB1D 01 2.1479932D 01 2. iab817D 01
2.507095D 01 2.511U8BD 01 2.515773D 01
2. 527822R 01 2.530522D UI 2.533399D 01
2.5U7811D 01 2.5521B<4D 01

. TO R IN ASCENDING ORDER OP PLATE NU.lbE.ta )
2.1926010 01 2.1977621) 01 2.5O25KOU UI
2.519971D 01 2 .522(^10 01 2.52522yD 01
2.536S12D 01 2 . M M 1 M D 01 2.")«J670ti 01

SUMHATION OF LIQUID HOLE FRACTIONS (FROM L TO H ;. N ASCENDING CRDER OF PLATE Nll.ibtB )
1.000000D 00 1.000000D 00 1.000000D 00 1.000000D 00 1.0000000 00 1.00000UD 00
1.000000D 00 1.0000000 00 1.000000U 00 1.000000D 00 1.OO0OOOD 00 1.000000U 00
1.000000D 00 1.000000D 00 1.000000D 00 1.000000D 00 1.000O00D 00 1.0000000 UO
1.000000D 00 1.000000D 00

1
(-•

o
PLATE

1
1
2
3
l)

5
6
7
B
9

10
M
12
13
114
15
16
17
18
19
20

NO. B-II2
6.666653D-03
1.B93866D-01
6. 128838D-0«
2.737968D-0U
1.8«1127D-0i4
1.59675UD-01
1.S21913D-01
1.14911990-014
1.1472236D-01
1.1456665D-01
1.1I42308D-01
1.288593D-05
1.2695290-05
3.711330D-06
1.0971U5D-06
3.203082D-O7
9.2973160-08
2.681387D-08
7.6683700-09
2.1622900-09
5.897155D-10

HD
8.977237D-02
5.98B235D-02
14.030<463D-02
2.7B6282D-Q2
2.O09533D-O2
1.52955140-02
1.2310270-02
1.0513330-02
9.368112D-03
B.630713D-03
8.136076D-03
5.1492676D-03
3.6832970-03
2.1452U 06D-03
1.619916D-03
1.060117D-03
6.860322D-014
«.37b213D-01
2.738729D-01
1.668121D-3I4
9a 7181650-05

HT
3.573771D-02
2.8B5771D-02
1. 311221D-O2
1.B53671D-02
1.19901BD-02
1.228955D-02
1.0255B 10-02
8.73U9145D-03
7.600606D-03
b.753258D-03
6. 11614920-03
14.9309U8D-03
3.9U2277D-03
3. 1237I47D-03
2.i450b02D-03
1.30027UD-03
1.153532D-03
1.O93377D-03
8.0532650-01
5.770b07D-0<4
3.980916D-0U

N-D2
6.311166D-01
6.22172UD-01
5.9987890-01
5.b90b17D-01
5.335829D-01
14.9587330-01
14.5765 31D-01
I4.20119UD-01
3.812266D-01
3.501728D-01
3.1925S0D-01
3.O21328D-O1
2.B33550D-01
2.6319020-01
2.118735D-01
2.1963143D-01
1.9671220-01
1.73 ib63D-01
1.I49B821D-01
1.265766D-01
1.037939C-01

2 .
2 .
3 .
3.
3 .
14.
1 .
14.
14.
14.

14.
5 .
5 .
5 .
5 .
5 ,
5 .
5 .
S.
5 .
5 .

DT
2212300-01
6619590-01
073995D-01
1576160-01
807661D-01
118071D-01
383O16D-O1
597171D-01
757I489D-01
860760D-01
1067U14D-01
0512720-01
186820D-01
30914 8U D-01
113683D-O1
U92237D-01
536152D-01
5363260-01
180960D-01
359272D-01
1610148D-01

1.
2 .
2.
3.
5 .
6 .
8 .
1 .
1 ,
1 ,
1 .
1 .
1 .
I .
2.
2.
2.
2.
3.
3.
3.

N-T2

0b97aUD-U2

Bi>0omu-iJ2
OJtt0750-U/
1571BOU-02
12*14960-02
H070t> 1 D->> 1
22906 70* 01
17921bD-01
75r ^ d D - U 1
B2Z7J14D-U1
90 i^nao-o I
OJ,: D140-0 1
12btfb70-01
201B12LI-01
•47502^0-0 1
7117010-01
009121*0-01
Jb7b2 J0-J1
79bO'jau-o1

APH
6.9I42D 00
1.6260 00
3.232D 00
2.317D 00
1. 773D 00
1.3950 00
1. USD 00
9.773D-01
8.6320-01
7.838D-01
7.2710-01
5.255D-01
3. 825D-01
2.792D-01
2.0360-01
1.14810-01
1.070D-01
7.655D-02
5.3960-02
3.7190-02
2.178D-02

APD
7.872D
7.855D
7.7371)
7.5590
7. J140D
7.0910
6.83OD
6.553D
6.26 80
5.9780
5.6870
5.571D
5.1415D
5.299D
5.13UD
1.91BD
1.739D
1.5010
1.2110
3.116D
3.619D

3 1
01
0 1
0 1
0 '
01
3 1
01
0 1
01
01
01
01
0 1
01
0 1
01
01
0 1
0 1
01

1 .
1 .
1 .
2.
2 .
2 .
3 .
3 .
3 .
3 .
14.
14.
14.

14.
14.
5 .
5 .
5 .
5 .
b .
6 .

APT
133D
6320
931V
207D
1483ID
7660
0560
3190
616D
9130
21 IB
373D
5160
673D
816D
0370
251B
14880
75UI>
0500
379D

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



Table 1-4. Study of the Effect of Theoretical Stages

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES POH ANL/TFPH, B . S I S H A . . ..NOVEMBER, 1<)TJ

ISOTOPIC SEPARATION »T PT= 1 . 0 0 0 D 03 TOSd, AFTER NtlflUES OF ITERATIONS- 15
NUMBED Of THEORETICAL STAGES= 2b REFLUX RATIO l / D 1 = 1. r>00D 01
SIDE STPF.A1 LOCATION b 1ST PEED PLATE LOCATION^ H 2ND FP LOCATION* 10 3HD PP LlKAl"iUI.= 1*
FEED KATES: 0 . 0 0 . 0 1 . 0 0 0 0 2 PRODUCTS: 3 . 0 0 D 01 0 . T BOTTOMS: 7 .OUU 01

FEED C0KP.N-H2 HO UT N-D2 UT N-T^
2.0000OOD-03 2.7000COO-02 1 .1000000-02 2 . 6 2 0 0 0 0 D - 0 1 4. 2-3 ODOOD-01 2.70OOOUB-

F1QUILIBRIUS STAGE TEfPERArURES, BEG. K. .(PROS L TO R IN ASCENDING
2.466774D 01 2 .4750990 01 2 . 4 8 H 3 9 D 01 2 .4Hb541P 01 2 . 4 J

ORDER OP PLATE NI.'hbfB
1170D 01 2.4')rj4b9U

2 .4995790 01 2.503'jBOD 01 2.50752OD 01 2.51142HD 01 2 .5151170 01 2 .519192U
2 . 5 2 1 4 2 ^ 0 01 2.5234R9D 01 2.S25499B 01 2 .527527U 01 2 . 5 2 % 2 7 0 01 2.5)11)3911
2.5342C5O 01 2.516765D 01 2.->39564D 01 2 . 5 4 2 6 4 6 0 01 ? .5469590 01 2.549B47D
2.554P49D 01

SUHHATIOIJ OF L IO 'HB NOI.K FRACTIONS (FKOH L TO R IN ASCFNOIN« DIDRR OF PLATE NMHUKH
1.000002D 00 1.0100020 00 1.3000020 00 1.0000021) 00 1.000002D 00 1.000002B
1.000002B 'JO 1.000002D 00 1.0000020 O<! 1.nf>0002D 00 1,000')01D 00 1.0000011)
1.OOO001D CO 1.0000010 00 1.0000011/ 0.) 1.000001D 00 1.000' IOID 00 l .OOni lOl I )
1 .0000010 00 1 .0000010 00 1.0O00O1D 00 1.0010011) 00 I.'JOOOOI!) 00 1.000001B
1.000001!) 00

PLATE NO. N-H2 HD !1T
1 G.666577D-03 8. 9 9 3 5 b 1 3 - 0 2 3 .b23749D~02 b .
1 1 . 9(576560-0 3 6 . 0 5 4 8 4 7 0 - 0 2 2 . )•>() ) ) 3D-02 6 .
2 6 .21772 40-01) D. 121d39»-Q2 2 . )9550 ' )0 -02 6 .
3 2 . 7 8 7 6 8 7 0 - 0 4 2 .879 355!)-02 1.1UU046D-02 6 .
4 1.873f.7OD-OU 2 .0954 343-02 1 . 5 9 0 2 1 1 U - 0 2 5.
b 1 . b23f.33D-04 1 .605474 ' ) -02 1 . 1 17 )U0; j -02 ! ) .
6 1 .54761 f>D-04 1 . 3002bOD-02 1 . I t /9 1490-02 b.
7 1.517382D-0U 1 .1094410-02 9 . 0 1 1 7 0 2 D - 0 3 4 .
£1 1 fl OQ 1 1 f A * / I f l U fJU/, •' rtJJh A ^ >1 I K 311 li !• A "I I I
n 1 • <*i7i 1 1U" U>4 " i BrtO i u n [ / " y 1 J i J 1 J J J4|J U J U •

9 1.4844230-04 ' ( . 1t)2!i20l>-(>) 7. 409451D-03 4 .
10 1.4707000-04 H.5744330-03 b . 7 1 8 ,! 1 dO-03 3.
11 1.4574KI0-UU H. 199461D-U3 fa. IBb'lU HD-0 j 3.
12 1.4444400-94 7.9164600-01 5.7b99b)l)-03 3.
13 4.1040710-05 '.,. 3b55«)I)-0 ) 4. (>85554U-0 3 3.
14 1.277946D-05 3.b185O4D-O3 3.70218 20-03 2.
11) 3.7812770-01. 2.428163D-0 1 ).0J4 14U-03 2 .
If. 1.1149220-Oh 1.b20982D-U) 2.41859b!)-03 2.
17 3.275V)9'.)-07 1.07M12D-U 1 1. 9 14 IU 4U-0 J 2.
18 9.'>HMll,!n-<>R 7 . 0 9 9 7 ' J 7 , ) - U 4 1. iO2« 7 V.l- 0 i 2.
19 2.794227D-0H 4.f,')08o9r)-()4 1. 1»921 'x)-0 3 2.
20 <i. inftufi; i)-09 1.0 20'H'>r)-(/i( ' ) . V'HOtHU-0" 1.
21 2. 14127'4!)-O'I 1.94 17(.2:)-0g ti. I) 3741 ),)-OU 1
22 f>. 720'12'ffl- 10 1.2)1 J4»l)-()4 •>. 1 128> )i)-04 1 .
2 1 1.-M«»'|JO-1-') l.hbtiJOTj'ii'i 3. 7i(&'>7>IB-04 1.
24 5. f7'<'i')7»-1 1 4.h497 M3-0"j I. (, 72H8T.)- 04 1
Jb > . I ) » I . I 1 ' ) 2 D - 1 1 2. 7.')77<2B-()'i 1. 'J 1724 f.ll-Ou 8.

N-B2
7427100-01
7232U7H-O1
ci5H09BD-0 1
i0220UD-01
9H940HC-01
(.429/6P-0 1
2795.lr.D-01
• t i i h i i D - O I
I, |i U "1 *i » f \ _ M \
ji(n ' i t L) ' 1
197h741)-O1
Hb3S9UD-O1
5r)0(J()3n-0 1
2VmiH-01
1202780-01
9f>bR41D-0 1
R012*iin-01
b2ri )26I)-u1
44(M.l)7I>-01
24H9 40D-0 1
O'jibUUD-0 1
8504bH)-0 1
b4 7149B-01
44 H.O ln-0 1
24lH8bD-0 1
im'.i24 30-01
•. n 'H4l) - ' )2

DT
1. f!4H949D-01 7, y <J
2.2 IH600D-01 1. 1)
2. 6187630-01 l . b l
2.9 : l7f.01D-01 ?..ii
3.34Ob59D"01 2.9ii
3.672258B-!)1 3.'H

A I'll

U 1 /.. 1UOD

1
1/1
l>1
J 1
01

)
uo
00
00
00

.V-T2
\3 440D-0 3
'JJU7U-U2
1U7bl)-0i
0&73O-02
49iJO-Ui
•JUb2U-02

3.'t7fi172D-01 S.U1i>0461)-02
4,24610711-01 h. 3̂
l i u 7 h i ( f i n — n l 7 **

b2J10-0i!
i.u i Jri. ii ^

4,b61108D-01 9. /4b 1JU1/-02
4. 7969 ) i l l - J1
4.f|IM167D-01
4.9126010-01
5.0')l)7 1 10-01
b. 1H63'iHI)-01
*>. 1182240-01
5.41*18270-01
5.559S85D-01

. It
. 4 ,

.ill
.1,
.1

J I ) 1 6 I ; - 0 1
' j 4b9B-Ui
V73db-Ui

iHUb9U-U1
'20bbO-ul

.M2'jbb 1B-U1

. u
1 . 9

r>.';»)07(>UB-0 1 2.01
5.74iUi!9B- r l 1 i.\

(U439U-01
)9d l2B-Ul
)U luUU-0 1
JJ-JI14U-U1

5.7I4V)7D-O1 i. J4 i i 22 l ) -u1
•>.'1112700-01 i, a
5. 7>I2587B-O1 I.'11
5.b9H17UI)-(l1 J.O
5.')'l77b()[)-01 l .4 i
'). (2 1 hi to-'11

» 2 < W U - I J 1
)74oo()-yi
T)t2hO-u}

>•!»•>'ilJ-U 1
) . 02211) )U-\I 1

APO
00 4.89 r)

b .
4 .
3.
2 .
1 .
1 .
1 .
1 .

» .
7 .
7.
(>.
5 .

APII
9751) 00
699D 00
3211) 00
44 01) 00
8b2 0 00
47HB 00
2200 00
04'jO 00
2 b1B-01
4D4B-01
7930-01
338D-11
9880-01
069B-01

•J.71.1D-01
2 .
2 .
1 .
1 .
I I .
6 .
4 .
).
2 .
1 .
1 .

7350-01
0210-01
4 95B-01
1070-01
1720-02
0100-02
1900-02
1720-02
2')7I)-02
56'l!)-i)2
(15 Mil -1)2

D 0

t) .

8 .
8 .
7 .
7 .
7 .
7 .
7 .
6 •
6 .
h .
6 .
5 .
5 .
5 .
5 .
c , .
5 .
5 .
4 .
4 .
4 .
14.

» .
3.
3.

1 4

APO
117B
145B
07 UD
•14 00
7641;
5590
U 3 D
0900
H 360
5740
3O5D
0 120
7551)
6 7 20
5780
4720
3550
226D
0H3P
9 2 SO
7490
5541^
1160
1)910
i l l HI)
5140

APT
. B95

J l
01
ni
0 1
0 i
0 1
01
01
o ̂
0 1
0 1
0 1
0 1
0 1
01
0 1
0 1
01
01
1)1

01
01
0 1
0 1
01
01

0 01

1 .
1 .
1 .
1 .
2 .
2 .
i .
2.
3 -
3 ,
3 .
3 .
4 .
4 ,

4 .
4 .
u B

4 .
4 .
5 .
r

5 .
5 .
5 .
<>.
b .

APT
186D

385B
594 0
H1bD
0U9B
2931)
">U!)D
8050
0 710
3421)
617U
8950
175B
2770
3«5 0
5000
b2W>
7590
9060
0671)
2450
4420
1)1)11)
906 0
180!)
485D

0 1
01
01
0 1
0 1
01
01
01
01
0 1
01
01
01
01
01
0 1
01
01
01
01
0 1
01
01
01
01
(11



Table T-5. ^tudv of the Kffect of ThenrpHral

CRYOGENIC DISTILLATION OV HYDROUS!) ISOTOl'KS FOR ANL/TEPR, H . 1 I S R A . . . .NOVENUE.1, 1 » J i

tSOTOPIC SEPARATION AT PT= 1 . 0 0 0 D 03 TORS, APTER NUHBER OF ITERATlONSs IS
NUilBEP OF THEORETICAL STAGES^ 10 REFLUX RATIO L/D1 = 1.5i!t)U 01
SIDE STREAW LOCATION- 6 1ST FEED PLATE LOCATION" 10 2ND I'P LOCAT1GN= 12 3RC FP LOCATION: 1'j
PEED RATES: 0 . 0 0 . 0 1 . 0 0 D 02 PRODUCTS: 3 . 0 0 C 01 0 . 3 BOTTOHS: 7.OUD 01

FEED CCMKH-H2 HD HT N-D2 DT N-T2 APb
2.000000D-03 2.700000D-02 1.1000000-02 2.620000D-01 4.28 00000-01 2.70000UD-O1 .i.iUQD

EQUILIBRIUM STAKE TEBPERATORSS, DEC K.. IFBOM L TO R IN ASCENiHNG ORDER OF PLATE NUMBER )
2.463442D 01 2.471111D 01 2.4767390 01 2.481355D 01 2.48541dD 01 2.48916bO0'i
2.492732D 01 2.4'iI6200D 01 2.49961BD 01 2.503015D 01 2.5064090 01 2.509813D 01
2.513235(1 01 2.516681D 01 2.520154D 01 2.522205D 01 2.524Q50D 01 2.52580dl) 01
2.527543D 01 2.52929SD 01 2.531108D 01 2.533001D 01 2.555009D 01 2.5J7162D 01
2.539495D 01 2.542050D 01 2.544db9D 01 2.548002D 01 2.55 1496B 01 2.555392D 01

SUMMATION OF LIQUID KOLE FRACTIONS. ,,(FROM L TO R IN ASCENDING OHDER OF PLATE NUMBER )
1.000010D 00 1.0000100 00 1 ."0000101) 00 1.000010D 00 1.000Q10D 00 l.OOOOIUU 00
1.000011D CO 1.000010D 00 1.000D10D 00 1.000010D 00 1.000009D 00 1.000009D UO
1.00000BD 00 1.000007D 00 1.000006D 00 1.000006D 00 1.000007D 00 1.000007U 00
1.000007D 00 1.000007D 00 1.000007D 00 1.000007D 00 1.000007D 00 1.000007D 00
1.000007D 00 1.000006D 00 1.000006D 00 1.000006D 00 1.0000051) 00 1.000005U 00

PLATE
1
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
?7
26
29
30

NO. H-H2
6.666129D-03
1.918S18D-03
6.291332D-04
2.829710D-04
1.901754D-04
1.617339D-04
1.570939D-04
1.541577D-04
1.524779D-04
1.51K'i6D-04
1.499178D-04
1.4872750-04
1.475539D-04
1.463898D-04
1.452318D-04
1.440782D-04
4.287393D-05
1.271759D-05
3.760 (57D-06
1. 1089()OD-06
3. 25966OD-07
9.552096D-0R
2.79GOS1D-08
R.121187D-09
2.355146D- 09
6.802321D-10
1.955802D-10
5.593099D-11
1.587816D-11
U.449672D-12
1.207618D-12

HD
8.9966870-02
6. 109948D-02
4. 193648D-02
2.955678D-02
2. 168218D-02
1.671702D-02
1.359647D-02
1. 162961D-02
1.037659D-02
9.5613830-03
9.012B37D-03
8.625875D-03
8.336577D-O3
8. 10636dD-0J
7.9121490-03
7.740201D-03
5.237941D-03
3.529122D-03
2.367785D-03
1.5819 170-0 3
1.052274D-01
6.967210D-04
4.58974BD-04
3.0064090-04
1.9563U0D-04
1.2630060-04
B.0738290-05
5.095230D-05
3.159296D-05
1.909415D-05
1. 1087940-05

HT
3.642225D-02
2.99>418D-02
2.4514800-02
2.009492D-02
1.6603^40-02
1.1DH61rtD-02
1. 1791980-02
1.01Bb69U-02
8.4'iB61 10-03
fl.0!77b«U-03
7.?93296D-03
6.7304730-03
6.2875 320-03
5.933021D-03
b.6435070-03
5.401718D-0)
4.3852J4D-03
3.5419420-03
2.S46480D-03
2. 275H040-03
1.8096370-03
1.430467D-03
1.123J48D-03
8.7563540-04
6.767047U-04
5.1767930-04
3.9118090-04
2.91 10540-0"
2.1242460-04
1.5101300-04
1.0349620-04

N-D2
7.103798D-01
7.146544D-01
7.04137RD-01
6.84 12180-01
6.57H189D-0I
6 .274088n-0!
5.944686D-01
5.601B55D-01
5.254766D-01
II.910SV1D-0 1
4.574949D-Q1
4.2521 iOD-01
3.945320D-01
3.6567220-01
3. 3B7697D-01
3.138905D-01
3.014505P-01
2.877925D-01
2.731270D-01
2.576213D-01
2.414206D-01
2.246583D-01
2.074617D-01
1.8995b3D-01
1.7226740-01
1.545225D-01
1.36B530D-01
1.193966D-01
1.0229910-01
8.5716550-02
6.9815380-02

1 .
1 .
2.
2 .
2.
3.
3.
3,
4 .
4.
4,
4 .
4.
5.
5.
b.
5,
5,
5,
5,
5.
5,
5,
5,
6.
6,
h
5,
5
5,
5

DT
52807 3D-01
8f>7b06D-01
208321D-J1
549715D-01
RK8927D-01
221773D-01
543199D-01

.847592D-01
, 1290820-01
. 38184 3D-01
.6003980-01
,77988 10-01
.916275D-01
, 0066 04D-01
. 0490823- 0 1
.04 3224D-01
. 174682D-01
. 3045390-01
.4J2409D-01
.556992D-01
.676171D-01
.787012D-01
.B85707D-01
. 9 6 7 5 0 2 0 - 0 1
. 0 2 6 6 2 0 0 - 0 1
.056212D-01
.048366D-01
.994231D-01
.884317D-01
.7090 3BD-01
.459556D-01

N-T<!
3.7b722 20-03
5.592b7bO-U3
7.94 ' i7WD~03
1.U972O7U-U2
1.4d127bO-J^
1 . 964b9jiD-02
2 . bbbb940-U2
3. J0d4dUi)-02
4.2127b1D-U2
5. 3U2'J*i yU'~Q2
6.60093 6D-U *
B. 129J82D-02
9. 901»B800-0<!
1. I94B17U-01
1. 4^b<:1 2V-01
1.bdbO1UD-Ol
1.7 14 1b20-J 1
1. 7«0b JtiU-U 1
1.7d4l4 10-ui
l.U2ti2i)70-U 1
1.dd1000U-Oi
1.94b1J^D-U1
2.024d52D-U1
2.1211720-01
2. 24 1 yd2I>-0 1
2. 39212 JO-01
2.b/t»384D-0i
2.BOBJU^D-01
3.0902biD-01
3. 4J209bD-0 1
3.B4114bU-01

A''D
00 4.8950

6 .
4 .

APH
986D 00
746D 00

3.385D 00
2 .
I .
1 .
1 .
1 .
9 .
8 .
fl.
7 .
7 .
7 .
6 .
6 .
4.
3.
2 .
1.
1 .
1 .
7 .
5.
4.
3 .
2.
1 .
1 .
8 .
5 .

5110 CO
9330 00
5470 00
285D 00
106D 00
820D-01
94tD-01
3O3D-O1
827D-01
4600-01
166D-01
923D-0!
7150-01
85UD-01
54BD-01
611D-01
930D-01
431D-01
064D-01
912D-02
881D-02
362D-02
2200-02
360D-02
7100-02
220D-02
505D-03
729D-03

01 4

8 .
H.
8 .
8 .
8 .
7 .
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
5 .
5.
5 .
5 .
5 .
5.
5 .
5.
5.
4 .
4.
4 .
4 .
4.
3.
3.
3.

APD
318D
3860
355D
2640
I31D
9680
78UD
58UD
371D
1490
920D
685D
44S-D
201:J

952D
6S9D
62HD
548D
459D
363D
258D
144D
020D
8850
737D
574D
393D

, 191D
965D

.712D
,428D

APT
.895D

0 1
0 1
01
0 1
01
0 1
0 1
01
01
0 1
01
01
0 1
01
01
01
01
01
0 1
01
01
01
01
01
01
01
01
01
0 1
01
01

01

1 .

1 .
1 .
1 .
2 .
2 .
2 .
2.
2 .
3 .
3 .
3 .
3 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
5 .
5 .
5 .
5 .
5.
6 .
6 .
6 .

APT
838D
1U0D
306D
485D
6760
877D
087D
306D
531D
76 ID
997D
2370
48sP
728D
979 D
234D
323D
4171)
515D
618D
728D
846D
972D
109C
259D
423D
6040

,807D
0330

,2870
571D

00
01
01
01
01
01
01
01
01
01
01
01
01
01

o:
/1
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



Table 1-6. Study of the Effect of Rpfinx KaMn

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES FOR ANL/TEPB, 3 . M S H A . . . .NO7E.1EEH, 1975

ISOTOPIC SEPARATION AT PT= 1 . 0 0 0 0 03 TORB, APTEfl NUMBER OF ITERATIONS= 15
NUMBER OF THEORETICAI. STAGES= 30 SEFLUX RATIO L/D1 = 5 . 0 0 0 D 00
SIDE STREAfl LOCATION= 6 1ST FEED PLATE LOCATION^ 10 2ND FP LOCATION* 12 3RD PP LOCATION* 15
FEED PATES: 0 . 0 0 . 0 1 . 0 0 D 02 PRODUCTS: i . 00D 01 0 . 0 BOTTONS: 7 . ODD 01

PEED ITCMP.N-H2 IIC HT N-D2 OT N-T2 APH
2.OOOOOOD--O2 2.700000D-02 1.1000000-02 2.620000D-01 4.280000D-G1 2.700000U-01 A. 1l)0D

EQUILIBRIUM STAGE TEMPERATURES, DECK. .(FROfl L TO R IN ASCfNCJNG CBDER OF PLATE NOIbEH )
2.48J375D 01 2.190605D 01 2.1968600 01 2.501519D 01 2.5052090 01 2.5082630 01
2.5108770 01 2.5131730 01 2.515230D 01 2.517102D 01 2.518825D 01 2.52042t>D 01
2.521921D 01 2.523332D 01 2.5246581) 01 2.5259310 01 2.5269300 01 2.5277810 J1
2.528554D 01 2.529291D 01 2.530039D 01 2.5308290 01 2.5)1708D 01 2.S32731D 01
2.533969D 01 2.535515D 01 2.537496D 01 2 . 510082D 01 2.5131950 01 2.54801KD 01

SDHHATTON OF LIQUID HOLE FRACTIONS.... .(FROM L TO R IN ASCENDING ORD̂ IH OP PLATE NnMDEB 1
I.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD ob
I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.OO00OOD 00 I.OOOOOOD 00 I.OOOOOOD 00
1.000000D 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.0000000 00 I.OOOOOOD 00
I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 l.OOOOOOu 00
I.OOOOOOD 00 I.OOOOOOD 00 1.0000000 00 I.OOOOOOD 00 1.0000000 00 1.00000UD UO

PLATE
1
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. N-H2 HO
6.666667D-0J 8.930623D-02 1
1.859134D-03 '.
7.299733D-01 I
1.6661790-04
1.0379470-01 i
3.871967D-01 ;

.8089420-02
•027225D-02 ,

I.037075D-02
.492190D-02

.. 1911930-02
3.814642D-04 2.022889D-02
3.784698D-04
3.763O59D-04
3.744918D-04
3.7288300-04
3.714218D-01
3.7007690-01
3.6882S5D-04
3.6766270-04
3.6657000-04
1.3137200-04
4.700050D-05
1.679056D-05 '
5.990308D-06

.925289D-02
.865888D-02
•827207D-02

1.7999630-02
.779218D-02
•7&2332D-02
•747876D-02 <
.7350610-02
•723444D-02 '

I.394966D-02
.125199D-02 (

>.045077D-03
7.2119OOD-O3

2.134113D-06 5.7795200-03
7.5953510-07 <
2.6991120-07
9.576ft15D-0fl -
3.3916610-08
1. 1982fi7D-08
4.218752D-09
1.476796D-09
5.1121690-10
1.724794D-10
5.4270120-11

1.589071D-03
3.6233830-03
2.8«10»2D-03
2.2O7919U-O3 1
1.6962270-03
1.2831100-03
J.501260D-04
J.823718D-04
t.6792000-04
J.9733I3D-04

IIT
.3516ii iD-0?
.635299,1-02
. 116153D-02
.756077D-.12
.511477D-52
.34668MD-02
.2355730-02
.1599710-02
. IO7b52D-O2

1.0705390-02
.0433680-02
.0227310-02

1.0061480-02
>. 9310520-03
).818052D-03
J.7196830-03
(.1310740-03
i. 5349010-03
7.937O59D-O3
1. 3414440-03
>.7507530-03
>. 166861D-03
J.591041D-03
>.O241120-03
1.4665740-03
1.91B745D-03
3. 3H,a920D-03
2.31H51D-01
2.337765D-O3
1.B35418D-O3
.3501110-03

N-D2
5. 1949110-01
4.982974D-01
4.698O3D-01
1.1031510-01
4.12fi401D-01
3.8792010-01
3.664435D-01
3.4806060-01
3.325145D-01
3.193651D-01
3.082540D-01
2.9883550-01
2.9080850-01
2.839198D-01
2.779605D-01
2.727616D-01
2.73279615-01
2.731983D-01
Z.725098D-01
2.7116150-01
2.6906 390-01
2.660900D-01
2.620700D-01
2.5678360-01
2.499514D-01
2.4122320-01
2.301703D-01
2. 1628120-01
1.9897100-01
1.776177D-01
1.5161670-01

DT
3.205416D-01
3.7249S3D-01
t . 1207990-01
4.41724 1D-01
4.632337D-01
4.7805850-01
4.873991D-01
4.922627D-01
4.9349960-01
4.9183050-01
U,8786570-01
4. 8212 190-01
4.750346D-01
4.669698D-01
4.582333D-01
4.490793D-01
1.5172920-01
4.54 28900-01
4.568B40D-01
1.596116D-01
1.6255150-01
4.657818D-01
4.693395D-01
4.7323180-01
1.773881D-01
4.816102D-01
4.n54B92D-01
1.882850D-01
1.8875870-01
1.84 96b5D-01
1.7105 360-01

N-T^
3 . 0 1 7 7 9 9 0 - 0 2 6
4. <:90524D-02 4
5.5949U1D-0i :
6.9562340-02 2

APD
00 4.8950

APH
.B08D 00
.408D 00
. 115D 00
-443D 00

B.J»tJ5:>1U-02 2.0420 00
9,»25239O-02 1
1.1319140-01 1
1.<^d4257D-01 1
1.4JU742D-01
1.591525D-01
1.7L.074 J0-U1
1.9065180-01
2.060990D-01
2. iUj iau-oi
2.3626990-01
2.50d38bD-01
2.51779 10-01
2.b2b7tf90-u1 •
2.53t>0720-01 (
2. 54O34 70-O1
2.5584910-01 (
2.5737150-01
2.5937-jdD-Ol
2.b2i19«!O-01
2.65-)Bi90-01
2.715517D-01
2.;9b7bl>D-0 1
2.91O3010-U1
3.0925U2D-01
3.J'j112bU-Oi
3.72l>5i!J0-01

.80RD 00

.667D 00
.5800 00
.5240 00
.186D 00
.4b9D 00
.1380 00
.121D 00
.407D 00
.3950 00
.3840 00
,1570 00

I.940D-01
(.508D-01
7.299D-91!
1.267D-01
). 379D-01
I.607D-01
i .9330-01
). 3 370-01
2.807D-01
2. 332D-O1
1.902D-01
1.5100-01
1. 152D-01
3.237D-02

01 4

7 .
7 .
6 .
6 .
6 .
6 .
6 .
6 .
5 .
5 .
5.
5 .
5 .
5 .
5 .
5 .
5 .
5 .
b .
•i.
5 .
5 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
3 .

APD
244D
1360
960D
7640
567D
379D
2030
0380
886D
7440
612D
4880
171D
ZbiD
158D
<Tb9D
06 ID
060D
055D
04bD
0320
0130
9860
9480
B97D
8290
736D
609D
417D
2030
88110

APT
.895D

0 1
0 1
0 1
01
01
01
01
0 1
01
0 1
0 1
01
0 1
01
01
01
01
01
0 1
01
0 1
01
01
0 1
01
01
01
01
01
0 1
01

01

2 .
2 .
2 .
2 .
3 .
3 .
3 .
3 .
3 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
5 .
5 .
5 .
5 .
5
5 .
5
6 .

APT
075D
423D
7260
992D
229D
4100
631D
804 D
962D
107D
212D
3680
I860
S98D
703D
8020
822D
8410
8bOD
R81D
9050
9330
9680
0121)
0690
113D
2410
372D
54R0
785D
10411

01
01
01
01
01
01
01
01
01
01
01
01
0 1
01
01
01
01
01
01
01
01
01
01
0 1
01
01
01
01
01
01
01



Table 1-7. Study of thft Effect of Reflux Ratio
CRYOGENIC DISTILLATION OF HIUROGF.N ISOTOPES FOR ANL/TEPR, . . B . H I S R A . . . .NOVEHBEB, 1 9 7 5

ISOTQPIC SEPARATION AT PT= 1 . 0 0 0 0 03 TOBR, AFTER NUMBER OP ITEBATIONS* 15
HUMBEB OF THEORETICAL STAGES= 30 BEfLBX HATIO L/D1 = 1 . 0 0 0 D 01
SIDE STREAM LOCATION' 6 1ST FEEI> PLATE LOCATION^ 10 2NE FP LOCATION 12 3RD PP LOCAflu l l s 1b
PEED RATES: 0.0 0.0 1.00D 02 PRODUCTS: 3.000 01 0.0 BOTTOMS: 7.00U 01

FEED CCMP.N-H2 HD HT H-D2 DT N-T2 AS-H
2.000000D-03 2.700000D-02 1.100000D-02 2.620000D-01 4.290000D-01 2.700000D-U1 ±.100D

EQUILIBRIUM STAGE TEMPERATURES, PEG. K . . (PROM L TO R IN ASCENDING CRDP.R OP PLATE NUMBEil 1
2.468617D 01 2.476909D 01 2.482925D 01 2.487761D 01 2.491906D 01 2.49561JD 01
2.499030D 01 2.502249D 01 2.505329D 01 2.508311D 01 2.51 1223D 01 2.514089D 01
2.5169240 01 2.519741D 01 2.522547D 01 2.524235D 01 2.5256660 01 2.5269790 J t
2.028252D 01 2.529538D 01 2.530881D 01 2.532319D 01 2.5338930 01 2.5356450 01
2.537625D 01 2.539889D 01 2.5425050 01 2.5455500 01 2.5491090 01 2.5b

SUMMATION OF LIQUID HOLE FRACTIONS.. . . . (FBOM L TO R IN ASCENDING ORDER OP PLATE

32700 01

NUNBKH )
1.0000000 00 1.000000D 00 1.000000D 00 1.000000D 00 1.0000000 00 1.000000U 00
1.0000000 00 1.0000000 00 1-dOOOOOU 00 1.000000D 00 1.000000D 00 1.0000000 00
1.000000D 00 1.000000D 00 1.0000000 00 1.0000000 00 1.0000000 00 l.OOOOOOD 00
1.000000D 00 1.0000000 00 1.000000D 00 1.000000D 00 l.OOOOOOD 00 1.000000D 00
1,0000003 00 1.0000000 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00

PLATE
1

'l 1
M 2
* - 3

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

&0. H-H2
6.6666610-03
1.9014690-03
6.562108D-04
3.344600D-04
2.509710D-04
2.283758D-04
2.213118D-04
2.182578D-04
2.162889D-04
2.146525D-04
2.1314600-04
2.117074D-04
1.1031260-04
2.089492D-04
2.0760930-04
2.062982t)-04
6.47102.10-05
2.024677D-05
b. 321796D-06
1.969377D-06
6.121453D-07
1-898347D-07
5.87246 30-08
1.811698D-08
5.5722680-09
1.707905D-09
5.212963D-10
1.5825320-10
4.764464D-11
1.411005D-11
4.002035D-12

HO
8.992426D-02
6.0J1202D-02
4. 142V87D-02
2.970C68D-02
2.2533S3D-02

.817994D-02

.5532020-02

.3905510-02

.2884940-02

.2221620-02
. 176826D-02
. 143829D-C2
.11B118D-02
.096750D-02
.078022D-02

1.060949D-02
7.556579D-03
5.363126D-03
3.7936130-03
2.674330D-03
1.878493D-03
1.3142030-03
9.1517630-04
6.337898D-04
4. 3593730-04
2.9725960-04
2.004023D-04
1.3303110-04
B.639958D-0S
5.431995D-05
3.242J96D-05

3.
2 .
2 .
1 .
1 .
1 .
1 .
1 .
9 .
8 .
8 .
7.
7 .
7.
7.
6
5
4 .
4
3
2 .
2
2.
1
1
1
8
6

HT
6C6983D-02
9294460-02
3785050-02
9503070-02
625497D-02
382565D-02
2022460-02
068724D-02
696102D-03
954929D-03
393670D-03
961014D-03
619839D-03
343567D-03
11335 30-03
915963D-03
885969D-03
9861480-03
2045090-03
528426D-0J
9456790-03
4449000-03
0157590-03
649010D-03
336463D-03
070923D-03
461074D-04
56S645D-04

4.975900D-04
3
2

t/5i450D-04
55773 1D-04

6 .
6 .
6 .
6 .
5 .
5 .
5 .

N-02
511136D-01
4604B8D-01
274998D-01
014932D-01
715843D-01
4003460-01
Oe3207D-01

4.774050D-01
4 .
4 .
3 .
3 .
3 .
3 .
3 .
2 .
2 .
2 .
2 .
2 .
2.
2.
2.
2.
2 .
1 .
1 .
1 .
1 .
1 .
9

47897RD-01
201626D-01
94381)40-01
7063')70-01
48B944D-01
2907230-01
1105(.9D-0l
9471220-01
8919",'5D-01
8242t.3D-01
7448«.7D-01
6 c ' ; r25D-01
552f^3D-01
439a06D-01
31a046D-01
1H1205D-01
035292D-01
878423D-01
7108930-01
533274D-01
346533D-01
1521670-01
523681D-02

2 .
2 .
2 .
3.
3 .
3 .
4 .
4 .
4 .
4 .
4
4
4 .
4
4 .
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5

DT
0842720-01
5104290-01
908427D-01
27B519D-01
61B763D-01
9264020-01
1987040-01
433183D-01
6278340-01
781270D-01
8928020-01
9624720-01
991052D-01
9800230-01
931549D-01
8484240-01
9261770-01
004112D-01!
0B3234D-01
163778D-01
245297D-01
3265971,'-01
4056C0U-01
47913BD-01
542692D-01
590087D-0*
6131810-01
601587D-01
5425560-01
4211680-01
2210280-01

»-T<>
7.79t)bb 1D-03
1 . 1400410-02
1. 57V44ii>-tf2
2.1114740-02
2.7449610-02
3.bOV 1.2JO-02
4.4033060-0^
5.44t>bbbD~U2
6.6521520-02
8.0J192UD-02
9.b95bJ4D-02
1. 1 JbO^ID-01
I . J29B91D-01
1.544U5 3D-01
1.7768710-01
2.U271J7D-U1
2.U4t>775D-01
2.U1.7930D-01
2.0918b50-01
2. 1S9949D-U1
2. 1539310-01
2. 196U0 4U-01
2.24904411-01
2. 31oU2t)D-01
2.4042920-ui
2. 517ai>80-J 1
2,b6b4610-01
2. «57<!43D-01
3. 105071U-J1
3.4224 70D-01
3. b237^2i)-U 1

APD
00 4.895D

APH
fi.966D 00
4.6700 00
3. 3260 00
2.4940 00
1.9650 00
1.6230 00
1.4000 00
1.251D 00
1. 151D 00
1.0800 00
1.0290 00
9.9110-01
9.6110-01
9.364D-01
9.1540-01
8.969D-01
6.786D-01
5.195D-01
4.0050-01
3. 103D-01
2.413D-01
1.880D-01
1,4660-01
1.1410-01
8.862D-02
6.84 1D-02
5.233D-02
3.94BD-02
2. 920D-02
2.097D-02
1.441D-02

01 4

8 .
8 .
7 .
7 .
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
6 .
5 .
5 .
5 .
5 .
5 .
5 .
5 .
5 :
5 .
5 .
4 .
4 .
4 .
4 .
4 .
4 .
3 .
3 .

APO
003D
017D
936D
80 3D
638D
4540
260D
060D
857C
653D
449D
245D
040D
836!)
630D
4240
393D
353D
305D
2490
185D
1100
023D
924D
809D
675D
518D
335D

nno
8630
563D

APT
• 895D

0 1
0 1
0 1
0 1
0 1
01
0 1
0 1
0 1
0 1
01
01
0 1
01
01
01
0 1
01
01
01
01
0 1
01
01
0 1
0 1
01
01
01
01
0 1

c

1
1
1
1
2
2
2
2
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
6
6

1

APT
300D

.516D

.7310
9480

.166D

.3830
600D

.815D

.0280

.2390

.448D

.6560

. 86UD
• 071D
.2780
. 486D
.5390
.595D
.6540
.719D
.7310
.872D
. 962D
.0650
. 182D
.318D
.476D
.661D
.879D
.1350
.4360

01
01
01
01
0 1
01
0 1
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
0 1



Table 1-8. St-nriy nf fhp lyffpr.t- nf ftp.fi ny

CBYCGENIC DISTILLATION OF HIDROGEH ISOTOPES POR ANL/TEPR, B . N I S R A . . ..NOVEMBER, 1V75

15ISOTOPIC SEPARATION AT PT= 1 . 0 0 0 D 03 TORB, AFTER NUMBER OK ITER*riONS=
NUMBER OF THEORETICAL STAfiES= 30 REFLUX RATIO L/D1 = 1 . 5 0 0 D 01
SIDE STREAM LOCATION' 6 1ST FEED PLATf LOCATION' 10 2KB FP LOCATIOH= 12 3RD FP LOCATION* 1b
FfED RATES: 0 . 0 0 . 0 1 . OOD 02 PRODUCTS: 3 . 0 0 D 01 0 . 0 BOTTOMS: 7 .001) 01

FEED COMP.N-H2 HD HT N-D2 DT H-T2 APH
2.000000D-03 2.700000D-02 1.100000D-02 2.6200OOD-01 4.2800000-01 2.700000D-01 2.100D

EQUILIBRIUM STAGE TEMPERATURES, OBG. K..(PftOM L TOR IN ASCINDING CBDER OP PLATE NUMBER )
2.4634420 01 2.471111D 01 2.476739D 01 2.481355D 01 2.485418D 01 2.489165D 01
2.492732D 01 2.496200D 01 2.499618D 01 2.5O3015D 01 2.506409D 01 2.50981JD 01
2.513235D 01 2.516681D 01 2.520154& 01 2.52220SD 01 2.5240500 01 2.52S80«D 01
2.527543D 01 2.529298D 01 2.53110BD 01 2.533001D 01 2.535009D 01 2.537162U 01
2.539495D 01 2.542050D 01 2.5448690 01 2.548002D 01 2.551496D 01 2.555392U U1

SUMMATION OF LIQUID MOLE PBACTIONS.. . . . (FROM I TO R IN ASCENDING ORDER Or PLATE NUMBER )
1.000010D 00 1.000010D 00 1.000010D 00 1.000010D 00 1.000010D 00 1.0000100 00
1.000011D 00 1.000010D 00 1.000010D 00 1.OOO01OD 00 1.000009D 00 1.0000.09b 00
1.000008D 00 I.000007D 00 1.000006D 00 1.000006D 00 1.000007D 00 1.000007D 00
1.000007D 00 1.0000070 00 1.000007D 00 1.000007D 00 1.000007D 00 1.000007D 00
1.000007D 00 1.000006D 00 1.000006D 00 1.000006D 00 1.000005D 00 1.000005D 00

PLATE
M 1
1 1

Jl 2

3
u
b
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

BO. N-H2
6.666129D-03
1.918R18D-03
6.291332D-04
2.829710D-04
1.9M7S4D-04
1.617339D-01
1.570939D-O'(
1.511577D-04
1.5247790-04
1.511456D-04
1.499178D-04
1.487275D-04
1.475539P-04
1.46389BD-04
1.4521180-04
1.440782D-04
4.287398D-05
(.271759D-05
3.76095 7D-06
1.1089000-06
3.25966 00-07
9.552096D-0R
2.79OO33D-OB
e.121187DrO9
2.3551460-09
6.802121D-10
1.955B02D-10
S.593099D-11
1.5H7816H-11
4.419672D-12
1.20761BD-U

HO
8.9966e7B-02
6.109948D-02
4. 1936'tBD-02
2.955678D-02
2.1632180-02
1.6717020-02
1.359t47D-02
1.16296! 0-02
' . .037' 59D-02
9.561383D-03
9.0128370-03
" .6258750-03
8.3365770-03
8. 106368D-03
7.912149D-03
7.7102O1U-03
5.237941D-03
3.5291220-03
2.3677850-03
1.58 1917D-0J
1.052274D-03
6.9672100-04
4.589748D-04
3.006409D-04
1.9563*00-04
1.263006D-04
B.0738290-05
5.095230D-05
3. 159296P-05
1.909415D-05
t . 108794D-O5

HT
3.642225D-02
2.99741dD-02
2.4514B0D-02
2.009492D-02
1.66O324D-02
1.38B618D-O2
1.1791900-02
1.0186690-02
8.95B611D-03
8.017754D-03
7.293296D-03
6.73047JD-03
6.2875320-03
5.933021D-03
5.643507D-03
5.401718D-03
4.385234D-03
3.5419420-03
2.846480O-03
2.275804D-03
1.809637D-03
1.430467D-03
1 . 12334BD-03
8.756 354D-04
6.767047D-04
5.176793D-01
3.9118090-01
2.911051D-04
2.124246D-04
1.5101300-04
1.034962D-04

N-D2
7.10379BD-O1
7. 146544D-0 1
7.04=3780-01
6 . 8112180-01
6.578189D-01
6.271088D-01
5.9446860-01
5.601855D-01
5.251766D-01
4.910594D-01
4.574948D-01
4.252130D-01
3.945320D-01
3.6567220-01
3.387697D-01
3.138905D-01
3.014505D-01
2.877925D-01
2.731270D-01
2.576213D-01
2.414206D-01
2.2465B3D-01
2.0746170-01
1.899563D-01
1.722674D-01
1.545225D-01
1.368530D-01
1. 19 3966D-M
1.02299tD--01
8.571655D-02
6.981518D-02

DT N-T2
1.528073D-01 3.7b7/<:21>-03
1.867606D-01 5.592b7tfD-03
2.2O8321D-01 7.949712D-03
2.549715D-01 1.0972070-02
2.8a8927i) -01 1.4«>«i7oU-J2
3.2217730-01 1.96459211-02
3. j ' *3199D-01 2.bOb!i9 4U-02
3.8H7592D-01 3..1084800-02
4.1290B2D-01 4.2U7t>11)-02
4.38104311-01 5.3025590-02
4.60039BD-01 6.6OO9J6B-02
4.779881D-01 8.1 i9382D-02
4.916275D-01 9.9068H0D-U2
5.006604D-01
5.0490820-01
5.043224D-01
5.174682D-O1
5.3O4539D-O1
5.U32409D-01
5.556992D-01

.194B17D-01

.42o212U-01

.bt ib010U-01

.71415^0-01
.74bb9tf0-01
.7B414 1D-O1
.82B207U-01

5.676171D-01 1.BB100OP-01
5.7870120-01 1.9451J2U-U1
5.885707D-01 2.0238b/" } -01
5.967502D-C1 2. 1^11721>:U 1
6.026620D-01 2.2419B2D-01
6.05fi212D-01 2.39212JD-01
6.048366D-01 2.' j7ti3a4B-U 1
5.994231D-01 2.Uil8Ja2D-01
5.884317D-01 3.0902510-01
5.7090380-01 3.4J2095D-01
5.459556D-01 1. 841 I4bl)-L*1

APD
00 4.895D

APH
6.986D 00
4 .
3 .
2 .
1 .
1 .
1 .
1 .
9 .
8 .
8 .

746D 00
3B5D 00
51ID 00
933D 00
547D 00
285D 00
106D 00
820D-01
941D-01
303D-01

7.827D-01
7.
7 .
6 .
6 .
4 .
3 .
2 .
1 .
1 .
1 .
7 .
5 ,
4 .
3.
2 .
1 .
t .
C.
5 .

460D-01
1660-01
923D-01
715D-01
854D-01
548D-01
611D-01
930D-0?
4310-01
064D-01
912D-02
8810-02
362D-02
220D-02
360!)r02
7100-02
220D-02
505D-03
729D-03

01 4

8 .
8 .
8 .

a.
8 .
7.
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
5 .
5 .
5 .
S.
5 .
5 .
3 .
5 .
5 ,
4 .
( I .
4 .
4 .
4 .
3 .
3 .
3 .

APD
318D
33bD
1550
2640
1310
968D
784D
584D
371D
149D
920D
685D
445D
201D
952D
699D
628D
54BD
459D
363D
258D
1U4D
020D
8S5D
7370
574D
393D
191D
9b5D
7120
4 280

APT

0 1
0 1
0 1
0 1
0 1
0 1
t)1
G l
03
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
OS
0 1
01
0 1
0 1
0 1
0 1
01
0 1
0 1
0 1
0 1
0 1

D 01

9 .
1 .
1 .
1 .

APT
838D
140D
3060
485D

1.676D
1 .
2 .
2 .
2 .
2 .
2.
3 .
3 .
3 .
3 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
5 .
5 .
5 .
5 .
5 .
6 .
6 .
6 .

377 D
0870
306 S
5310
761D
997 D
237D
480D
728D
979D
234D
323D
417D
5150
61BD
72BD
846D
972D
1090
259D
423P
604D
807 D
0330
287D
S71D

00
01
01
01
0 1
01
01
01
01
01
01
01
01
01
01
01
0 1
01
01
0 1
01
0 1
01
ot
01
01
(H
01
01
01
01



Table 1-9. •• SmHy'of thp F.ffpcr nf Rpflux

CRYOGENIC DISTILLATTCN OF H»DROGEN ISOTOPES FOR AHL/fgPR,
I:

B. MSHA.. ..NOVEMBER, ViTj

ISOTOPIC SEPARATION AT PT= 1.000D 03 TORR, APT8R NUHBER OF ITBRATIONS= 15
NUPIBER OF THEORETICAL STAGES* 30 REFLUX RATIO L/D1 = - 2 . 0 0 0 0 01
SIDE STREAN LOCATION* 6 1ST FEED PLATE LOCATION 10 2HD FP LOCATION^ 12 :iZu FP UUCHIUH- • 1i
PEFD ti'ATES: 0 . 0 0 .0 1.00D 02 PHODUCTS: 3 . OOD 01 0 .0 BOTTOHS: 7.U0U 01

F I E D C<>/|5>.N-H2
2 . COOOr»flD-01

HO i HT
2.700000D-02 / / 1if 1000000-02

N-D2
2.620000D-01

DT
«.280000D-01

N-T2
2.7OOO00D-C1

APli
2.100D 00

APD
4.8950 01

APT
1.B95D 01

EQUILIBRIA =S'fAGB TEMPERATURES, DEG.K..(PROH L TO R IN ASCENDING ORDER OF PLATE NUNUEU )
2.460980D 0,1
2.4S9212D 01
2.510689D^ 01
2.526865D 01
2.5404280 01

2.4 6B2920 01
2.492715D 01
2.514435D 01
2.5289630 01
2̂ .54 31310 01

.01
2.496226D 01
2.518230'i; 01
2.531079D 01
2;5460470 01

2.478077D 01
2.U99768D 01
2.5205670 01
2.533257D 01
2.5H9212D 01

2. U82002D 01
2.503J57D 01
2.522730D 01
2.535523D 01
2.552660D 01

2.U85668D 01
2.S06997U 01
2.5248190 01
2.53790UII 01

SUBHATION OF T.I0HID BOLE FHACTIONS. (fROB L TO R IN ASCENDING ORDSR OF PLATE HUBBti )
1.0000U5D 00
1.0000560 00
i . o o o o i e D O c
1.000042D 00
1.000035D 00

1.0000U5D 00
1.000056D 00
1.0000U4D 00
1.0000U2D 00
1.000032D 00

1.0000U7D 00
00
oo

1.00004 IP 00
1.000030D 00

1.000050D 00
1.000.0560 00
1.0C004 1D 00
1.00C040D 00
1.00U0Z7D 00

1.000052D 00
1.000054D 00
1.0000U2D 00
1.000038D 00
1.000025D 00

1.00005UD UO
1.000052U 00
1.0000421> 00
U0OOO37U 00
1.0000220 00

I
I—
O N

PLATE
1
1
2
3
It
5
6
7,,
8

•- 9 .

10
11
12
13
14
15
16
17
18
19
20
21
22
23
2i*
25
26
27
28
29
30

NO. N-H2
6.663139D-03
1.926314D-01
6.14120«D-04
2. 55001 3D-O»
1.571391D-04

~ 1.300B70D-04
1.221242D-04
1.192846D-04
1.178187D-04
1.167214D-0'i
1.157222D-04
1.1474780-04
1.137779D-04
1.128072O-O4
1.118348D-O4
1.1086 08D-04
3.207999D-05
9.248401D-06
2.6566410-06
7.6041680-07
2.168780D-07
6.163071D-08
1.744822D-08
4.92054 ID-09
1.381963D-09

r. 3.8644380-10
1.075519D-10
2.977221D-11
8.185258D-12
2.2254640-12
5.8953600-13

HO
8.993888D-02
6.144412D-02
4.£15361D<>02
2. 943904D-02
2.118948D-02
1.5888630-02
1.219999D-02
1.033469D-02
8.943510D-03
8.0376MD-03
7.433450D-03
7.015622D-03
6.712263D-03
6.4790U9D-03
5.2888980-0 3
6.125429D%03
4.035225P/03
2':6iiJi7Sfb-03
f.7219230-03
1.1194790-03
7.2292170-04
H.644250D-0U
2.967280D-04
1.8846180-04
1.189097D-04
7.4456800-05
4.619815D-05
2.833702D-O5
1.7117880-05
1.0119290-05
5.787536D-06

HT
'3.650870D-02
3.0234540-02
2.48184SD-02
2.034587D-02

1.3881700-02
1.1635370-02
9.882900D-03
8.5210500-03
7.H64119D-03
6.6426760-03
6:odi474D-O3
5.4971750-03
5.096195D-03
4.7727970-03
4.507470D-03
3.5666100-03
.3062060-03
.19565JD-03
.708261D-03
.321305D-03
.015699D-03
.755862D-0<!
.8790730-01
.419819D-04
.2913J20-04
•4236K3D-04
.760493D-04
1.2570520-04
8.7770870-05
5.943169D-05

K-D2
7.3912800-01
7.484695D-01
7.4284670-01
7.270761D-01
7.040731D-01
6.758292D-O1
6.4382070-01
6.092086D-01

5.358584D-01
4.986430D-01
4.619158D-01
4.261990D-01
3.919240D-01
3.59')3riD-01
3.289722D-01
3.110862E-01
2.9224730-01
2.7275510-01
2.5286060-01
2i327838D-01
2.127225D-01
•.928554D-O1
1.733444D-01
1.543356D-01
1.3596060-01
1.183379D-01
1.015742D-01
8 ,5766550-02
7. 100301D-02
5.736297D-02

DT
1.254135D-01
1. 54 34600-01
1.844H48D-01
2.1565300-01

-2.478876D-01
2.8079370-01
3.1392130-01
3.4671400-01
3.785248D-01

K-T2

4.363512D-01
4.6090960-01
4.816457D-01
4. 979638D-01
5.093824D-01
5.1556190-01
5.329380D-01
5.498421D-01
5.&61099O-01
S.81O.925D-01
5.956696D-01
6.0825410-01
6.187934D-01 -
6.2677050-01
6.316060D-01
6.326639D-01
6.2926560-01
6.207130D-01
6.063277D-01
5.855056D-01
5.577887D-01

3.577550U-03
5. 152J0 20-03
7.^308700-03
9.9509640-03
V. 347bb60-0V
1.7999950-0^
2.374O51D-02
3.09441*90-02
3.9874870-02
5.0B1395D-0*:
6.404276D-02
7.98J2060-OJ
9.842417D-02
1.20U1290-01
1.4472210-01
1.48341 BO-01
1.5245030-01
1. 572117D-0I

1.695021D-U1
1.775432D-01
1.872739D-01
1.9»10d7li-01
2.1349750-01
2.30971SU-01
2.5210800-01
2.775084D-01
3.0776J0D-O1
3.4339350-01
3.847b31D-01

AfH
6.9890 00
4.776D 00
3.4100 Oii

—2. 5J5D 00
1.9T2D 00
1.5010 00
1.2190 00
1.0230 00
8.8500-01
7.8670-01
7.-.53D-01
6.6230-01
6.21«D-01
5.9000-01
5.642D-01
5.4270-01
3.8330-01
2.735D-01
1.963D-01
1.415D-01
1.022D-01
7.«01D-02
5.362D-02
3.882D-02
2.804D-02
2.0180-02
1.443D-02
1.0220-02
7.141D-0J
4.8940-03
3.261D-03

APD
A.468D 01
8.5630 01
8.5410 01
8.4960 01
8.386D 01
8.241D 01
8.07OD 01
7.877D 01
7.666D 01
7.442D 01
7.205D 01
6.958D 01
6.7030 01
6.441D 01
6.172D 01
5.8980 01
5.7950 01
5.6851) 01
5.566D 01
5.4410 01
5.3100 01
5. 1710 01
5.024D 01
4.860D 01
4.7020 01
4.5230 01
4.3300 01
4.1190 01
3,8890 01
3.6380 01
3. 36 3D 01

APT
8.3350 00
9.586D 00
1.098D 01
1.252D 01
1.423D 01
1.6080 01
1.808D Or
2.020D 01
2.245D 01
2.479D 01
2.723D 01
2.9750 01
3.2340 01
3.4990 01
3.7710 01
4.0470 01
1. 1660 01
4.2880 01
4.413D 01
4.544 0 01
4.680D 01
4.8220 01
4.970D 01
5.128D 01
5.2950 01
5.4740 01
5.6680 01
5.8790 01
6.1100 01
6.362D 01
6.637 0 01



Table 1-10. Study of the Effect of Influx RaHo
CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES FOR ANL/TEPR, . . B . 4 I S B A . . . .NOVEHBBR, 1975

ISOTOPIC SEPARATION »T PT= 1 . 0 0 0 D 0 3 TORR, AFTER NUHBER OF ITERATIONS* 15
N5JHBER OF THEORETICAL STAGES= 30 BEFLUIC BATIO L / D 1 = 2 . 5 0 0 0 01
SIDE STREAH LOCATION^ 6 1ST FEED PLATE LOCATION^ 10 2ND PP LOCATION 12 3RD FP LOCATION = 15
FEED RATES: 0 . 0 0 . 0 1 . 0 0 D 0 2 PRODUCTS: 3 . 0 0 D 01 0 . 0 BOTTOMS: 7 . 0 U D 0 1

FEED C0H?.N-H2
2.000000D-03

HD
2.700000D-02

HT
1.1000000-02

N-D2
2.620000D-01

DT
4, 280000D-01

N-T<!
2.70OOOOD-01

APH
2.1U00 00

APD
1.895D 01

APT
4.895D 0 '

ECBILIBRIUH STAGE TEMPERATURES, DEG.K.. (FROM L TO R IN ASCENDING ORDER OF PLATE NUMBER )
2.459636D 01 2.4667350 01 2.471931D 01 2.476214D 01 2.480027D 01 2.1835090 01
2.487099J 01 2.1905810 01 2.494103D 01 2.497691D 01 2.501356D 01 2.5051000 01
2.508919D 01 2.512810D 01 2.516764D 01 2.519315D 01 2.521716D 01 2.52404SD 01
2.526347D 01 2.528650D 01 2.530975D 01 2.533313D 01 2.535778D 01 2.538304U 01
2.540949D 01 2.513744D 01 2.546720D 01 2.549906D 01 2.55332BD 01 2.5S7001D 01

SOMMATION OF LIQUID HOLE FRACTIONS (FROM L TO R IN ASCENDING ORDEB OF PLATE NUMBEH )
1.000095D 00 1.000098D 00 1.000104D 00 1.000110D 00 1.000117D 00 1.000123U 00
1.000129D 00 1.000133D 00 1.000135D 00 1.000135D 00 1.0001330 00 1.00012JU UO
1.000123D 00 1.000114D 00 1.OOO104D 00 1.000106D 00 1.000107D 00 1.0001070 00
1.0001050 00 1.OOO103D 00 1.000099D 00 1.000095D 00 1.000090D 00 1.0000851) Oil
' .0000790 00 1.000073D 00 1.000067D 00 1.000061D 00 1.000054D 00 1.0000480 01/

PLATE
1
1
2
3

5
6
7
8
9

10
11
12
13

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. N-H2
6.657375D-03
1.929183D-03
6.041384D-U1
2.3733U9D-04
1.362964D-04
1.082325D-04
1.000637D-04
9.729O73D-05
9.597389D-0S
9.5D4546D-05
9.421594D-05
9.340682D-05
9.259725D-05
9.178244D-05
9.096217D-05
9.01376 1D-05
2.563678D-05
7.261390D-06
2.048470D-06
S.755926D-07
1.610936D-07
4.490593D-08
1.246695D-0B
3.4466700-09
9.487546D-10
2.599735D-10
7.08908 ID-11
1.922686D-11
5.1805340-12
1.381915D-12
3.605250D-13

HD
8.986595D-02
6.159199D-02
4. 223065D-Q2
2.931795D-02
2.084127D-02
1.533305D-02
1.177578D-02
9.U83714D-03
8.0032490-03
7.038523D-03
6.398757D-03
5.962199D-03
5.651907D-03
5.419735D-03
5.235854D-03
5. 081978D-03
3.293067D-03
2.121908D-03
1.359808D-03
B.b67072D-04
5.494068D-O4
3.463303D-04
2.170543D-0U
1.352006D-04
8.3655060-05
5.1375850-05
3.127817D-05
1.8840630-05
1.1193300-05
6.524231D-06
3.69565BD-06

HT
3.652088D-02
3.034763D-02
2.495958D-O2
2.045883D-O2
1.679004D-02
1.384552D-02
1.150724D-02
9.664108D-03
8.21846BD-03
7.087803D-03
6.204104D-03
5.512311D-O3
4.968473D-03
4.5J7920D-03
1.1936000-03
3.9146220-03
3.048620D-O3
2.3596680-03
1.8154240-03
1.3882660-03
1.055059D-O3
7.9668300-04
5.9750280-04

3. 285326D-04
2.40432BD-04
1.741128D-04
1. 2451020-04
8.766766D-05
6.051006D-05
4.066108D-05

N-D2
7.SS0891D-01
7.673541D-01
7.647428D-01
7.5176O1D-01
7.311247D-0I
7.046837D-01
6.7381040-01
6.3960090-01
6.Q29846D-01
5.647890D-0I
5.257705D-01
4.866258D-01
4.47988OD-01
4.104181D-01
3.743941D-01
3.403029D-01
3.183179D-01
2. 956750D-01
2.727346D-01
2.498000D-01
2.271326D-01
2.0495780-01
1.8346850-01
1.6282660-01
1.431652D-01
1.24*906D-01
1.071859D-01
9.101325D-02
7.611707D-02
6.252651D-02
5.025653D-02

DT
1. 1021550-01
1. 361546D-01
1.636574D-01
1.928320D-C I
2.235989D-01
2.5573O5D-01
2.88B634D-P1
3.225028D-01
3.560326D-01
3.887347D-01
4.198181D-01
4.484558D-01
4. 7382S4D-01
4.951583D-01
5.117726D-01
5.231226D-01
5.436920D-O1
5.634711D-01
5.8219846-01
5.995422D-01
6.151159D-01
6.284856D-01
6.3917530-01
6.4667180-01
6.504305D-01
6.498868U-01
6.444729D-01
6.336450D-01
6.169221D-01
5.939355D-01
5.6448820-01

S-T2
1.746614D-0J
2.622311D-03

5.393788D-03
7.50BB37D-03
1.029907D-U.*
1.394J11D-02
1.B65124D-02
2.46bb0BD-02
3.225494D-O2
4,171425D-02
5.3JbO54D-O2

8.4374lbD-02
1.0431290-0!
1.27487BD-01

.4S402JD-U1

.56146 90-01

.6541J5D-U1

.76S416U-01

2.059421D-01
2.2S2J07O-O1
2.4U1356U-01

00
00

3.134710U-01

APH
6.985D 00
4.789D 00
3.420D 00
2.S12D 00
1.895D 00
1.470D
1.174D
9.670D-01
B.206D-01
7.1570-01
6.395D-01
5.830D-01
5.402D-01
5.070D-01
4. 805D-01
4.5880-01
3. 196 D-01
2.248D-O1
1.589D-O1

1. 1280-01
8.023C-02
5.715D-02
4.073D-02
2.900D-02
2.061D-02
1.459D-02
1.027D-02
7.167D-03
».943D-03
3.352D-03

2. 218D-03

API]
8.5510 0 1
8.661D 01
B.676D 01
3.627D 01
8.533D 01
8.4O1D 01
8.240D 01
8.0550 01
7.8490 01
7.6260 01
7. 388D 01
7.137D 01
6.876D 01
6.606D 01
6.328D 01
6.043D 01
5.917D 01
5. 784D 01
5.645D 01
5.499D 01
5.349D 01
5.193D 01
5.031D 01
4.862D 01
4.684D 01
4.495D 01
4.294D 01
4.078D 01
3.846D 01
3.595D 01
3.325D 01

APT
7.S11D 00
8.5B7D 00
9.810D 00
1. 120D 01
1.277D 01
1.451D 01
1.641D 01
1.847D 01
2.068D 01
2.301D 01
2.547D 01
2.80.JB 01
3.068D 01
3.342D 01
3.623D 01
3.910D 01
1.04SD 01
4.192D 01
4.339D 01
4.483D 01
4.642D 01
4.800D 01
4.964D 01
5.1340 01
5.313D 01
5.503D 01
5.704D 01
5.920D 01
6.153D 01
6.404D 01
6..674D 01



Table 1-11. Analysis of the Effect of Number of Feeds

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES FOB ANL/TEPR, . . B . B I S R A . . . .NOVEMBER,

TSOTOPIC SEPARATION AT PT= 1 . 0 0 0 D 0 3 TORR, AFTER NUBBER OP ITERiTIONS* 15
NUMBER OF THEORETICAL STAGES- 30 BEFLUI RATIO L/D1 = 1 . 5 0 0 D 0 1
SIDE STREAM LOCATION= 6 1ST FEED PLATE LOCATIOH= 10 2ND FP LOCATION^ 12 39D FP LOCATION^ 1b
FEED RATES: 1 . 5 0 D 0 0 8 . 8 5 D 0 1 1 . 0 0 D 01 PRODUCTS: 1 . 8 0 D 01 0 . 0 BOTTOBS: B . 2 0 D 0 1

FEED C0HP.N-H2 HD HT N-D2 CT H-T2 APH
1.000000D-04 5.000000D-03 5.000000D-03 2.500000D-01 4.899000D-01 2.500000D-01 J.755D
8.000000D-03 3.1989900-02 3.19U160D-02 9.207500D-01 7.3261B0D-03 6.510520D-08 3.755D
2.0000000-03 2.TOOOO0D-O2 1.100000D-02 2.620000D-01 4.29O000D-01 2.70000OO-01 3.7550

EOUILIBRIUM STAGE TEHPEBATURES. DEG. K.. (FROM L TO R IN ASCENDING ORDER OF PLATE NUMBER )
2.124160D 01 2.438097D 01 2.445305D 01 2.4496B0D 01 2.452618D 01 2.454708D 01
2.456256D 01 2.457454D 01 2.458433D 01 : 459292D 01 2.U59651D 01 2.4599190 01
2.U61615D 01 2.463272D 01 2.465387D 01 2.465880D 01 2.466304D 01 2.4666840 01
2.467032D 01 2.467357D 01 2.467665D 01 2.467966D 01 2.46P169D 01 2.468589U 01
2.468949D 01 2.469383D 01 2.469951D 01 2.470750D 01 2.4719U6D 01 2.4738171) 01

SUMMATION OF LIQUID MOLE FRACTIONS.. . . . (FROM L TO R IN ASCENDING ORDER OF PLATE NOSUEH >
1.000000D 00 1.000000D 00 1.000000D 00 1.000000D 00 1.000000D 00 1.0000000 00
1.0000000 00 1.00O0C0D 00 1.000000D 00 1.000000D 00 1.000000D 00 1.000000D 00
1.000000D 00 1.000000D 00 1.000000D 00 l.OOOOOOD 00 1.0000000 00 1.000000D 00
1.0000000 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00 1.000000D 00 l.OOOOOOD 00
1.0000000 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00 1.0000000 00

M PLATE NO. N-H2
1 1 4.045249D-02
J 1 1.249230D-02

2 4.288508D-03
3
4
5
6
7
8
9

10
11
12
13
14

.946941D-03

.284225D-03

.0951970-03
•039319D-03
.0211840-03
.014064D-03

I.O1O361D-O3
.007814D-03
.007849D-03

I.007379D-03
I.836968D-04
.580949D-04

15 7.660879D-05
1b 2.820809D-05
17 1.03786BD-0'5
18 3.816084D-06
19 1.402251D-06
20 5,149718D-07
2 i 1.890173D-07
22 6.933973D-08
23 2.5422160-08
24 9.31U288D-09
25 3.409434D-09
26 1.246036D-09
27 4.539225D-10
28 1.641214D-10
29 5.8206720-11
30 I .955951D-11

ND
1.695094D-01
1.267721D-01
9.352417D-02
6.975669D-02
5.336576D-02
4.227012D-02
3.4839390-02
2.989395D-02
2.661216D-02
2.443387D-02
2.298205D-02
2.209331D-02
2.150508D-02
1.884073D-02
1.650245D-02
1.444251D-02
1.2392470-02
1.060344D-02
9.0449570-03
7.689330D-03
6.511659D-03
5.489725D-03
4.603798D-0J
3.836421D-03
3.172194D-03
2.597563D-03
2. 100620D-03
1.670925B-03
1.299360D-03
9.780184D-04
7.001848D-04

HT
1.165419D-01
1.062158D-01
9.389763D-02
8.219412D-02
7.191250D-02
6.321220D-02
5.600757D-02
5.012250D-02
U.535740D-02
4.1SJ936D-02
3.843503D-02
3.614140D-02
3.432096D-02
3.335758D-02
3.222473D-02
3.089122D-02
3.005390D-02
2.914247D-02
2.815851D-02
2.710267D-02
2.597501D-02
2.477512D- ">
2.350206D-0*
2.215440D-02
2.073006D-02
1.922615D-02
1.763S7-JD-02
1.596256D-02
1.419066D-02
1.231433D-02
1.032 386D-02

H-D2
6.70B856D-01
7.509188D-01
8.035947D-01
8.401605D-01
8.660520D-01
8.843478D-01
8.970459D-01
9.055240D-01
9.107373D-01
9.133277D-01
9.136956D-01
9.166793D-01
9.188774D-01
9.162239D-01
9.088280D-01
8.944510D-01
8.972602D-01
8.998466D-01
9.022484D-01
9.044 8570-01
9.065646D-01
9.084759D-01
9.101884D-01
9.116380D-01
9.127079D-01
9.131959D-01
9.127602D-01
9.108277D-01
9.064429D-01
8.980240D-01
8.829861D-01

DT M-r2
2.516199D-03 9.443035U-05
3.443055D-03 1.5789b2D-04
4.448369D-03 2.466451D-04
5.570041D-03 3.717446D-04
6.837205D-03 5.4BJ105D-04
8.277352D-03 7.9731780-04
9.919769D-03 1.1480660-OJ
1.179682D-02 1.641510D-03
1.394429D-02 2 .J347J0D-0J
1.6U0136D-02 3.3073a9D-OJ
1.921010D-02 4.bb94^5U-03
1.941499D-02 4 .b6J l 42D-03
1.963868D-02 4.650523D-OJ
2.4451750-02 6.74^354D-03
3.1693920-02 1.0592B4D-02
4.250837D-02 1.76J0J0D-U2
4.2610620-02 1.7b5462D-0^!
4.271877D-02 1.767B31U-02
4.284120D-02 1.770308D-02
4.2989420-02 1.7731510-02
4.318021D-02 1.7768O0D-0i>
4 . 343865D-02 1.7H20430-02
4.380245D-02 1.7903180-0.2
4.U328U8D-02 1.80426JD-U2
4.510248D-02 1.B28738D-02
4.625331D-02 1.6727060-1)2
4.797361D-02 1.9526790-02
S.054889D-02 2 .098*920-02
5.439631D-02 2 .3670760-02
6.011137D-02 2.B57231D-02
6.851082D-02 3.747909D-02

00 8
00 8
00 8

1 .
1 .
9 .
7 .
6 .

APH
835D
290D
800D
792D
392D

5.384D
4 .
4 .

646D
103D

3.700D
3 .
3 .
3 .
2.

3<*9D
172D
013D
892D

2.648D
2.
2 .
2 .
1 .
1 .
1 .
1 .

452D
274D
125D
9S8D
861D
74 OD
624D

1.513D
1 .
1.
1 .
1 .
9 .
8.
7.
6.
5.

405D
300D
195D
091D

APP
.8870
-887D
.887D

01
01
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

870D-01
817D-01
745D-01
6460-01
512D-01

7
8
8
8
a
9

)1 7
APT
.379D

31 7.379D
31 7

APD
• 569D
• 160D
.526D
.778D
.962D
.096D

9.194D
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

.264D

.310D
• 337D
.348D
.374D
• 394D
.379D
.329D
.229D
.248D
. 265D
.282D
• 298D
.314D
.329D
.344D
.357D
.368D
.376D
.378D

9.369D
9
9
9

.343D

.2860

.1760

.379D

0 1
01
0 1
01
01
01
0 1
0 1
0 1
0 1
0 1
01
01
0 1
01
01
0 1
01
01
0 1
01
0 1
01
01
01
01
0 1
01
01
01
01

00
00
00

APT
5.962D
5.499D
4.942D
4.425D
3.992D
3.654D
3.411D
3.260D
3.199D
3.227D
3.349D
3.244D
3.163D
3.56SD
4.255D
5.433D
5.399D
5.361D
5.320D
5.2780
5.235D
5.193D
5.156D
5.128D
5.120D
5.147D
5.233D
5.425D
5.796D
6.479D
7.690D

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

oo
00
00
00
00
00
00



Table 1-12. Analysis of the Effect of Number of Feeds

CRYOGENIC DISTILLATION OP HJDHOGEN ISOTOPES FOR ANL/TEPR, . . B. M S R A . . . .NOVENBER, 1975

ISOTOPIC SEPARATION AT PT= i.OOOD 0 3 TOBR, APTER NDMBER OF ITERATIONS* 15
NDMBER OF THEORETICAL STAGES= 5 0 REFLUX BATTO L/D1= 1 . 5 0 0 D 01
SIDE S1REAH LOCATION^ 6 1ST FEED PLATE LOCATION^ 20 2ND PP LOCATION: 2 5 3RD FP LOCATION* 30
FEED BATES: 1 .50D 00 8 . 8 5 D 01 1 .00D 01 PRODUCTS: 1 .80D 01 0 . 0 BOTTOHS: 8 . 20D 01

FEED COMP.N-H2
1.000000D-04
8.0O000OD-03
2.O00O0OD-03

HD
5.000CO0D-03
3.198990D-02
2.700000D-02

EQUILIBRIUH STAGE
2.422811D 01 2
2.4SU842D 01 2
2.458326D 01 2
2.459795D 01 2
2.U59854D 01 2
2.I466681D 01 2
2.468124D 01 2
2.U69180D 01 2
2.472339D 01 2

TEBPERATURES
.436773D 01
.455896D 01
•4S8574D 01
.460143D 01
.461114D 01
,<»6698&D 01
.46B3O4D 01
.469397D 01
,4741390 01

HT
5.000000D-03
3.194160D-02
1.100000D-02

, DEG.K..(FBOfl
2.444021D 01
2.456670D 01
2.458801D 01
2.460116D 01
2.U62091D 01
2.U67258D 01
2.468477D 01
2.W69661D 01

.000000D 00

.O0000OD 00
,0000000 00
.OO00OOD 00
.000000D 00
.OOOOOOD 00
.OOOOOOD 00
,0000000 00
•000000D 00

1.OOOOOOD
.OOOOOOD
.OOOOOOD
.OOOOOOD
.OOOOOOD
.OOOOOOD
.OOOOOOD
1.OOOOOOD
1.OOOOOOD

00
00
00
00
00
00
00
00
00

1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00
1.OOOOOOD 00

N-D2
2.500000D-01
9.207500D-01
2.620000D-01

DT
4.899000D-01
7.326180D-03
4.280000D-01

L TO R IN ASCENDING ORDER OP

SUHHATION OF LIQOID HOLE FRACTIONS (FBOH

2.448417.} 01
2.457249D 01
2.459022D 01
2.46007BD 01
2.463116D 01
2.46'70u2D 01
2.468646D 01
2.470008D 01

2.451345D 01
2.14576910 01
2.459252D 01
2.460025D 01
2. 46 4432D 01
2.467726D 01
2.U68815O 01
2.470494D 01

L TO P IN
1.OOOOOOD
1.OOOOOOD
1.0000000
1.OOOOOOD
1.OOOOOOD
1.OOOOOOD
1.OOOOOOD
1.OOOOOOD

ASCENDING ORDEB OP
00 1.OOOOOOD 00
00 1.OOOOOOD 00
00 1.OOOOOOD 00
00 1.OOOOOOD 00
00 1.OOOOOOD 00
00 1.OOOOOOD 00
00 LOOuJGuD 00
00 1.OOOOOOD 00

N-T2
2.500000D-01
6.510520D-08
2.700000D-01

PLATE NUHBEB )
2.451387D 01
2.458040D 01
2.459504D 01
2.459952D 01
2.4663290 01
2.467932D 01
2.468991D 01
2.47121bD 01

PLATE 8UNBEB )
OOOOOOD UO

1.OOOOOOD 00
1.OOOOOOD 00
.OOOOOOD 00
.OOOOOOD 00
.OOOOOOD OU
.OOOOOOD 00
.ooooooo oo

APH APD APT
J.755D 00 8.887D 01 7.?79D 00
J.7b5D 00 R.887D 01 7.379D 00
3.7S5D 00 8.887D 01 7.379D 00

PLATE
1
1
2
3
4
5
6
7
8
9

10
11
12
13
1 K
15

40
41
42
43
44
45
46
47
48

NO. N-H2
4.045249D-02
1.252276D-02
4.307334D-03
1.956679D-03
1.289824D-03
1.099230D-03
1.042876D-03
1.024733D-03
1.017850D-03
1.014S6 9D-03
1.012630D-03
1.011305D-03
1.010316D-03
1.009532D-03
1.008875D-03
1.0O829OD-03

• »**

1.636670D-09
5.995076D-10
2.1952680-10
8.0355Y2D-11
2.939916D-11
1.074784D-11
3.923664D-12
1.4280070-12
5.158987D-13
1.8284580-13

HD
1.715724D-
1.2874640-
9.526505D-
7.123074D-
5.459516D-
4.329795D-
3.5712070-
3.06S380D-
2.729513D-
2.506991D-
2.359642D-
2.261971D-
2. 197047D-
2. 153665D-
2.1244210-
2. 104422D-
• * • *

2. 332534D-
1.96168UD-
1.641596B-
1. 365414D-
1. 127172D-
9.216365D-
7.444504D-
5.915514D-
4.595991D-
3. 456758D-

1
1,
V
9
7
7
6
5
5
4
4,
4
3
3
3
3

03 2
•03
03

•03
•03
04
04
04
04. 1

•04 9

01
0 1
02
02
02
02
02
o;
02
02
02
02
02
02
02
02

HT
276217D-01
167284D-01
035231D-01

.087568D-02
,970266D-02
•020859D-02
232278D-02
586922D-02
064120D-02

,6436080-02
307064D-02

,038650D-02
, 825047D-02
,6552510-02
.5202780-02
,412844D-02

»• • *
,008607D-02
.912322D-02
.811101D-02
,704763D-02
,5930B9D-02
.475804D-C2
,352558D-02
, 2229014D-02
.086269D-02
.419510D-03

N-D2
6.598875D-01
7.4136 16D-01
7.960723D-01
8.348895D-01
8.631197D-01
8.838202D-01
8.990237D-01
9.101779D-01
9. 183347D-01
9.242588D-01
9.285034D-01
9.314655D-01
9.334270D-01
9.345842D-01
9.350692D-01
9.349635D-01

• * * •

9.160584D-01
9.171078D-01
9.180164D-01
9.187095D-0 1
9.190611D-01
9.108603D-01
9.177572D-0 1
9.1517160-01
9.101415D-01
9.010802D-01

DT
4.631483D-04
6.362529D-04
8.250275D-04
1.036596D-03
1.276620D-03
1.550624D-03
1.S64675D-03
2.225695D-03
2.641649D-03
3.121695D-03
3.676366D-03
4.317755D-03
5.0597450-03
5.918244D-03
6.9114S3D-03
8.060131D-03

It. 368330O-02
4.392145D-02
4.426789D-02
4.477946D-02
4.554198D-02
4.6&8447D-02
4.839982D-02
5.097391D-02
5.482443D-02
'.054763D-02

2.72<!777D-Ob
4.57166IB-Oo
7. 1b895 1D-06
1.084bOUD-Ob
1.6053940-05
2.343016U-U5
3.

6.947447D-05
9.8928410-05
1.405163D-04
1.99214bD-04
2.U20JU8D-04

5.b34 640D-04
7.954 206U-04

1.783973D-O2

1.UU9795U-U2
1.U338U7U-U2
1.U775S2D-02

2. 103392D-02
2.J71175D-02

APH
1.900D 01
1.353D 01
1.037D 01
8.301D CO
6.844D 00
5.785D 00
5.006D 00
4.429D 00
3.999D 00
3.677D 00
3.435D 00
3.251D 00
3.112D 00
3.005D 00
2.923D 00
2.859D 00

1.121D 00
1.054D 00
9. 876D-01
9.207D-01
8.5290-01
7.840D-01
7.135D-01
6.4100-01
5.661D-01
M.883D-01

APD
7.459D 01
8.061D 01
8.441D 01
8.710D 01
8.91 ID 01
9.062D 01
9.178D 01
9.266D 01
9.333D 01
9.384D 01
9.421D 01
9.449D 01
9.469D 01
9.483D 01
9.491D 01
9.495D 01

• • • •

9.391P 01
9.400D 01
9.410D 01
9.41BD 01
9.424D 01
9.427D 01
9.423D 01
9.410D 01
9.378D 01
9.315D 01

APT
6.U05D 00
5.869D 00
5.218D 00
4."W7D 00
4.051D 00
3.590D 00
3.213D 00
2.910U 00
2.671D 00
2.488D 00
2.351D 00
2.255B 00
2.194D 00
2.163D 00
2.162D 00
2.189D 00

4.972D 00
4.941D 00
4.915D CO
4.901D 00
4.908D 00
4.950D 00
5.054D 00
5.264D 00
5.656D 00
6.3S9D 00



Table 1-13. Analysis of the Effect of Operating Pressure

CRYOGENIC DISTILLATION OF HYDROGtN 1SOTOPBJ FUR ANL/TEPR, . . B . N I S R A . . . .NOVEMBER, 1 * 7 j

ISOTOPIC SEPARATION AT PT= 1 . 0 0 0 D 0 3 TORH, AFTER NUBBKR OF ITERATIONS* 15
NUMBER OF THEORETICAL STAGES= 30 REFLUX RATIO L/D1 = 1 . 5 0 0 D 01
SIDE STREAB LOCATION^ 6 1ST FEED PLATE LOCATION? 10 2ND FP LOCATIONS 12 3RD FP LOCA110N= 1J
?EED RATFS: 0 . 0 0 . 0 1 . 0 0 D 0 2 PRODUCTS: 3 . 0 0 D 01 0 . 0 BOTTOBS: 7 . U 0 D 01

FEED COMP.N-H2 HD HT N-D2 DT N-T«! APH
2.0O00O0D-O3 2.700000D-02 1.1OO000a-02 2.620000D-O1 4.2BO000D-O1 2.70000UD-UI 2 . 1O0D

EQUILIDB1UM STAGE TEMPERATURES, DEC. K. . (FROM L TO R IN ASONDINU ORDER OF PLATE SUNBtS ]
2.463442D 01 2.171111D 01 2.176739D 01 2.1813550 01 2.185118D 01 2.1891651) 01
2.492732D 01 2.196200D 01 2.1996180 01 2.503015D 01 2.506409D 01 2.50981JD 01
2.513235D 01 2.5166B1D 01 2.5201540 01 2.522205D 01 2.524050D 01 2.525B0ttD d i
2.527543D 01 2.529298D 01 2.53110SD 01 2.5330O1D 01 2.535009D 01 2.537162U u i
2.539495D 01 2.542050D 01 2.541869D 01 2.5480020 01 2.5511960 01 2.555392D 01

SUMMATION OF LIO.UTD MOLE PRACTIONS.. . . . IFROB L TO R IN ASCENDING ORDER OF PLATE NU1BISK 1
I.OOOOIOD oo i.ooomon oo I.OOOOIOD OO I.OOOOIOD OO 1.0000100 00 i.ooooiuo oh
1.000011D 00 I.OOOOIOD 00 I.OOOOIOD 00 1.000010D 00 1.0000090 00 1.0000091) 00
1.000008D 00 1.000007D 00 1.000006D 00 1.0000O6D 00 1.000007D 00 1.0000071) UO
1.000007D 00 1.000007D 00 1.0000070 00 1.000007D 00 1.000007D 00 1.000007U 00
1.000007D 00 1.000006D 00 1.000006D 00 1.000006D 00 1.000005D 00 1.000005D UO

PLATE NC

V ' <
O 2 I

3
14

5
6
•y
H
a

10
i i
12
13
14
15"
16 <
17
18
19
20
21 '
22
23
21
25 (
26
27
28
29
30

K-H2
.666129D-03
.918018D-O3
.291332D-04
.8297100-04
.9017540-01
.6173390-04
.5709390-04
.5415770-04
.524779D-04
.511456D-04
.49917BD-04
.1B7275D-01
•175539D-04
.4638980-04
.452318D-01

1.440782D-C4
.2873990-05
.2717590-05

J.76C957D-06
.1089000-06

) . 25966 OD-07
i. 552Q96D-0R
>.79003)0-08
3. 121187D-09
?. 3551460-09
>.8023210-10
1.955902D-10
>.593099D-11
.587816D-11

4.149672D-12
.20761RD-12

HD
B. 996687D-02
6.109 ~D-02
1 . 1936»dD-02
2.95567BD-02
2.16821BD-02
1.6717020-02
1. 3596170-02
1.162961D-02
1.037659D-02
9.561383D-03
9.012B37D-03
8.625375D-03
8.3365770-03
B. 10636(10-03
7.9121490-03
7.7402010-03
5.2379410-03
3.529122D-O3
J.3677b5D-03
1.581917D-03
1.052274D-03
b.$672100-04
4.58974RD-04
3.0064D9D-04
1.956340D-04
1.2630060-04
3.073829D-05
5.0952300-05
3. 159296D-05
1.9094150-05
1. 1087940-05

3.
2 .
2 .
2 .
1 .
1 .
1 .
1 .
8 .
B.
7.
6 .
6 .
5 .
5.
5 .
4 .
3.
2 .
2 .
1 .
1 .
1.
8 .
6 .
5.
3 .
2.
2.
1 .
1 .

HT
64222SD-02
9971HB-02
1511800-02
009492D-02
6603240-02
388618D-02
1791980-02
018669D-02
958611D-03
017751D-03
293296 0-03
730173U-03
2875320-03
9330210-03
6U507O-03
1017180-03
385231D-03
5119120-03
8161800-03
2758010-03
309637D-0J
4304670-03
1233480-03
756354D-04
7670470-04
1767930-04
911909D-01
91I051D-04
1242160-04
5101330-04
U3U962D-0U

N-D2
7.103798D-01
7. 1465440-01
7.0413780-01
6.8112180-01
6.5781890-01
6.274088D-01
5.941686D-01
5.601855D-01
5.254766D-01
1.91059111-01
1.5749480-01
4.2521300-01
3.9453200-01
3.6567220-01
3.387697D-01
3.138905D-01
3.014505D-01
2.877925D-01
2.7.11270 D-01
2.576213D-01
2.114206D-01
2.246581D-0 1
2.071617D-01
1.899563D-01
1.722671D-01
1.5452250-01
1.368SJ00-01
1.1939660-01
1.022991D-01
8.5716550-02
6.98153B0-02

1 .
1 .
2 .
2 .
2 .
3.
3 .
3 .
4 .
4
4 .
4 .
1
5.
5
5
5
5
5.
5.
5
5
5
5
6
6
6
5
5
t

5

DT H-T2
528073D-01 3. 7t>72<!«!D-0 J
8676060-01 5 .b^57B0-U3
208321D-01 7.<(4'i71«!D-0J
549715D-01 1.0972070-02
B88927D-01 1.1iil27bD-U2
221773D-01 1.9645^20-02
513199D-01 2.b6bb^iD-02
817592D-01 3.3084d00-u2
1290B2D-01 1.^1276 10-02
381843D-01 5.JU25990-02
6O0398D-O1 6.60U9J6U-02
779881D-01 8.1243020-02
916275D-01 9.90ti8a0D-02
006604D-01
0490B2D-01
O43221D-O1
1746820-01
304539D-01
432409D-01
5569920-01

.191B17D-U1

.4262120-01

.bU501UU-01
I.714 152U-0)
.7466VaU-0 1
.7(3414 1D-U1
.82d207D-01

676171D-01 1.B810U0U-01
7870120-01 1 .94b1 i iU-01
8857070-01 2.02JlJb2D-0i
967502D-01 2. W11720-01
0266200-01 2.2419U2U-U1
056212D-01 2. J»212JO-CI1
048366D-01 2.57B384D-01
9942310-01 2.BUHJ820-01
BB1317D-01 J . G i l U i 1i)-0l
7090380-01 3.1J2095D-01
459556D-01 I.d41 14 5D-U1

APO
00 4.895D

APli
6 .9860 00
4.7460 00
3.3B5D 00
2. 51 ID 00
1.93)0 00
1.547D 00
1.285D 00
1. 1061) 00
9.H20B-01
8.941D-0 1
8.303D-O1
7.B27D-01
7.4600-01
7.1660-01
6.9230-01
6.7150-01
4.854D-01
3.54HD-01
2.611D-01
1.9300-01
1.4310-01
1.061D-01
7.9120-02
5.8810-02
4.362D-02
3.2200-02
2.360D-02
1.710D-02
1.220D-02
8.5050-03
5.729D-03

01 4

B.
B.
8 .
B.
H.
7 .
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
5.
5.
5 .
5 .
5 .
5 .
5 .
5 .
5 .
1 .
4 .
1 .
1 .
4 .
3 .
1 .
1 .

APD
318D
)86D
355D
264D
1310
9680
784D
5B1D
371D
119D
9200
6850
1150
20 ID
9520
f>99D
628D
5180
159D
36 3D
2580
114D
020D
8B5D
737D
574D
3930
191D
965D
712D
128D

APT
• 895D

0 1
01
0 1
01
01
01
0 1
01
01
01
0 1
01
01
01
01
0 1
0 1
01
0 1
01
0 1
01
01
01
01
01
0 1
01
01
0 1
01

01

9 .
1 .
1 .
1 .
1 .
1 .
2 .
2 .
2 .
2 .
2 .
3 .
3 .
3 .
3 .
1 .
1 .
4 .
4 .
4 .
4 .
4 .
4 .
5 .
5 .
5 .
5 .
5 .
6 .
6 .
fa.

APT
838D
140D
306D
485D
676D
8770
0B7D
3060
531D
761D
997D
2370
480D
7280
9790
234D
323D
417D
5150
6181)
728B
8460
972D
1090
259D
1230
601D
H07D
0330
2870
571D

00
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



Table 1-14. Analysis of the Effect of Operating Pressure

CRYOGENIC D I S T I L L A T I O N OP HYDROGEN I S O T O P E S FOB A N L / T E P R , . . B . H I S R A . . . . N O V B H B E R , 1 9 7 5

I S O T O P I C SEPABATIOH AT PT= . 5 . 0 0 0 D 0 2 TORR, AFTER NUHBKR OF ITERATtONS= 1 5
NUflBER OF THEORETICAL S T A G E S - 3 0 REFLUX S A T I O L / D 1 = 1 . 5 0 0 D 0 1
S I D E STREAH LOCATION* 6 1ST FEED PLATE LOCATION^ 10 2ND FP LOCATION^ 12 3RD FP LOCATION^ 1b
FFED R A T E S : 0 . 0 0 . 0 1 . 0 0 D 0 2 PRODUCTS: 3 . 0 0 D 0 1 0 . 0 BOTTOMS: 7 . 0 0 b 0 1

FEED COMP.N-H2 HD HT N-D2 DT N-T2 APU
2.000000D-03 2.700000D-02 1.100000D-02 2 .620000D-01 4 .280000D-01 2.700000D-U1 2.1001)

EC.UIIIBRIUH STAGE TEBPEBATUBES. DEG. K.. (FROM L TO R IN ASCENDING ORDER OF PLATE NUMBtB )
2.224057D 01 2.231051D 01 2.236306D 01 2.240634D 01 2.244502D 01 2.24B173L 01
2.251793B 01 2.255436D 01 2.259138D 01 2.262911D 01 2.266758D 01 2.270682D 01
2.27H683D 01 2.27B767D 01 2.282938D 01 2.285392D 01 2.287620D 01 2.289730D 0 1
2.2917B6B 01 2.293830D 01 2.295889D 01 2.297991D 01 2.300162D 01 2.302U37D 01
2.304858D 01 2.3074780 01 2.310360D 01 2.313572D 01 2.317187D 01 2.321268D 01

sansATros OF LIQUID BOLE FRACTIONS.. R IV ASCENDING ORDER OF PLATE NUflUtK )
1.000308D 00 1.OOO33OD 00 1.0003530 00 1.000389D 00 1.000U18D 00 1.0004440 00
1.000464D 00 1.000475D 00 1.000477D 00 1.000U89D 00 1.000U51D 00 1.0004230 UO
1.000388D 00 1.000346D 00 1.000300D 00 1.000312D 00 1.000319D 00 1.000322D 00
1.000322D 00 1.000317D 00 1.000310D 00 1.000299D 00 1.0002850 00 1.000269D 00
1.000251D 00 1.0002320 00 1.000211D 00 1.000190D 00 1.000168D 00 1.000146D 00

PLATE
1
1
2
3
U
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. N-H2
&.64203BD-03
2.6370470-03
1 . 126617D-03
5.6660820-04
3.605529D-0U
2.fl427360-O4
2.550006D-04
2.426013D-04
2.362025D-04
2.319164D-04
2.2836520-04
2.25066 20-04
2.2185220-04
2.1866530-04
2.154845D-04
2.123018D-04
8.29B4560-05
3.226313D-O5
1.2U7983D-O5
4.803566D-06
1.B39874D-06
7.012414D-07
2.659250D-07
1.003198D-07
3.763814D-08
1.4C374 0D-08
5.200307D-09
1 . 91 ORf. 90-09
6.9433050-10
2.4764890-10
8.4986C)1D-11

HD
8.966293D-02
5.728725D-02
3.7149600-02
2.U94666D-02
1.766930D-02
1.336466D-02
1.082000D-02
9.302298D-03
8.376713D-03
7.789072D-03
7.392712D-03
7.104021D-03
fe.875857D-03
6.6818930-03
6.507544D-03
6.3447930-03
3.907344D-03
2.391545D-03
1.4552810-03
8.805276D-04
5.297455D-04
3.168631D-04
1.B83884D-04
1. 112BS9D-04
6.5274500-05
3.797578D-05
2. 187687D-05
1. 244378D-05
6.9553340-06
3.787J92D-06
1.975912D-06

HT
3.645329D-02
2.938929D-02
2.354428D-02
1.891252D-02
1.533645D-02
1.261793D-02
1.0569520-02
9.0320740-03
J.8776180-03
7.006564D-03
6.3430810-03
5.8303770-03
5.426477D-03
5.100713D-03
4.830916D-03
4.601239D-03
3.530427D-03
2.690436D-03
2.036922B-03
1.532141D-03
1.1U4821D-03
8.495036D-04
6.2571B1D-0U
4.571670D-04
3.309876D-04
2.3710920-04
1.677072D-04
1.167U69D-04
7.960b92D-05
5.277089D-05
3.3576680-05

N-D2
7.666511D-01
7.8022170-01
7.756524D-01
7.584564D-01
7.3245160-01
7.002230D-0J
6.636246D-01
6.240930D-01
5.828246O-01
5.40B592D-G1
4.9910930-01
4.583593D-01
4.192548D-01
3.822951D-01
3.478328D-01
3.160844D-01
2.981948D-01
2.790917D-01
2.591829D-01
2.38B027D-01
2.182383D-01
1.977*160-01
1.775350D-01
1.578128D-01
1.3874210-01
1.2046430-01
1.0309B2D-01
8.674361D-02
7.14B785D-02
5.7408630-02
4.4579420-02

DT
9.975628D-02
1.2860150-01
1.596350D-01
1.927748D-01
2.278160D-01
2.6435750-01
3.017902D-01
3.393117D-01
3.7595980-01
4. 1066480-01
4.423105D-01
4.698014D-01
1.921276D-01
5.084253D-01
5.180300D-01
5.205239D-01
5.390520D-01
5.572737D-01
5.750683O-O1
5.922005D-01
6.083371D-01
6.230523D-01
6.358252D-01
6.460319D-01
6.521338D-01
6.556674 0-01
6.5324200-01
6.4455430-01
6.2BU350D-01
6.037399D-01
5.694978C-01

H-T2
1. !4-!30ttD-0J
1.8bii!14D-03
2.892042D-0J
4.343013D-03
6.JboiUBU-Oj
9. 15^!()(>8O-OJ
1.29406 6D-O.2
1.U018J20-02
2.47250 80-02
3.344852D-02
4.4b1609D-0<>
5.Ub79d8D-02
7.60blJ32D-u2
9.7278330-02
1.2^5U33D-01
1.522JJ4D-01
1.552J24U-01
1.b852030-01
1.62244 1U-O1
1.b65793D-i)1
1.7174«ilD-01
1.78UJ910-01
1.8bc)2b4D-01
1.955 8b7D-U1
2.079278D-01
2.2J59J1O-01
2.4J4 7020-01
2.b»5727U-01
2.9999060-01
3.JU7949D-01
3.«58a7 2D-01

APD
00 4.895D

APH
6.970D 00
4.596D 00
3. 146D 00
2.2490 00
1.6B6D 00
K 327U 00
1.094D 00
9.405D-01
8.3590-01
7.626D-01
7.093D-01
6.689D-01
6.370D-01
6. 1080-01
5.883D-01
5.6840-01
3.B01D-01
2.572D-01
1.7580-01
1.211D-01
1.389D-02
'j.837D-02
4.0720-02
2.842D-02
1.981D-02
1.3750-02
9.4780-03
6.45B0-03
4.3270-03
2.8270-03
1.777D-03

01 4

8 .
8 .
8 .
8 .
8 .
8.
8 .

APD
614D
7290
738D

.6700
549D

, 387D
I960

7.980D
7.
7 .
7.
6.
6 .
6.
6 .
5.
5.
5.
5.
3,

5.
5.
4.
4
4.
4,
4,
4,
3
3
3.

,746D
.4970
.2360
.965D
.685D
, 396D
, 099D
.793D
.695D
• 587D
.473D
, 352D
.225D
.093D
.954D
.807D
.651D
.4820
.296D
.089D
.856D
.592D
.2930

APT
.895D

01
01
01
0 1
01
01
01
01
01
01
01
0 1
01
01
01
0 1
01
01
0 1
01
01
0 1
0 1
01
01
0 1
01
01
0 1
01
01

01

APT
6.925D
8.0B3D
9.445D
1.101D
1.279D
1.476D
1.6900
1.921D
2.165D
2.422D
2.688D
2.964D
3.247D
3.5390
3.839D
4 . 1 4 7 0
14. 261!D
4.3840
4.5070
4.6330
4.7630
4.898D
5.039D
5.187D
5.3440
5.5140
5.700D
5.90B0
6.1U1D
6.4060
6.7060

00
00
00
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



Table 1-15. Analysis of the Effect of Operating Pressure
CRYOGENIC DISTILLATION OF HJDROGEN ISOTOPES FOR ANI./TEPR, . . B.MISRA.. ..NOVEMBER, 197b

ISOTOPIO SEPARATION AT PT= 1.500D 03 TORR, AFTER NUMBER OF ITERATIONS= 15
NUMBER OF THEORETICAL STAGES= 30 REFLUI RATIO L/D1= 1.500D 01
SIDE STREAM LOCATION= 6 1ST FEED PLATE LOCATION= 10 2ND FP LOCATION= 12 3RD FP LOCATION^ 15
FEED RATES: 0 .0 0 .0 1.00D 02 PRODUCTS: 3.00D 01 0 .0 BOTTOMS: 7.0UD 01

M
1
fo
to

FEED COUP.H-U2 HD HT N-D2 OT N-T2 APb
2.OOOOOOD-O3 2.700000D-02 1.100000D-02 2.620000D-01 4.280000D-01 2.700000D-01 2.100D

EQUILIBRIUM STAGF TEMPERATURES, DEG. K..(FROM L TO R IN ASCENDING ORDER OF PLATE NUNBUB )
2.627257D 01 2.634425D 01 2.b40111D 01 2.(.44841D 01 2.648960D 01 2.652685U Ul
2.656159D 01 2.659472D 01 2.66266ID 01 2.665823D 01 2.S6B922D 01 2.671995B 01
2.675052D 01 2.678099D 01 2.681141D 01 2.682943D 01 2.634599D 01 2.6861BJD 01
2.6877490 01 2.689339D 01 2.690989D 01 2.692730D 01 2.6945920 01 2.696607D 01
2.6988080 01 2.701232D 01 2.703917D 01 2.706903D 01 2.710230D 01 2.713933U 01

SUMMATION OF LIQUID MOLE FRACTIONS.. . . . (FROM L TO R IN ASCENDING ORDER OF PLATE NUHBEB I
9.999959D-01 9.999960D-01 9.999960D-01 9.999960D-01 9.999960D-01 9.999960U-01
9.999961D-01 9.999962D-01 9.999963D-01 9.999965D-01 9.999967D-01 9.999970D-01
9.999972D-01 9.999976D-01 9.9999790-01 9.999978D-01 9.999977D-01 9.999976B-01
9.999975D-01 9.999974D-01 9.999974D-01 9.999974D-01 9.999974D-01 9.999974D-O1
9.99997(50-01 9.999975D-01 9.999976D-01 9.999977D-01 9.999979D-01 9.999980D-01

PLATE
1
1
2
3
4
5
6
7
8
9

10
11
12
13
14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. N-H2
6.66684 7D-03
3.2581430-03
1.673004D-03
9.463253D-04
6.159298D-04
4.659111D-04
3.971519D-04
3.647253D-04
3,';^«636D-04
3.393807D-04
3.334956D-04
3.290510D-04
3.252727D-04
3.2181860-04
3.185371D-04
3.153607D-04
1.5E7734D-04
7.968836D-05
3.987660D-05
1.989576D-05
9.896890D-06
4.907681D-06
2.425502D-06
1.194370D-06
5.857146D-07
2.858456D-07
1.386626D-07
6.671962D-08
3.1715160-08
1.477161D-08
6.619140D-09

HD
8.993839D-02
6.290812D-02
4.448503D-02
3.219247D-02
2.410610D-02
1.883408D-02
1.541179D-02
1.318912D-02
1.1736390-02
1.0773700-02
1.012089D-02
9.663074D-03
9.327616D-03
9.068939D-03
8.85B639D-03
8.679141D-03
6.1720070-03
4.373131D-03
3.087536D-03
2.171995D-03
1.5221210-03
1.062279D-03
7.379248U-04
5.0987360-04
3.500723l)-04
2.3B4983D-04
1.6090200-04
1.071714D-04
7.0150220-05
4.478368D-05
2.753310D-05

HT
3.622720D-02
3.009365D-02
2.490649D-02
2.066388D-02
1.7269230-02
1.4592900-02
1.250353D-02
1.0882290-02
9.6279570-03
8.657426D-03
7.904129D-03
7.315723D-03
6.851628D-03
6.480764D-03
6.179568D-03
5. 930355D-03
4.H61278D-03
4.132155D-03
3.426267D-03
2.8277850-03
2.322227D-03
1.896615D-03
1.539488D-03
1.240817D-03
9.918929D-04
7.8519230-04
6.142483D-04
4.73S226D-04
3.5820780-04
2.6KS1920-04
1.887950D-04

N-D2
6.705535D-01
6.693171D-01
6.5687520-01
6.368059D-01
6.117287D-01
5.835429D-01
5.536295D-01
5.230017D-01
4.924084D-01
4.624045D-01
4.333978D-01
4.056807D-01
3.794539D-01
3.548431D-01
3. 319U1D-01
3 . 1 0 6 f ' 6 D - 0 1
3.008Ud1D-O1
2.898679D-0 1
2.77B741D-01
2.649684D-01
2.512361D-01
2.367541D-01
2.215959D-01
2.058372D-01
1.895582D-01
1.728478D-01
1.558064D-01
1.385490D-01
1.212085D-01
1.039381D-01
8.691281D-02

DT
1.893902D-01
2.242731D-01
2.583108D-01
2.912593D-01
3.228553D-01
3.528001D-01
3.807639D-01
4.064010D-01
4.293685C-01
4.493456D-01
4.660503D-01
4.792541D-01
4.887924D-01
4.945732D-01
4.965813D-01
4.948809D-01
5.054603D-01
5. 159006D-01
5.261799D-O:
5.362102D-01
5.458372D-01
5.54 8378D-01
5.629140D-01
5.696862D-01
5.746864D-01
5.773531D-01
5.770308D-01
5.729777D-01
5.643853D-01
5.504153D-01
5 . 302561D-01

N-T2
7.2 I9742D-03 6
1.0149B9D-02 '
1.3749420-02 :
U81J2100-02 2
2.342472D-U^ 2
2.976415D-02
3.7294080-02
4.6161130-02
5.651U24D-02
6.8479370-02

APD
00 4.895D

APH
.9750 00

1.976D 00
.637D 00
.7370 00
.130D 00
.718D 00
•435D 00
.240D 00
.103D 00
.005D 00

8.219J4UO-02 9.346D-01
9.7757380-02 (
1.152492D-01
1.347122D-01 (

).818D-01
).415D-01
).097D-01

1.561479D-01 7 .8380-01
.1.7950960-01
1.B23995D-01 <
1.356465O-U1
1.U9392J0-01
1.938018O-U1
1.990724D-01
2 .0544430-01
2.132102D-0I
2.2272470-01
2.344UUD-01
2.487751D-01
2.bbi87bO-O1
2.B78926O-01
3.13977 7O-UI
1.4533730-01
3.82b147D-Ui

?.620D-01
1.725D-01
4.332D-01
J. 297D-01
2.520D-O1
1.932D-01
1.484D-01
1.141D-01
3.765D-02
5.716D-02
5.1210-02
3.877D-02
2.904D-02
Z. 143D-02
1.5U7D-02
1.082D-02

01 4

6 .
8.
8.
7 .
7 .
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
6 .

APD
102D
129D
083D
9850
852D
694D
517D
328D
130D
925D
715D
501D
2850
067D

5.846D
5 .
5.
5.

625D
567D
500D

5.425D
5.
5 .

342D
2490

5.147D
5.
4 .
4 .
4 .
4 .
4 .
4 .
3.
3 .

034D
909D
771D
616D
444D
251D
034D
792D
521D

APT
.895D

0 1
01
01
01
0 1
01
01
01
0 1
01
01
01
01
01
01
0 1
01
01
01
01
0 1
01
0 1
01
01
0 1
01
01
01
01
0 1

1
1
1
1
1
2
2
2
2
2
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
6
6

)1

APT
.200D
.373D
.5540
.7410
.9350
.1350
.339D
.548D
.7600
.975D
• 192D
.410D
.6310
.8520
.0750
.299D
.376D
.4570
• 542D
.6330
.732D
• 838D
.95UD
.082D
.223D
.378D
.5520
.7460
.964 0
• 207D
. U78D

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
0 1
01
01
01
01
0 1
01
01
01
01
0 1
01
01
01
01
01



Table 1-16. Analysis of Multiple Feeds
CRYOGENIC D I S T I L L A T I O N OF HTBHOGEN ISOTOPES FOR A N L / T E P R , . . B. B I S S A . . . . N O V E B B E R , 1 * 7 5

I S O T O P I C SEPARATION AT PT= 2 . 0 0 0 D 0 3 TORB, AFTER NUBBER OP I T E a A T t O N S = 15
NUtlBEK OF THEORETICAL STAGES* JO BEPLUX RATIO L / D 1 = i . b O O D 0 1
S I D E STREAB LOCA"ION= 6 1ST PEED PLATE LOCATION^ 10 2ND FP LOCATION= 1 2 3RD PP LOCATION^ I S
PEED R A T E S : 0 . 0 0 . 0 1 . 001) 0 2 PRODUCTS: 3 . 0 0 D 01 0 . 0 BOTTOHS: 7 . QUO 0 1

PEED COHP.N-H2 HD HT W-D2 OT N-T 2 A f H
2.000000D-01 2.700000D-02 1. 100000D-02 2.620000D-01 4.280000Q-01 2.700000D-01 I. 100D

E(jnlLIB8IU« STAGE TEBPEB*TURF,S, DEC K..(F8OH L TO P IN ASCENDING ORDER OP PLATE NUHbtK 1
2.754899D 01 2.76199UD 01 2.767668D 05 2.772391D 01 2.776U80D 01 2.78014bD 01
2.783524D 01 2.786708D 01 2.789759D 01 2.7927170 01 2.795608D 01 2.798451D 01
2.801257D 01 2.8040340 0 ' 2.806786D 01 2.808448D 01 2.809981D 01 2.8114511) 01
2.812906D 01 2.B14387D 01 2.815928B 01 2.817559D 01 2.819312D 01 2.8212170 01
2.823307D 01 2.B25616D 01 2.828179D 01 2.831O35D 01 2.834220D 01 2.837767B Ot

SOIMATION OF LIQUID DOLB PBACTIONS.. . . . (FBOS L TO R IN ASCENDING OBDEK OF PLATE NDI1dEa i
9.999987D-01 9 .9999870-01 9.999988D-01 9.999988D-01 9.999988D-01 9.999988D-O1
9.999989D-01 9.999989D-01 9.999989D-01 9.999990D-01 9.999991D-01 9 .9999910-01
9.999992D-01 9.999993D-01 9 .9999940-01 9.999994D-01 9.999993D-01 9 .9999930-01
9.999993D-01 9.999993D-01 9.999992D-01 9 .9999920-01 9.999992D-01 9 .9999920-01
9.999992D-01 9.999992D-Q1 9.9999930-01 9.999993D-O1 9.999993D-01 J.999994D-01

PLATE
1
1
2
3
4
5
6
7
3
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. N-H2
6.666680D-03
3.42038BD-03
1.B35295D-03
1.071589D-03
7.065976D-04
5. 3 256 9 3D-04
4.490998D-04
4.082649D-04
3.8740510-04
3.7588470-04
3.687390D-04
3.636597D-04
3.595758D-04
3.559900D-04
3.5267100-04
3.4951070-04
1.8675790-04
9.952323D-05
5.2898610-05
2.804437D-05
1.482867D-05
7.819050D-06
4.110583D-06
2.153790D-06
1 . 124169D-06
5.B40375D-07
3.016195D-07
1.544874D-07
7.81U643D-08
3.B71864D-08
1.8U6409D-OB

HD
8.98833SD-O2
6.4159740-02
4.628011(0-02
3.4094780-02
2.590120D-02
2.0439830-02
1.681673D-02
1.4414620-02
1. 281544D-02
1. 1740100-02
1.100441D-Q2
1.048791D-02
1.011248D-02
9.827778D-03
9.6016D4D-03
9.413464D-03
6.918158D-03
5.0678470-03
3.700526D-03
2.693192D-03
1.953151D-03
1.4109400-OJ
1.014737D-03
7.2601310-04
5.162149D-04
3.6423580-04
2.5451310-04
1.755981D-04
1.190875D-04
7.B82683D-05
5.031806D-05

HT
3.601037D-02
3.014099D-02
2.515703D-02
2.105232D-02
1.774068D-02
1.510642D-02
1.303 1O3B-O2
1.140606D-02
KQ13794D-02
9.1489370-03
8.3760510-03
7.769153D-03
7.288919D-03
6.904857D-03
6.593561D-03
6.337222D-03
5.40S1460-03
4. 5963680-03
3.890168D-03
3.278045D-03
2.749148D-03
2.2934910-03
1.9020250-03
1.566642D-03
1.280143D-03
1.036167D-03
8.29124BD-04
6.541266O-04
S.0690390-04
3.3374030-04
2.8140150-04

N-D2
6.4102510-01
6.372923D-01
6.240449D-01
6.0436520-01
5.8053690-01
5.542252D-01
S.266380D-01
4.986515D-01
4.709002D-0 1
4.4384130-01
4.177991D-01
3.929966D-01
3.6957800-01
3.476263D-01
3.271766D-01
3.082269D-01
2.999357D-01
2.9057420-01
2.8023000-01
2.689684 0-01
2.5684080-01
2.43B912D-01
2.301614D-01
2.156948D-01
2.005401D-01
1.847558D-01
1.684131D-01
1.5160040-01
1.344271D-01
1.170273D-01
9.956260D-02

DT
2.1545800-01 1
2 .5011610-01
2 .8316680-01
3.1443220-01 1
3.437399D-01 3
3.7090430-01
3.9572640-01 k
4. 18003BD-01 *

H-T2

-487051U-02
.95158 1U-02
.49113900-02
.1374700-02

S.871*1760-02
• 733a72D-0<!
• 71157 9D-02

4. 375430D-01 6.tt21605D-02
4.541723D-01 (
4.677524D-01 <
4.781856D-01
4.B54212D-01
4.8945990-01
4.9035490-01
4.8821170-01
4.9723220-01
5.061225D-01
5.148689D-01
5.23402BD-01
5.3160060-01
5.392793D-01
5.4619180-01
5.520194D-01 ',
5.563660D-01
5.S87523D-01
5.586142D-01 «
5.553072D-O1
5.4B11910-01
5.3629680-01
5. 190B80D-01

.0721530-02
». 4699260-02
.101971D-U1
.272J9dD-01

l .4582i10-01
l.6b9206D-01
I.B746110-01
I.90J190D-01
I.93S395D-0J
•97257bD-01

2.0162950-01
I. 06841 5O-U1
I. 1311720-01
S.207259D-U1
.29991OU-01

! . 4129640-01
I. 550909U-01
'.71B8870-01
! . 92^6250-01
3. 1682770-01
1.(162 13 30-01
i. 8101760-01

APO
00 4.895D

APH
6.9b1D 00
5.0570 00
3.. 755D 00
2. B65D 00
2.253D 00
1.B31D 00
1.537D 00
1. 332D 00
1.1860 00
1.0820 00
1.006D 00
9.492D-01
9.0600-01
8.722D-01
8.450D-01
8.2250-01
6.3500-01
4.9320-01
3.848D-01
3.014D-01
2.3660-01
1.8600-01
1.4620-01
1.148D-01
B.993D-02
7.00BD-02
5.4210-02
4.150D-02
3.131D-O2
2.313D-02
1.659D-02

01 4

7 .
7 .
7 .
7 .
7 .
7 .
7 .
7 .
6 .
6 .
6 .
6 .
6 .
5 .
5 .
5 .
5 .
5.
S.
5.
5.
S.
5.
4 .
4 .
4 .
4 .
4 ,
4 .
3 .
3.

APO
9370
944D
888D
786D
6540
499D
3290
149D
96 ID
768D
5720
373D
1730
9730
772D
5700
520D
4620
39SD
320D
236D
1420
0380
921D
790D
643D
47BD
2930
085D
8520
591D

APT
.B95D

0 1
0 1
01
01
01
0 1
0 1
01
0 1
0 1
01
01
01
01
0 1
01
0 1
01
01
0 1
01
0 1
0 1
01
0 1
01
01
0 1
0 1
01
01

01

1 .
1 .
1 .
1 .
2 .
2 .
2.
2 .
2 .
3.
3 .
3 .
3 .
3 .
4 .
4 .
11.
4 .
4 .
4 .
4 .
4 .
4 .
5.
5 .
5 .
5.
5.
5.
6 .
6 .

APT
3670
5500
737D
927D
121D
318D
517D
718D
921D
124D
328D
5320
736D
9400
144D
347D
4160
489D
566D
650 D
7400
8390
9480
0680
2010
350D
516D
702D
911D
146D
407D

01
01
01
01
01
01
0 1
01
01
01
01
01
01
01
0 1
01
01
01
01
01
01
01
0 1
0 1
01
01
01
01
0 1
0 1
01



Table 1-17. Analysis of Multiple Feeds
C H Y O f i E N I C D I S T I L L A T I O N O F H Y D R O G E N I S O T O P E S P O U A N L / T E P R , . . B . N I S K A . . . . N O V E H 8 E R ,

ISOTOPIC SEPARATION AT PT= 2 . 500D OJ TORH. AFTER NUMBER OF ITEBATIONS^ 15
NUHBEE OP THEORETICAL STAGES= JO REFLUX RATIO L/D1= 1 . 5 0 0 D 01
SIDE STREAfl LOCATION= b 1ST FEED PLATE LOCATION" 10 2ND FP LOCATION: 12 3RD FP LOCATION 15
FEED RATES: 0 . 0 0 . 0 1 . 0 0 D 0 2 PRODDCTS: 3 . 0 0 D 01 0 . 0 BOTTOH5: 7 . 0 0 U 01

FEED C0BP.N-H2 HC HT N-D2 DT N-T2 *PH
?.00OOO0D-03 2.7000000-02 1.100000D-02 2.620000D-01 4.28O000D-01 2.7000000-01 i.iOOD

EQUILIBRIUM STAGE TEMPERATURES, DEG K..(FROH L TO R IN ASCENDING ORDER OF PLATE Nunata i
2.861130D 01 2.8b8126D 01 2.d73753D 01 2.8784430 01 2.882481D 01 2.8BbO94D 01
2.BB9393D 01 2.3924770 01 2.d9S409D 01 2.B9B230D 01 2.900969D 01 2.90364bO 01
2.906272D 01 2.90B856D 01 2.'J1 1405D 01 2.91296BD 01 2.9144170 01 2.91080«U 01
2.917187D 01 2.918593D 01 2.9200560 01 2.921609D 01 2.923281D 01 2.92510311 01
2.927105D 01 2.929323D 01 2.931790D 01 2.934S42D 01 2.9J7615D 01 2.94104^u 05

SOilHATION OF LIQUID HOLE FRACTIONS, .. .(FROB L TO R IN ASCENDING ORDER OF PLATE NUMBEd )
9.999996D-01 9.9999960-01 9.999996D-01 9.999996D-01 9.999996D-01 9 . 99999bl>-0 1
9.9999970-01 9.999997D-01 9.999997D-01 9.999997D-01 9.999997D-01 9.9999970-01
9.999998D-01 9.9999980-01 9.999998D-01 9.999998D-01 9.99999BD-01 9.99999BU-01
9.999998D-01 9.999998D-01 9.999998D-01 9.999998D-01 9.99999BD-01 9.9999980-0 1
9.999998D-01 9.999')98D-01 9.999998D-01 9.999998D-01 9.999998D-01 9.999998D-0I

PLATE
1
1
2
3
4
b
b
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
2b
27
28
29
30

NO. N-H2
6.b66591D-03
3.546679D-03
1.9b6944D-03
1.177065D-03
7.852209D-04
5. 913971D-04
4.951491D-04
4.46644 7D-04
4.213897D-04
4.074299D-04
3.989634D-04
3.9318520-04
3.88742SD-04
3.8498310-04
3.815923D-04
3.784174D-04
2.113280D-04
1.177306D-04
6.543439D-05
3.628357D-05
2.007111D-0S
1.107457D-05
6.093582D-06
3.342345D-06
1.8265100-06
9.935912D-07
5.3727080-07
2.3808960-07
1.525200D-07
7.9071100-08
3.94724 9D-08

HD
8.9817020-02
6.510465D-02
4.767519D-O2
3.560658D-02
2.735624D-02
2.176405D-02

.799200D-02

.5450900-02

.3734260-02

.256568D-02
.175922D-02
.1190970-02

1.0778980-02
.046940D-02
.022707D-O2

1.002913D-02
J.552273D-03
5.670089D-03
4.244216D-03
3.166972D-03
2.3551540-03
1.744824D-03
1.2870550-0}
9.4453660-04
6.8889950-04
4.986237D-O4
3.574223D-04
2.529935O-04
1.760632D-04
1.196523D-04

• P.851774D-0S

HT
3.578b89D-02
3.013903D-02
2.5327260-02
2.134255D-02
1.810b38D-02
1.551354D-02
1.3455530-02
1. 183210D-02
1.055598D-02
9.553937D-03
8.766094D-03
B.144335D-03
7.650553D-03
7.2549080-03
6.934257D-03
6.670805D-03
5.7762620-03
4.982173D-03
4.2800620-03
3.6613243-03
3. 117620D-03
2.6410880-03
2.224461D-03
1.8611O0D-03
1.545003D-03
1.270780D-03
1.0336200-03
8.292441D-04
6.5386480-04
5.0413220-04
3.77O867D-04

S-D2
6.182815D-01
6.1308150-01
5.995646D-01
5.804510D-01
5.577710D-01
5.330110D-01
5.072487D-01
4.812607D-01
4.556033D-01
4.3067040-01
4.067352D-01
3.839798D-0 1
3.625172D-01
3.424073D-01
3.236697D-01
3.062932D-01
2.9903260-01
2.907637D-01
2.8154770-01
2.7142710-01
2.60U322D-01
2.48S867D-01
2.3591130-0!
2.2242810-01
2.081639D-01
1.931544D-01
1.77U478D-01
1.611094D-01
1 . 4422630-0 1
1.269117D-01
1.093084D-01

DT
2.348239D-O1
2.6876690-01
3.006185D-01
3.302672D-01
3.576185D-O1
3.825736D-01
4.0502730-01
4.248735D-01
4.420143D-01
4.5636950-01
4.678838D-O1
4.765329D-01
4.823278D-O1
4.853164D-01
4.855840D-O1
4.832523D-01
4.9122970-01
4.990833D-01
5.0680210-01
5. 1432880-01
5.215583D-01
5.283336D-O1
5. 344409D-O1
5. 396029D-01
5.434726D-01
5.K56277D-01
5.455682D-01
5.427179D-01
5. 364338D-O1
5.260258D-01
5. 107894D-01

H-T2

1.9361<!4O-02 '
2 .4847510-02
3. 1155570-02
3.83b264O-02
4.b54b33O-02
5.57tt128D-02
6.613616D-02
7.7670720-02
9.04330JD-02

.0445680-01

. 197588D-01
• 3b33(»7D-01
.5416o9D-01
•732033D-01
.93376^0-01
.9619780-01
•993U30U-01

2.0J060 5D-01
2.0737V6D-01
2. 1251670-01
2.1868270-01
2.261302U-01
2.3516U00-01
2.461278D-01
2.594475D-01
2.7559^50-01
2 .9509020-01
3.1B5U98U-01
3.4643S7D-01
).7944i>6D-0 1

APD
00 4.B95D

APH
1.947D 00
). 117D 00
1.847D 00
>. 9650 00
!.352D 00
-923D 00
.622D 00
.409D 00
•257D 00
.147D 00

1.0660 00
1.006D 00
J.604D-01
1.247D-01
3.962D-01
3.728D-01
S.876D-01
3.444D-01
4. 328D-01
3.45OD-01
2. 756D-01
2.204D-01
1.762D-01
1. 4060-01
1. 119D-01
1.8570-02
5.9610-02
5.414D-02
14. 1510-02
3. 1200-02
2. 278D-02

01 4

APO
7.8060
7.8000
7.737D
7.634D
7.503D
7.352D
7.188D
7.0140
6.835D
6.651D
6.466D
6.278D
6.091D
5.903D
5.716D
5.5290
5.4B4D
5.4310
5.171D
5. 3020
5.224D
5.136D
5.038D
4.927D
4.802D
4.6620
4.5040
4.326D
4.125D
3.900D
3.647D

APT
.895D

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
0 1
01
01
01
01
01
01
01
01
01
01

01

1 .
1 .
1 .
2 .
2 .
2 .
2 .
2 .
3 .
3 .
3 .
3 .
3 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
5 .
5 .
5 .
5 .
5.
5 .
6 .
6 .

APT
499D
688D
878D
070D
2b2D
456 0
650D
eusD
040D
234D
428D
621D
813D
005D
195D
383D
4470
5140
5B6D
664D
749D
842D
945D
059D
I860
329D
489D
669D
87 ID
097D
350D

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



1-2 to 1-51. For example, if the number of theoretical stages is in-

creased from 15 to 30, the deuterium atom percentage in the distillate is

increased from 75 to 83. However, the atom percentage of protium remains

unchanged. This is due to the fact that essentially all of the protium appears

in the distillate even when the column has only 15 theoretical stages.

(2) Effect of Reflux Ratio

The degree of separation of the lighter constituents from the heavier

constituents increases as the reflux ratio is increased (see Tables 1-6

to 1-10). However, the increase in the degree of separation becomes asymp-

totic, as higher and higher reflux ratios are employed.

(3) Feed Plate Location

The effect of the feed plate on degree of separation depends on the

feed composition. For the few cases analyzed by varying the feed plate

location for a feed of fixed composition, the effect of the feed plate lo-

cation was found to be minor.

(4) Operating Pressure

As discussed in the previous sections, for a fixed feed composition,

the separation of the more volatile fractions depends on the number of

theoretical stages, reflux ratio, and the design characteristics of the

distillation column. As the number of theoretical stages and reflux ratio

are increased, the degree of separation of the more volatile fraction from

the less volatile fraction increases. In many situations, the effects of

these two variables do not significantly change the degree of separation.

Also, increase in the number of equilibrium stages as well as increase in

the reflux ratio results in increased liquid holdup and operating cost.

However, similar results can be achieved by varying the operating pressure,

which is conceptually much simpler.

For ideal solutions, the distribution constant, k., can be expressed

as

k. = -i (1-8)
I

- £i
p
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where

k. = distribution constant for component i

y. = mole fraction of component i in vapor phase

x. = mole fraction of component i in liquid phase

p. = vapor pressure of component i

P = total operating pressure of the system

The relative volatility of component 1 with response to component 2 can

be expressed by

ki Pi

Hence, for ideal mixtures, the relative volatility is independent of

pressure, provided, of course, that the column is operated at the same

temperature. As the column will be operated at the saturation temperature

corresponding to the composition of the liquid mixture at each equilibrium

stage, the degree of separation can be controlled to some extent by the

operating pressure.

In order to study the effect of pressure, a single distillation column

was used for simplicity. The results for a typical feed mixture at pressures

of 500, 1000, 1500, 2000, and 2500 Torr, respectively, are summarized in

Table 1-13 to 1-17. The most significant effect of pressure seems to be

on the atom fraction of tritium in the distillate. The tritium fraction

increases from 7% to 15% when the pressure is increased from 500 Torr to

2500 Torr. The pressure has lesser effect on the other two hydrogen iso-

topes. As the atom percent of hydrogen in the bottom fraction is essen-

tially zero, for all cases, the operating pressure should have no effect

on protium fraction. The atom fraction of deuterium in the distillate

decreases from 86% to 78% as the pressure is increased from 500 Torr to

2500 Torr. The other significant observation that can be made is that

the composition of the liquid in the bottom product is not very sensitive

to operating pressure.

To further demonstrate the general utility of the computer code, two

other cases consisting of 30 and 50 theoretical stages respectively and

each with three feeds were analyzed. The analytical results are shown in

Tables 1-11 and 1-12.

1-26



2• Cryogenic Enrichment Scenario for the EPR

Before an enrichment scheme for the EPR can be developed, the composi-

tion of the spent fuels and the purity requirements on the reinjectable

fuels must be established. The composition of the spent gases as given

below may be considered as representative of a typical experimental power

reactor such as the ANL/EPR.

Protium (atom %) 2.1

Deuterium (Atom %) 48.95

Tritium (atom %) 48.95

For the presently conceived fuel injection scheme, the following are some

of the requirements for the light and the heavy fractions:

(1) Ihe lightest fraction should contain all of the protium atoms

with as little tritium as possible so that it can (if necessary)

be sent to waste consolidation and burial without further re-

processing.

(2) One of the heavy fractions must contain > 98 atomic % deuterium

so that it may serve as the fuel for the neutral beam injector.

(3) The composition of the other heavy fraction should be such that

the ratio of tritium to deuterium atoms is approximately 1.1 so

that the fuel composition resulting from cold fuel and neutral

injection has T/D^1.0.

An examination of the feed composition and reinjection requirements as

listed above, indicated that several distillation columns operating in cascade

would be required. Figure 1-2 shows the 6-column cascade developed for the

ANL/EPR. It should be noted that a large number of cascade arrangements are

possible to meet the above requirements and that Figure 1-2 represents an

adequate bat not necessarily an optimum separation scheme.

a. Analysis of the EPR Cascade

A second computer program was developed based on the computer code

described in Section 2 as a subroutine to analyze the 6-column cascade.

With flow schematics as shown in Figure 1-2, convergence was observed to

be very slow and tedious. To avoid this difficulty, feed No. 3 (bottom

product from column No. 5) to column No. 1 was fixed after establishing its

1-27



I
CO

0 4< -q

A

D+T>98

FROM
TORUS

VACUUM"
SYSTEMS

D+T>98
H<2

D + H = IOO
! T«i

D+T=IOO

i T/D« I

TO
— WASTE

DISPOSAL

5 )

B

D>98

-d)
TO COLD FUEL

RETURN OR
STORAGE

INJECTOR
SUPPLY

CRYOGENIC
i DISTILLATION

COLUMN

.ISOTOPOMERIC
= EQUILIBRATOR

Figure 1-2. Cryogenic Enrichment Scenario for EPR-1



approximate composition during initial iterative ?.aiculations. This speeded

up the convergence, although it was not possible .0 exactly match the

composition of these two liquid mixtures. The analytical results are

summarized in Table 1-18 and detailed operating characteristics (in the

form of computer printouts) are given in Tables I-I9 through 1-24.

An examination of the bottom products from columns So. 1 atvd No. 6 shows

that the composition of these two feed mixtures essentially meets require-

ments (2) and (3) above. However, the distillate from column No. 4 cannot be

directly discharged into waste consolidation and burial without further

reprocessing because of its high tritium content.

Figure 1-2 shows that columns No. 1, 4 and 6 are the main columns

with columns No. 2, 3 and 5 serving as intermediaries. Since the deuterium

content in the feed to column No. 6 is 97%, the effect of the operating parar-

eters on column No. 6 was minimal. The parametric investigations to study the

effects of the operating parameters were carried out for column So. 1, and the re-

sults were found to be not very significant for the overall cascade performance.

Art attempt was made to reduce the tritium content in the distillate

froir-. column No. 4 by varying the number of theoretical stages, reflux ratio

and operating pressure. The tritium content could not be reduced to

acceptable levels due to the presence of tritium as HT which is relatively

volatile. Hence, all of the protium atoms cannot be removed easily by dis-

tillation alone without carryover of some tritium atoms. An examination of

the equilibrium relationship among the six species of hydrogen isotopes

shows that it is feasible to separate the protium atoras without carryover

of tritium atoms by means of a chemical equilibration followed by cryo-

genic distiiiation as desoriDed below.

b. Equilibration

The isotopomeric composition of the equilibrium feed mixture that dis-

tills from the top of column No. 3 can be altered by shifting the equilibrium

among the various molecular hydrogen species. In the liquid state, the chemi-

cal equilibrium among the six species is essentially frozen. By warming up the

mixture to room temperature in a chemical equilibrator, especially in the

presence of a catalyst (e.g., palladium on asbestos), a new equilibrium

among the six species can be established, as described by the following equations,
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Table 1-19. Analysis of ANL/EPR

CRKOGEHIC DISTILLATION OF KTOROGFN ISOTOPES rOB . . B . n i S B l r . . .OECESBER,

ANALYTICAL RESULTS AT PT= 5 . 0 0 0 D 0 2 '*9RR AFTEft 6 ITERATIONS FOR COLIlfW HO: 1
HUNBE8 OF THEOBETICAL STAGES: 30 REFLUX 8ATIO L/D1= 2 . 0 0 0 D 01

. f l B S T fEED PLATE /.OCATTON: 10 2ND FP LOCATIOH: 15 3BD FP LOCATIOH= 20
PEED RATES: 1 . S 0 D 0 0 8 . 8 5 0 0 1 I . » O D 01 DISTILLATE: 1 . 8 0 D 01 BOTTOHS: 8 . 2 0 0 (J 1

FFED C0BP.H-H2 HD HT 11-02 CT H-T2 APH
1.000000D-OS 5.000OOOD-03 5.0000000-03 2.500000D-01 H.899000D-01 2.500000U-U1 i . 1000-01 <l

,_ 2.000000D-C3 2.700000D-02 1.1000000-02 2.620000D-01 4.280000D-01 2.700000D-01 I. itfOD 00 <l
i».009*30Ds,11 «.«875*OD-0» 4.1939000-01 5.5010300-01 5.82fi820D-05 4.076860D-09 2.1H9

SUtlHATICK OFoLIQOIO HOLE FRACTIOIS
t> I.OOOOOOD,. 00 I.OOOOOOD 00 1.0000000 00"?"' 1.0000000 00 I.OOOOOOD 00 I.OOOOOOD 00

' ° 1.000000P 00 i.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD OO I.OOOOOOD 00 I.OOOOOODGO
« r i.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.0000003 00

I.OOOOOOD 00 1.000000D 00 l.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00
I.OOOOOOD Of1 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.0000000 00 I.OOOOOOD 00

E00ILIBSI8!) STtat TEHPEKATURES '
c2.1933900 01 2.2023»9D 01 2.2092790 01 2.21»807D 01 2.219389D 01 2.2233730 01

= 2.2270330 01 2 .2305900 -01% 2.23*2320 01 2.2381190 01 2.2K2128D01 2.24660SD01
2.25161*0 .01 ^2.2573080 01 2.2636130 01 2.26*1070 01 2.26*3970 01 2.26*5610 01

,-, 2.26«6«2D 01 2.26»657D 01 2.266392D 01 2.2682*90 01 2.2703020 01 2.272637D01
i tr1 2.27S3610 01 i.2785990 01 ,2 .2825010 01 2.2B723T0 01 2.2929880 01 2.299913D01

•- ijj - " ' ; • " = f !

H s PLATE, »0. * H-H2
•<• •<:.. - d? 1 " 9.8*166 2D-0 3
* o 2 > 1.886715D-01

••• 3 9.3«1696D-Q«
L » 5.522«62D-0«

, ^ 5 3.9967750-0*
•5 \, 6 "3.3785590-0*

^, /f '.-7 ,,3.1153710-0*
v» ." 8 2.9896310-0*

o 9 2.9160160-0"
10 2.8608«7D-0«

s 11 2.8151720-0*
12 2.7675290-0*

or- , 13 2.7162050-0*
1* 2.660»60D-0*

" 'a ';• 15. J.*00269D-0»
16 r l . 112**90-0!)

/ .. .-17 > « . 7558910-05
IB 2*03239*5-05
19 8.68353*0-06'
20 ,,° 3. 7 0992 80-06,

a21 1.*13331O-06
^ 22 ==^98 37**0-07

23 3.007^980-07
" 2* o 1.2^77010-07

° 25 5.»7»061D'-0(l
26 2.3062*80-08
27 9.5995610-09
29 3.9251080-09

^\ 29G 1.557772P-09
V, ,30 5.J8?91750-10

-» - Mi
1.333»»60-CMDcu6.*7690«D-02

c*.5389070-02
J.V5*6300-0i"
2.W19257D-02

^ 1.8820*00-02
1.5380760-02
1.3169550-02

•s 1. 1725S80-02
1.0751800-02
1.0080660-02
9.568*370-03
9. UJ821D-03

,8.7*27800-03
a.»00979D-03
5.7086060-03
3.877*9*0-0 3
2.63*0730-03

, 1,7905310-03
1.218*190-03

- 8.38«««2D-0»
5.732929D-0*
3.8915*70-0*
2.618*1*0-0*
•ls7«^J?irD-0«=
1. 1»2»»2D-0»

"X3522880-05
«.6038*70-0$
2. 770836O-05
1.56*5030-05

HT r
2.8*61000-01
2.193332L-01
1.878237D-01

"'' 1.5970560-01
1.355367D-01
1.1527230-01
9.B55567D-02
8.489919D-02

\ 7.3790170-02*
\6.»7*6*JO-O2

bi 7569310-02
5.1*25370-02
1

,;

1
1

1

°

».*6302*D-02
1.23*00*0-02
li 8***680-02
1.0*75780-02
1.23*3880-02
I.377610D-02
l.*9*«08D-02
l.59r70t 70-02
i.9013360-02 °
3.2827220-1.02 '
2.7350260-i02
2.2521380-02

-• 1.8282*20-02
VU58002D-02

iir»55bB9D-02
8.6025690-03
6.2534280-03

'*.2916860-03

11-02
5.5*33180-01
6.7857270-01
7.186189D-0 1
7.U57319D-01
7.6135270-01
7.667318D-01
7i628^70D-01
7.'50*'t09J)-01
,7=3007 B7D-01;
7.021377D-01
6:6935250-01

T 6.3017580-01
5.8535650-01
5.?55*90D-01
»i823750D-01
U.3Z2938D-01
4.8176870-01
».80961*0-01
*.7998000-01

; ;7891150-01
V.73S093D-01
* . 6*95280-01
*.5283180-01
«.3667910-01
«.1599200-01
3.9027500-01
3.59113«O-'6i
3.2228870-01
,2.7993860-01
2.327**60-01

DT !I-T2
'/ 1.763039D-02 2.<»15*6^D-04

3.«67<91D-02 7.b346950-0<t
H.596171D-02 1.^723590-03
5i93991*0-02 2.06*7^JJ-Oi
7.523557D-02 3.2B282JO-03

i. 9. 370*590-02 5. 13.Z»!#9D-0J
\\ 1.1*98580-01;^ 7.9092570-03
\\1.39150«D-01 1.202oyji)-(U
v?.66tf922D-01 1.BU2173O-02
r.?<r-i»5«5D-01 2.6ttJ35*0-02
2./75<8100-01 3.7*35000-02
2.^597330-01 5.2J80I30-02
2.8^.13070-01 7.2567150-02
3. 13*»773D-01 9.908*800-02
3.17*8860-01 1.J4<U87D-0l
3.3839220-01 1.32818*0-01

1
1

J

1.39276*0-01 1.326*590-01
l.*02750D-01 1. 32333 10-U1
l.«15202D-01 1.3173650-01
(.»3169OD-01 1.3072700-01
1.5353790-01 1.33099«0-U1
1.6538570-01 , 1.3626030-01
1.7881993-01 U*0608«0-01
I.938078D-01 1.**7299D-01
t. 100792D-01 1.55*7210-01
I.269950D-01 1.6H0356D-01
l.»3387*D-6i 1.«bObtidD-l't
l.57*002D-01 2.11*6250-01
1.(6)9*20-01 2.«73U61D-01
1*6702550-01 2.9592260-0;

D 01 5

APH
2.188D
1.U39D
1.175D
9.668D
8.0260
6.73BD
5.728D
W.933D
». 305D
3.80«D
3.U11D
3.087D
2.8160
2.583D
2. 3780
2.330D
2.3170
2.3230
2. 3390
2.1600
1.9930
1.670D
1.3870
1.1390

APO
• 975D
.895D
.50«D

01
01
01
00
00
00
00
OO
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

9.2280-01
7.3*70-01
5.7200-010
«.3240-01

- 3.1 it IS or
2.15«D-01

oi v
01 U
01 2

6 .
7 .
7 .
7 .
8 .
8 .

a.
8 .
8 .
8 .
7 .
7.
7 .
6 .
6 .
6 .
6 .
6 .
6 .
fc.
6 .
6 .
6 .
6 .
6 .
6 .

APD
29 8D
283D
643D
917D
1119
2300
2B0D
26 6 D
190D
052D
8700
6290
329C
9690
5530
5* 3D
5330
52«D
516D
5110
507D
*79D
«2*0
3370
21 ID
038D

5/.808D
5 .

5.
«.

5100
13 ID
66 30

APT
.975D
.B95D
»2it7D

0 1
0 1
0 1
0 1
0 1
01
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
01
01
01
01
01
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
01

01
01
0 1

1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
2 .
2 .
2 .
3.
3.
3 .
3.
3 .
3.
3.
3.
3.
3.
3.
3.
* .
«.
* .
5.

APT
S1KD
278D
1820
1160
0670
0960
1*70
2*00
380D
5670
7890
0620
389D
7730
209D
2240
235D
2**D
2500
253D
29«D
35*0
*37D
5«9D
697 D
888D
13»D
**70
837D
3160

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



Table 1-20. Analysts of ANL/EPR

OF HYDROGEN ISOTOPES FOK ANL/TEPR, . . B . R I S R A . . . .DECEMBER,

ANALKTICALiRESOLTS AT PT* 1 . 0 0 0 D 0 3 TOSS AFTER 6 ITERATIONS FOB COLDIHi n C : 2
HUHBER OP THEORETICAL STAGES: 3 0 REFLUI RATIO L / D l - 1 . 5 0 0 D 01
FIRST FEED PLATrJ LOCATION: 10 2ND FP LOCATION: 15 3RD FP LOCATION* 2 0
JJEED RATES: 0 . 0 , , 1 . 8 0 D 01 5 . 0 0 D 0 0 DISTILLATE: 1 . 3 0 D 0 1 BOTTJHS: 1 . 0 0 0 0 1

FEED CCHF.N-H2 * , HD RT N-D2 DT H-T2 APH
9 .841662Dr03 1.3U.34 4 6 0 - 0 1 2 .U1610UD-01 5 . 5 4 3 3 1 8 0 - 0 1 1 . 7«\ 3039D-02 2 . 4 1 5 4 6 2 0 - 0 4 1. 138D

0 1.88563«Dy08 -_2.47>2001D-04 2 . 0 2 2 6 6 6 0 - 0 2 9 . 7 7 8 0 9 3 D - 0 1 v i . 71590bD-03 8 . 9 1 7 5 4 7 0 - 0 7 1.024D

SUKHA
1.C/0
1/00

rrcit/ar LiQniD,/MOLE PIACTIONS
3000D 00 1.000000D 00 1.0000000 00 1.0000000 00 1.000000D 00 1.0000000 00
00OOD 00 r.OOOOOOD 00 1.0000000 00 1.000000D 00 1.000000D 00 1.0000000 00

1.000000D 00 1.0000000 00 1.0000000 00 1.0000000 00 1.0000000 00 1.0000000 00
1.000000D 00 1.000000D 00 1.0000000 00 1.00000QD 00 1.000000D 00 1.000000b 00
?.O0O00OD 00 1/0000000 00 1.000000D 00 1.000000D 00 1.000000D 00 1.0000000 00

EQUILIBRIUH STAGE TEflPEIATDIES
2.U09104D 01 ,-! 2.417640D 01 2.424501D 01 2.430042D 01 2.434522D 01 2.43814bO 01
2.441076D 01 244434460 01 . 2.445365D 01 2.446922D 01 2.448190D 01 2.4492283 01
2.450084D 01 2.4507970 01 2.451400D 01 2.4541820 01 2.1561030 01 2.4S8192D 01
2.1596150 01 2.460833D 01 2.4617550 01 2,4625450 01 2.463233D 01 2.4638430 i>1
2.4643950 01 2.4649110 01 . 2.465409D 01 2.465908D 01 2.466429D 01 2.466995D 01

PLATE
o 1

2
3
4
5
6
7
8
9

10
11
12
13
14
15

.: '6
^'A'17

18
19
20
2 1 .
22
23
24
25
26
27
2B
29
30

NO. H-H2
1.362692D-O2
3.717866D-O3
2.147492D-03
1.401397D-03
1.048921D-03
8.818601D-04

- 8.0146490-04
7.61542//D-04
7.40671/1D-04
7.2894«/9D-04
7.2178400-04
7.170//27D-04
7.13S915D-04
7.1099220-04
7.0B9286D-04
3.359561D-04
1.593918D-01
7.S10796D-0S
3.528169D-05
1.6531190-05
7.911615D-06
3. 77987SD-06
1.803113D-06
8.589076D-07

,4.0854b1D-07
1.940058D-07
9. 192124D-08
4.3398420-08
2.035849D-0B
9.43006BD-09

1.109IS76D--01
8.634S93D-02 :
6.816748D-02 ,
5.499377D-02 i
4.558215D-02 rw
3.89261SD-02
3.425066D-02
3.0978910-02
2.869233D-02
2.709251D-02
2.5969370-02
2.5176370-02
2.461186L-0i
2.420556D-02
1.721707D-J02
1.218023D-02
8.5795020-03

, 6.021936D-O3 (
4.2146110-03
3.3081580-03
2.1417900-03 I
1.5212390-03
1.077720D-03
7.613141D-04
5.3594900-04
3.7565270-04
2.6178060-04
1.8098150-04
1.2371410-04

HT
S.939115D-01
I.476154D-01
1. 191645D-01
!.906116D-01
.634782D-01

!. 3864710-01
I. 165350D-01
.97241"i-01

I.S06b49D-01
l.6b5917D-01
•547525D-01
.4486250-01

I.366448D-01
.2984310-01

1.2422810-01
I.072058D-01
>. 19&707D-02
r.856516D-02
1.6U5041D-02
i.6707930-02
1.871426D-02
1.1701980-02
J.S58256D-02
I.025166D-02
2.562201D-02
2.1609970-02
1.813931D-02
1.514143D-02
1.2555180-02
1.0326480-02

N-D2
4.075728D-01 2
5.372140D-01 5
5.9167260-01 - (
6.389535D-01 6
6.793794D-01 1
7.1351280-01 1
7.420351D-01 1
7.6S6600D-01 :
7.8507630-01 J
8.009149D-01 3
8.137339D-01 3
8.240133D-01 1
8.321578D-01 !

DT
.578998D-04
.047691D-04
.689244D-04
.6522620-04
.0984030-03
.374177D-03
.69944BD-03
.0824850-03
.5331480-03
.0631300-03
.686251D-O3
.4187880-03

). 2798660-03
8.385022D-01 6.291898D-03
8.433186D-01
8.67*6320-01 1
8.8764100-01
9.0446430-01 (

-'J.184517D-01 (

M81093D-03
.718741D-03

r.973»93D-03
1.2566330-03
1.5808230-03

?.30O398D-01 8.960685D-03
" i I.^S5775D-01 *
(.4561650-01
I.513030D-01 1
(.5574230-01
J.589995C-01
9.6109910-01
(.6202380-01
9.6171040-01 ,

(.628874D-03
1.04654 30-02
.151729D-02
.2843310-02

1.451724D-02
.6631440-02

I.930123D-02
!.267016D-02

9.6004530-01 2.691599D-02
(.568573D-01 J.225739D-02

N-T2
1.11935JD-07
3.2556900-07
5.215145D-07
8.144000D-07
1.24U116D-06
1.885B45D-Clb
2.81B497D-0b
4.1767b3D-0b
6.1485250-06
9.00J423D-06
1.3U84 9D-0S
1.907871U-05
2.7b49i8D-05
3.9979J4D-05
5.769a0UD-05
5.8287U8D-05
5.8816400-05
5.9JI8090-05
5.9B3207D-05
6.0407340-U5
6* 32S4UMD-05
6. UtaHD-Ob
7.40942JD-05
8.4132bbD-05
9.95b9090-05
1.^33^950-04
1.5990070-04
2.1614940-04
3.,255900-04
4* J^S35D-04

01 6
00 9

APH
3.029D
2.330D
2.049D
1.8080
1.603D
1.430D
1.285D
1.1650
1.0660
9.837D
9.1640
8.613D
8.162D
7. 794D
7. 493D
6.2550
5.2240
4.3650
3.617D
3.048D
2. 587D
2.1930
1.8S5D
1.567D
1.319D
1. 1070

APD
.298D
.788D

0 1
01
01
01
01
01
01
01
01
00
00
00
00
00
00
00
CO
00
00
00
00
00
00
00
00
00

9.25BD-01
7.702D-01
6.36BD-01
5.2250-01

01 1
01 1

APO
5.000D
5.929D
6.352D
6.735D
7.074D
7.3700
7.623D
7.838D
8.O18D
8.168D
8.2910
8.392D
8.474D
8.5400
8.5920
8.799D
8.977D
9.129D
9.258D
9. 366D
9.4490
9.5190
9.578D
9.627D
9.6660
9.6970
9.7190
9.7320
9.736D
9.730D

APT
. 5 1 4 0
.097D

0 1
0 1
01
01
0 1
0 1
0 1
01 <
01 <
0 1
0 1
0 1
0 1
0 1 1
01

01
00

APT
.9710
.741D
.5990
.457D
.323D
.200D

I.091D
(.9670
>.161D
3.4840
r.923D
7.466D
7.0S9D
i.8110
i.591D

01 S.752D
01 '
01
01
01
01
01
01
01
or
01
01
01
01
01

l.OOID
U.3470
J.778D
3.289D
2.9230
2.615D
2.3620
2.1630
2.017D
1.92HD
1.88BD
1.9120
2.004D
i.173D

01
01
01
01
01
01
01
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00



Table 1-21. Analysis of ANL/EPR
CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES FOB ANL/TEPR, . . B.BISRA.. . .DECBHBEB,

ANALYTICAL RESULTS AT PT= 1.000D 03 TORB AFTER 6 ITERATIONS FOR COLtMN NO: 3
MUB3EF 0? THEORETICAL STAGES: 30 BEFIOI EATIO L/D1= 1 .5000 01
FIRST FEED PLATE LOCATION: 10 2*0 ?P LOCATION^ 15 38D ?P LOCATIOS= 20
FEED RATES: 5 .00D 00 1.300 01 5.00D 00 DISTILLATE: 8.00D 00 BOTTOHS: 1 .500 01

FiSD COSP.H-II2
1.168«50D-05
1.3626920-02
1.135646D-06

HD
4.985219D-01
1.8463090-01
1.34990BD-02

HT
1.9551650-01
3.9391150-01
9.2977T6D-01

H-D2
5.9498570-03
4.075728D-01
2.6721490-02

CT
1.075177D-07
2.578998D-04
5. 646398D-07

N-T2
. 5922510-1^
1.11935JD-07
9.230713D-12

APB APD APT
<t.970D 01 2.552U 01 2.478D 01
3.029D 01 5.000D 01 1.971D 01
4.866D 01 4.847D 00 4.649D 01

OF LltfOID HOLE FBACTIOHS
9.999034D-01 9.999026D-01 9.999032D-01
9.9991940-01 9.999255D-01 9.999319D-01
9.9995110-01 9.999559D-01 9.9996080-01
9.9996830-C1 9.9997023-01 9.999708D-01
9.999715D-01 9.999712D-0 1 9.999708D-01

9.999054D-01
9.999382D-01
9.9996250-01
9.999712D-01
9.999702D-01

9.999O9OD-01
9.999421D-01
9.999544D-01
9.9997150-01
9.999697D-01

9,999138U-01
9.999465D-01
9.9996630-01
9.9997160-01
9.99969JD-01

M
I

EOOILIBBIIin STAGE TEBPEBATOBES
2.340412D 01 2.34S598D 01 2.3501390 01 2.3S4199D 01 2. J5787i»D 01 2.3612240 01
2.364292D 01 2.367118D 01 2.369742D 01 2.372206D 01 2.375U10D 01 2.378572B 01
2.381732D 01 2.38U932D 01 2.3882150 01 2.3899U6D 01 2.391U3UD 01 2.392717D 01
2.39382HD 01 2.39177UD 01 2.3959510 01 2.397178D 01 2.398U8UD 01 2.3999HD 01
2.1(015190 01 2.403356D 01 2.4054910 01 7..407993D 01 2.U10934D 01 2.41U376D 01

PLATE
1
2
3
u
5
6
7
8
9

10
11
12
13
14
15
16
17
18

.-'.9
201,
21
22
23
24
25
2S
27
28
29
30

NO. S-H2
2.2161690-02
8.1820730-03
5.302094D-03
3.6864920-03
2.784240D-03
2.280084D-03
1.996195D-03
1.833434D-03
1.737048D-03
1.677005D-03
1.669653D-03
1.653760D-03
1.633S03O-O3
1.611027D-03
1.587361D-03
9.150736D-04
5.257553D-O4
3.012028G-04
1.7212970-04
9.8158620-05
5.782716D-0S
3.396469D-05
1.9B8146D-05
1.1591230-05
6.724327D-06
3.875S66D-06
2.2136410-06
1.2479640-06
6.892596D-07
3.6804350-07

HD
6. 143218D-01
5.232865D-01
4.7793S0D-01
4.J48782D-01
3.949792D-01
3.537148D-01
3.2626060-01
2.9757680-01
2.724742D-01
2.S06676D-01
2.2311630-01
1.987278D-Q1
1.7729560-01
1.5856700-01
1.422673D-01
1.2515760-01
1.0970380-01
9.585977D-02
8.354274D-02
7.2648530-02
6.3915870-02
5.5909600-02
K.859007D-02
4.191512D-02
3. 5842380-02
3.0330900-02
2.53«258D-02
2.084345D-02
1.6804480-02
1.3201920-02

HT
3.591827D-01
4.6026040-01
5.O56847D-01
5.469051D-01
5.834A59D-01
6.15144BD-01
6.4174450-01
6.632694D-01
6.797933D-01
6.914477D-01

0470980-01
7.1198720-01
7.131389D-01
7.0809940-01
6.9688580-01
7.134164D-01
7.2827860-01
7.4163960-01
7.5366240-01
7.6451140-0t
7.672357D-0I
7.6769200-01

654989D-01
601H20D-01
511663D-01
377754D 01
192456D-01

6.9476&5D-01
6.6351670-01
6.2482370-01

N-D2
4.237212D-03
B.2708230-03
1.1073790-02
1.4529640-02
1.874975D-02
2.3858890-02
2.9996380-02
3.73168BD-02
4.5990200-02
5.619983D-02
7.049215D-02
8.761259D-02

0790380-01
316803D-01
591965D-01
604478D-01
614287D-01
621367D-01
6256070-01
,6268120-01
6872860-01
7630050-01
858247D-01
978P06D-01

2. 12'*074n-01
2.3H1025D-O1
2.553065D-01
2.8426710-01
3.1951250-01
3.617502D-01

OT
7.711280D-08
2.291789D-07
3. 7550400-07
6.0239080-07
9.S06313D-07
1.4»0234D-06
2.278926D-06
3.474181D-06
5.2500440-06
7.8704570-06
1.2160460-05
1.860918D-05
2.820653D-05
4.234263D-O5
6.293855D-05
6.308902D-O5
6.305327D-O5
6.275385D-O5
6.206356D-05
6.0777180-05
6.199870D-05
6.379511D-05
6.6509940-05
7.068544D-05
7.717278D-05
B. 7296930-05
1.0309710-04
1.276659D-O4
t.6660800-04
2.2362730-04

S-T2
1. 15U397D-12
5.2042U2D-12
1.0465JSO-11
2.061737D-11

1.451374D-10
2. 723U02D-10
5.0676U40-IO
9.352S06D-1li
1.779494D-09
3.J517O3D-09
6.249774D-09
1.1535830-08
2.1072b7D-08
2. 1117b2D-0tt
2. 110879D-U8
2. 1QU614D-0d
2.072975U-08

2.US4015D-U8
2.097U6D-ue
2. 17ui>2bU-0«
2.319U40D-U8
2.59J526D-08
3.1196120-08
4. 12U592D-Q8
6.054 544D-0U
9.69a380D-08

APH
5.089D 01
5.0000 01
4.972D 01
4.946D 01
4.921D 01
4.893D 01
4. 860D 01
4.823D 01
4.779D 01
4.728D 01
4.6560 01
4.570D 01
4.4690 01
4.35C0 01
4.212D 01
4.202D 01
4.195D 01
4.191D 01
4.188D 01
4. 187D 01
4.156D 01
4.1180 01
4.071D 01
i|. 01 ID 01
3.9350 01
3.8410 01
3.7230 01
3.5780 01
3.4020 01
3.190D 01

APO
3. 114D 01
2.6990 0 1
2.5010 01
2.320D 01
2. 1&3D 0 1
2.032D 01
1.9310 01
.8610 01
.B22D 01
-815D 01
.821D 01
.870D 01
-96 6D 01

2.110D 01
2. 3040 01
2.231D 01
2.163D 01
2. 1010 01
2.0440 01
1.990D 01
2.0070 01
2.0430 01
2. 102D 01
2. 1880 01
2.3090 0 1
2.470D 01
2.68OD 01
2.94 8D 01
3.2S0D 01
3.6850 01

APT
1.796D 01
2.302D 01
2.5290 01
2.7350 01
2.9180 01
3.076D 01
3.2090 01
3.317D 01
3.3990 01
3.4570 01
3.524D 01
3.5600 01
3.566D 01
3.541D 01
3.485D 01
3.569D 01
3.642D 01
3.7091 01
3.7690 01
3.823D 01
3.837D 01
3.839D 01
3.828D 01
3.801D 01
3.7560 01
3.685D 01
3.597D 01
3.»75D 01
3.319D 01
3.125D 01



Table 1-22. Analysis of ANL/EPR

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES FOR ANL/TEPR, . . B.HISRA.. ..DECEBBEB,

ANALYTICAL BEStlLTS AT PT= 1.000D 03 TOHR AFTEP 6 ITERATIONS TOR COLUMN NO: <4
NOHBER OP THEORETICAL STAGES: JO 8EPLUX RATIO L/D1= 1.500D 01
FIRST rEED PLATE LOCATION: 10 2ND FP LOCATION: 12 3RD FP LOCATION* 15
FFED RATES: 0 . 0 0.0 8.00D 00 DISTILLATE: 3.00D 00 BOTTOHS: 5.001) 00

FEED CCHP.N-H2
2.216169D-C2

HD
6.1432180-01

HT
3.591827D-0 1

SUBTATIC* OF LIQUID S01E FRACTIONS
9.9999910-01 9.99999*0-01 9.9999960-01
9.999999D-01 ^.999999D-01 9.999999D-01
1.0000000 00 1.000000D 00 1.000000D 00
9.99999HO-P1 9.fi99996D-01 9.999993D-01
9.9999790-01 9.'!i99976D-01 9.999974D-01

N-D2
4.237212D-03

9.9999S7D-01
1.000000D 00
1.000000D 00
9.9999900-01
9.9999730-01

DT
7.7112800-08

9.9999980-01
1.0000000 00
1.000000D 00
9.9999860-01
9.999972D-01

N-T2
1.150397U-12

9.999998D-01
000000D 00

1.00000UO 00
9.99998J0-01
9.999973D-01

APU
5.089D 01

APD
3.114D 01

APT
1.7960 01

FOniLIBRIDn STAGE TEBPEIATORtS
2.306091D 01
2.316628D 01
2.325O82D 01
2.33176*0 01
2.3398160 01

PLATE NO. N-H2

2.3092250 01
2.3177890 01
2.326920D 01
2.332621D 01
2.3*21100 01

2.311*000 01
2.3190200 01
2.32888*0 01
2,3336180 01
2.3**7660 01

2.3130150 01
2.3203510 01
2.3296210 01
2.33*7970 01
2.34780*0 01

2. 314327D 01
2. 321800D 01
2.3303100 01
2.3361970 Ot
2.351228D 01

2.315*960 01
2.323375D U1
2.331008D 01
2.337857D 01
2.3550260 01

1
2

, 3

5
6
7
8

o»
10
11
12
13

°18
19'

: 20
' 2 1

; 22
23;
2*
25

, 26",
27
28

,»2<9
, 3 0

5.908706D-02
2.555890D-02
1.7730250-02
1.297487D-02;
1.0096060-02
8.351197D-03
7.2982*10-03
6.6528990-03
6.2526060-03
5.997*280-03
5.8273250-03
5.7063*10-03
5.613052D-03

o5,S3*796D-O3
5.1612070-03
3.701773D-0JJ
2,S0V60«D-0:i

5 1.69*3090-03
1.1*255:90-03

°7.6873330-0*
5 . 1 5 8 0 « 5 0 T 0 *

2^2970*00-0*
1S521668D-0*
1.0011170-0*
6.5.126*6D-05
1.21*1660-05
2.677600D-05
i". 6656020-05
1.0041630-05

HD
9. 1820280-01
9.390396D-01
9.392408D-01
9.3534190-01
9.28*1«2D-01
9. 190623D-01
9.0760810-01
8.9*210*0-01
8.7893310-01

, 8.6179650-01,
8.128113D-01
8.220021D-01
7.99»2*20r01
7.751751D-01
7.»9«012D-01

7.»1772iD-bi.
7.3559300-01
7.27***80-01°

,7.1768560-01
7.05*0820-01
6.90*5120-01,
6.72*1*00-01
6.508782D-01
6.25»377D-01
5.9573950-01
5.6=153*00-01
5.227J09D-01
».79»550D-01
* . 320891D£'01

HT

3.53V*92D-02
».300\M3D-02
5.16*37«D-02
6.1*3»J6D-02
7.2506230-02
8.«9829«0-02
9.89782*0-02
1.1*58870-01

'1.31886*0-01
1.5091070-01
1.C71659«DT01

'1.9*08090-01
2.1806680-01
2.131178D-01
2.182*980-01
2.5*01060-01,
2.S038S9D-01
2.6916220-01
2.7976160-01

5 2.922*3*0-01
3.073003D-01
.3.253*770-01
3.«68050O-01

*.01*5050-01
*.351*270-01

=».7321690-01
5.1538UD-01
5.b112*7D-01

K-D2
6.9225310-06
1.6608350-05
2.1793160-05
3.6503050-05
5.3218010-05
7.7011180-05
1.1076870-01
1.S81811D-0*
2.256280D-0*

1966910-0*
5067720-0*
3212600-0*
818637D-04
22329*0-03
68678*0-03
69685*0-03
7096*30-0 3
726786D-03
7504760-03
784070D-03
8325790-0 3
9035760-03

2.0085010-03
2.U4543D-03
2.3973280-03
2.7***04 0-03
3.2*11970-03
4.02539*0-0 3
5.1168590-03
6.776020D' 03

DT
3.7670230-12
U391210D-11
2.S691150-11
1.671618D-11
8.4225620-11
1.5092*1 Or 10
2.691219D-1C
4.7776530-10
8.1150860-10
1.1861*10-09
2.6029570-09
*.536036D-09

.8618390-09

.35**9*0-08

.319882D-08

.3257**0-08

.332*820-08

.3*08580-08

.3520*20-08
2.3680110-08
2.3923180-08
2.H31696D-08
2.«98*17D-08
2.6168990-08
2.831*510-08
3.22***50-08
3.9579110-08
5.3113310-08
7.80113*0-06
1.2338980-07

N-T2
1.6398010-18
1.0496580-17
2.3927500-17
5.3896*10-17
1.2052410-16
2.681241D-U

1.3100140-15
2.8774110-15

1.3691270-1*
2.963592L- i*
6.3785210-14
1.364*710-13
2.d9984 60-13
2. 90»!>28D-1i
2.9095*00-13
2.91533*0-13
2.92235*0-13

'2.931*300-13
2.9*41340-13
2.9638670-13
2.9984150-13
3.065993D-O3
3.2094330-13
3.52903 3D-13

5.92U911D-13
9.7500590-13
1.8*08060-12

APH
5.295D 01
5.1280 01
5.0890 01
5.0650 01
5.050D 01
5. 04 ID 01
S.036D 01
5.0320 01
5.0300 01
5.028D 01
5.027D 01
5.0250 01
5.024D 01
5.022D 01
5.019D 01
5.0100 01
S.004D 01
5.0000 01
4.9970 01
4.995D 0!
4.9930 01
4.9920 01
1.9910 01
1.9900 01
1.9890 01
1.9870 01
1.9840 01
1.9800 01
1.9710 01
4.9660 01

APD
.591D 01
.6950 01
.6960 01
.6770 01
.6113D 01
.5960 01
.5390 01
.4730 01
.3970 01
.3120 01
.2190 01
.11*0 01
.0060 01
.8880 01
.7610 01
.7*90 01
.7260 01
.6950 01
.65*0 01
.*0*D 01
.5*50 01

3. «71D 01
3820 01
2760 01
1510 01

3.00*0 01
2.8400 01
2.65*0 01
2.««9D 01
2.228D 01

APT
1.1350 00
1.7*90 00
2.150D 00
2.S82O 00

0720 00
625D 00
2*9D 00
9*90 00
7290 00
59*D 00
5**D 00
5830 00
70*0 00
090D 01
2170 01
211D 01
270D 01
3050 01
3170 01
3990 01
*b1D 01
5370 01
6270 01
7310 01
•*0D 01

2.0070 01
2.17*0 01
2.3**0 01
2.5770 01
2.806D 01

• * • ' !



Table 1-23. Analysis of ANL/EPR

CRYOGENIC DISTILLATIOH Of HYDROGEN ISOTOPES FOR ANL/TEPR, . . B . M S B A . . , .DECE«BER,

ANALYTICAL RESULTS AI PT= 1 .000D 03 TORB AFTER 6 ITERATIONS FCR COLUIiH NO: 5
NUBBEB OP THEOBETICAL STAGES: 30 REFLUX RATIO L/D1= 1 .500D 01
PIRST FEED PLATE LOCATION: 10 2ND PP LOCATION: 12 3RD FP LOCATION' 15
PEED SATES: 0 . 0 0 . 0 1 .50D 01 DISTILLATE: 5 . 0 0 D 00 BOTTONS: 1 .00D 0 1

P£KD C0HP.N-H2 HD HT
3.680435D-07 1.320192D-02 6.24B237D-01 3 . i l

SUMATION Cr LIQUID POLE FRACTIONS

N-D2 DT N-T2 APU
I7502D-01 2.23627.1D-04 1.698390D-08 3.190D

1.000000D 00 1.0000000 00 1.000000D 00 1.000000D 00 1.0000000 00 1.0000001) 00
l.OOOOOOD 00 1.000000D 00 1.000000D 00 "v.OOOOOOD 00 1.000000D 00 l.OOOOOOD 00
1.0000000 00 1.000000D 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 120
1.000000D 00 l.OOOOOOD 00 1.0000000 00 l.OOOOOOD 00 l.OOOOOOD 00 l.OOOOOOD 00
l.OOOOOOD 00 9.<599999D-01 9.9999990-01 9.999999D-01 9.999999D-01 9.999999D-01

EQUILIBRIUM STAGE TEHPBRATU8ES
2.389124D 01 2.390082D 01 2.391008D 01 2.391931D 01 2.392877D 01 2.393S69O 01
2.394924D 01 2.396057D 01 2.393282D 01 2.398607D 01 2.400037D 01 2.401S77D 01
2.4032240 01 2.404974D 01 2.406ai8D 01 2.407142D 01 2.407514D 01 2.407948D 01
2.408063D 01 2.409QS0D 01 2.409825D 01 2.410727D 01 2.41 1821D 01 2. UUViiD 01
2.414739D 01 2 .416648D01 2.»18911D 01 2.421565D 01 2.42463SD 01 2 .428130DU1

V PLATE
OJ 1
U. 2

3
4
5
6
7
8

10
•ft

12
13
14
15
16
17
IB
1?
20
21
22
23
2U
25
26
27
28
29
10

MO. »-H2
1.1041041. J6
3.332701D-07
2.03«69«D-07
1.382720D-O7
1.055114C-07
8.899901D-08
8.060350D-08
7..624787D-08
'7. 38913 3D-OS
7.2514070-08
7.J60752D-0&
7.091896D-08
7.032376D-08
6.97615ISD-08
6.9204510-08
4.005652D-O8
2.3i657»D-08
1.338408D-08
7.723489D-09
4.450495D-09
2.559905D-09
1.469142D-09
B.40744 5D-10
4.793631D-10
2.719924D-10
1.53318RD-1O
8.563061D-11
4.718233D-11
2.545416D- 11
V.325243D-11

HD
3.85302SD-02
2.60O698D-02
2.177889D-02
1.851290D-02
1.599103D-02
1.404267D-02
1.2534870-02
t. 1364340-02
1.0451090-02
9.733342D-03
9.163510D-03
8.705096D-03
8.3302270-03
8.017761D-03
7.751804D-03
6.753376D-03
5.871290D-03
5.092005D-03
4.»03<,9BD-03
3.795124D-03
3. 2574B6D-03
2.782317D-03
2.362381D-03
1.991380D-03
1.663B6C3-03
1. 3751690-03
1.121317D-03
8.989511D-04
7.0S2373D-04
5.3775B1D-04

HT
9.345853D-01
9.336227D-01
9.296867D-01
9.237055D-01
9.1S7929D-01
9.0601710-01
8.944144D-01
8.8100310-01
8.6S7952D-01
8.4880830-01
8.300764D-01
8.0965940-01
7.8765070-01
7.641833D-0I
7.39432JD-01
7.371558D-01
7.339850D-01
7.297410D-01
7.242033D-01
7.171032D-01
7.081194D-01
6.9687460-01
6.B29361D-01
6.658223D-01
6.450181D-01
6.2000230-01
5.902895D-01
5.55H876D-01
5.153684D-01
!i.699430D-01

K-D2
2.68B2B1D-02
4.03686SD-02
4.B53238D-02
5.777878D-02
6.821211D-02
7.9934760-02
9.304301D-02
1.076218D-01
1.237387D-01
1.414376D-01
1.607315D-0 1
1.815963D-01
2.039655D-01
;.2772b2D-01
2.527177D-01
2.559922D-01
2.6004460-01
2 . C-506 720-01
2.712924D-01
2.789994D-01
2.8851870-01
3.002355D-01
3.145893D-01
3.320671D-01
3.531882D-01
3.784769D-01
4.08»199D-01
4.434086D-01
4.83668AD-01
S.291840D-01

BT
5.6871B4D-07
1.278632D-06
1.S&2872Q-06
2.682129D-06
3.827298D-06
5.422532D-06
7.636390D-06
1.069620r-05
1.440631D-05
2.067110D-05
2.852331D-05
3.915882D-05
5.3D7843D-05
7.263768D-0'>
9.8105550-05
9.850155D-05
9.9031-43D-05
9.976509D-05
1.007929D-04
1.02263^6-04
1.O4 3991D-OM
1.075419D-04
1.122118D-0*
1. 192000D-00
1.297007D-0 4
1.454997D-04
1.692342D-0H
2-0473930-04
2.r>74920D-04
3. 351S66D-0V

II-T2
9.304515D-12
3.1JJ3060-11
5.bb3972D- l l
9.73i0b<i0-11
1.6925250-10
2.92b133U-10
5.034i3«D-10
8.b2296i)D-10
1.470b45D-09
2.49O690D-09
4.^191750-09
7.0949990-09
1.18t>899U-06
1. 974b33D-08
3.2bb27bO-U8
3.271b99D-08
3.2783540-06
3.2B7^85U-0B
3.2996boD-08
J.J1771ID-Ud
3.34!>53bD-U8
3. J90727O-08
3.4fc7S'>2D-08
3.bU2827D-08
3. 847062D-08
4.294b10U-US
5.120304U-U8
6.64425JD-Ud
9.444342D-08
1.454710D-07

01 3

4 .
APH
866D

4. 798D
U.
•i.
4 .
4 .

757D
711D
S59D
600D

4.535D
4 .
4 .
4 .
4 .
<i .

3 .
3 .
3 .
3 .
3.
3 .
3 .
3 .
3 .
3 .
3 .
3.
3.
3 .
2 .
2 .
2 .
2 .

46 2D
381D
293D
196D
092D
9B0D
861D
736D
720D
699D
67KD
643D
63KD
557D
498D
426D
339D
233D
107D
95VD
7B2D
580D
352D

APD
.685D

01
01
01
01
01
01
0 1
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01

01 3

4 .
5 .
5 .
6 .
7 .
8 .
9 .
1 .
1 .
1 .
1 .
1 .
2 .
2 .
2 .
2 .
2 .
2 .
2 .
2 .
2 .
3 .
3 .
3 .
3 .
3 .
« .
4 .
* .
5 .

APD
615D
33 7D
942D
7040
621D
696D
931D
133D
290D
463D
653D
860D
0B2D
318D
566D
594 D
630D
677D
735D
809D
9020
017D
158D
331D
5* ID
792D
09 ID
MOD
B*2D
2960

APT
. 1253

00
00
00
00
00
00
0 0
0 1
0 1
0 1
01
01
01
0 1
01
01
01
0 1
0 1
01
0 1
0 1
01
0 1
0 1
0 1
0 1
0 1
0 1
0 1

01

4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
3 .
3 .
3.
3.
3 .
3 .
3.
3 .
3 .
3.
3.
3 .
3 .
3 .
I ,
2 .
2 .
2 .

APT
673D
668D
64BD
619D
579D
530D
472D
ISQ5D
329D
244D
151D
01BD
939D
821D
698D
686D
670D
6D9D
622D
58t>I>
S41D
185D
415D
33OD
226D
1nlD
952D

,77BD
,578D
351D

01
01
01
01
01
01
0 1
01
01
01
01
01
0 1
01
01
01
01
01
01
01
01
01
01
01
0 1
01
0 1
01
01
01



Table 1-24. Analysis of ANL/EPR
CRYOGENIC DISTILLATION OP HYDROGEN ISOTOPES FOR ANL/TEPR, . . B . M S R A . . ..DECEMBER, 197S

ANALYTICAL RESULTS AT PT= 1.000D 0 3 TOfiR APTER 6 ITERATIONS FOR COLUSN HO: 6
NUMBER OF THEORETICAL STAGES: 30 HEPIUX EATIO L/D1= 1 . 5 0 0 D 01
FIRST FEED PLATE LOCATION: 10 2ND FP LOCATION: 12 3RD FP LOCATION^ 15
FEED RATES: 0 . 0 0 .0 1.00D 01 DISTILLME: 5.00D 00 BOTTOMS: 5.00D 00

M
1

FEED COUP. N-H2 HD HT N-D2 DT N-T2 APB APD
9.430068D-09 1.237141D-04 1.032648D-02 9.568573D-O1 3.225739D-O2 4. 350835D-04 5.2250-01 9.730D

SUMMATION OF LIQUID MOLE FRACTIONS
1.000000D 00 1.0000000 00 1.000000D 00 1.0000000 00 1.000000D 00 1.000000D 00
l.OCOOOOD 00 1.0000000 00 1.000000D 00 1.000000D 00 I.OOOOOOn 00 1.0000000 00
1.000000D 00 1.0000000 00 1.000000D 00 1.O00000D 00 1.000000D 00 1.00000OD 00
1.0000000 00 1.000000D 00 1.000O00D 00 1.000000D 00 1.000000D 00 1.000000D 00
1.0000000 00 1.OOOOOOD 00 1.0000000 00 1.000COOD 00 1.000000D 00 1.000000D 00

EQUILIBRIUM STAGE TEMPERATURES
2.46U417D 01 2.464687D 01 2.46U904D 01 2.U65082D 01 2.465233D 01 2.465364U 01
2.4654B2D 01 2.465593D 01 2.465701D 01 2.465809D 01 2.465923D 01 2.U660U3D 01
2.466174D 01 2.466319D 01 2.466480D 01 2.466557D 01 2.466633D 01 2.466710D 01
2.466792D 01 2.4668B1D 01 2.4669631) 01 2.467103D 01 2.467246D 01 2. 467422D 01
2.467639D 01 2.467911D 01 2.468254D 01 2.468686D 01 2.469235D 01 2.469930D 01

PLATE
1
2
3
u
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
20
25
26
27
28
29
.10

80. H-H2
1.886012D-08
4.1779500-09
2.311220D-09
1.516860D-09
1.178828D-09
1.03U899D-09
9.735113D-10
9.U72153D-10
9.358339D-10
9.307857D-10
9.284182D-10
9.271742D-10
9.263866D-10
9.257665D-1C
9.251851D-10
U.UU2910D-10
2. 133220D-10
1.02U073D-10
U.915285D-11
2.358736D-11
1.131637D-11
5.427594D-12
2.60219«D-12
1.2U6915D-12
5.970091D-13
2.854676D-13
1.3619240-13
6.470730D-14
3.049902D-14
1.414433D-1H

HD
2.472674D-04
1.168108D-04
8.456869D-05
6.408511D-05
5.107639D-05
4.281607D-05
3.757044D-05
3.423785D-05
3.211864D-05
3.076861D-05
2.990578D-05
2.935114D-05
2.899104D-05
2.875324D-05
2. 859176D-05
2.046982D-05
1.U65043D-05
1.OK8156D-05
7.495559D-06
5.357126D-06
3.825899D-06
2.729620D-06
1.944857D-06
1.383182D-06
9.812502D-07
6.936942D-07
4.880239D-07
3.409746D-07
2.358901D-07
1.608468D-07

HT
2.024849D-O2
1.382216D-O2
1.166207D-O2
9.997148D-03
8.714625D-03
7.727048D-03
6.966730D-03
6.381365D-03
5.930577D-O3
5.583229D-O3
5.315318D-O3
5.108347D-O3
4.948062D-03
4.823«78D-03
4.726119D-03
4.079121D-03
3.517188D-03
3.029226D-03
2.605557D--O3
2.237744D-O3
1.918443D-O3
1.641260D-03
1.400634D-03
1.191732D-O3
1.O1C35UD-O3
8.52BS68D-04
7. 16078«D-0i|
5.972802D-04
U.940938D-04
«.0«i»7SVD-04

8-D2
9.777H89D-01
9.835427D-01
9.852488D-01
9.863809D-01
9.870469D-01
9.873265D-01
9.872772D-01
9.869389D-01
9.863375D-01
9.854811D-01
9.843925D-01
9.830501D-01
9.814U92D-01
9. 795725D-01
9.773963D-01
9.777206D-01
9.778665D-01
9.77819SD-01
9.775568D-01
9.770446D-01
9.762363D-01
9.750695D-01
9.734617D-01
9.713O57D-01
9.684638D-01
9.647597D-01
9.599703D-01
9.5381500-01
9.459439D-01
9.359257D-01

DT
1.7t«392D-03 t
2.515364D-03 1
3.001823D-02 i
3.553981D-03
4.181946D-03 S
4.896032D-03 1
5.707903D-03
6.630733D-03 1
7.679375D-03 ;
8.870549D-03
1.022304D-02
1.175791D-02 '
1.3U9870D-02
1.547166D-02
1.770595D-02
1.803612D-02
1.845716D-02
1.899486D-02
1.968216D-02
2.056106D-02
2.168510D-O2
2.312242D-02
2.49S960D-02
2.730629D-02
3.030099D-02
3.411782D-02
3.897«<UD-02
U.514086D-02
5.294879D-02 (
6.280039D-02

M-T2
1.9J5S6 10-07
•912497D-O6
.7J2585D-06

).86(>9S>3D-06
.43^6140-06
.6042690-06
.0601610-05
.474312D-05

'.O46382D-05
! . 83632 JD-05
I.926701D-05
>.431148D-05
r.505923D-OS
.0J657OD-04
.430509D-04
.436470D-04
.445461D-04
.4591730-0<(

1.4802330-04
1.512718D-04
I.562963O-0C
1.640801D-04
.7614980-04

1.9487170-04
2.2391U2D-O4
'.6892800-04
J. 3865350-04
1.464968D-04
>.129703U-04
3.692753U-04

1 .
6;
5 .
5 .
4.
3 .
3 .
3.
2 .

APH
025D 00
969D-01
873D-01
031D-01
383D-O1
885D-01
502D-01
208D-01
9D1D-01

2.807D-01
2 . 673D-01
2.569D-01
2 .
2.
2.
i ^

1 .
1 .
1 .
1 .
9 .
8 .
7.
5.
5.
4.
3 .
2.
2.
2 .

489D-01
426D-01
377D-01
05OD-O1
766D-01
520D-01
307D-01
122D-01
611D-02
220D-02
013D-02
9660-02
057D-02
268D-02
583D-O2
988D-02
472D-02
023D-02

01 2

API)
9.788D
9.849D
9.868D
9.882D
9.8920
9.89BD
9.901D
9.90 3D
9.902D
9.899D
9.8950
9.889D
9.8B2D
9.873D
9.863D
9.B67D
9.871D
9.873D
9.874D
9.B73D
9.871D
9.8S6D
9.859D
9.850D
9.836D
9.818D
9.795D
9.764D
9.724D
9.673D

»PT
.173D

0 1
0 1
0 1
0 1
01
0 1
0 1
0 1
0 1
01
0 1
01
01
01
0 1
01 .
0 1
0 1
0 1
01
01
01
01
0 1
01
01
0 1
0 1
0 1
0 1

00

APT
1.098D 00
8.171D-01
7.335D-01
6.779D-01
6.4S4D-01
6.319D-01
6.348D-01
6.521D-01
6.825D-01
7.255D-01
7.808D-01
8.487D-01
9.298D-01
1.025D 00
1.136D 00
1.120D 00
1.113D 00
1.116D 00
1.129D 00
1.155D 00
1.196D 00
1.255D 00
1.3360 00
1.K04D 00
1.58BD 00
1.775D 00
2.018D 00
2.332D 00
2.733D 00
3.247D 00



H2 + D2 2 2HD (1-11)

H2 + T2 £ 2HT (1-12)

D2 + T2 t 2DT (1-13)

H2 + DT ? HI + HD (1-14)

T2 + HD t HT + DT (1-15)

D2 + HT t DT + HD (1-16)

Equation (13) shows that DT can be split into T2 and D2, and equation (16)

shows that by adding D2 to HT, a more volatile component HD is produced

which can be separated from less volatile DT. Thus, a chemical equilibration

followed by cryogenic distillation will lead to removal of essentially all

protium atoms without significant loss of tritium atoms.

\1though there are six chemical equations as shown above, there are

only three independent equations that need to be solved to estimate a new

composition of the feed mixture. However, the resultant three equations

are non-linear and, hence, cumbersome to solve. A subroutine was written

to solve the resultant equations to establish the new composition of the

feed mixture. The analytical results after chemical equilibration are

shown in Table 1-25. By comparing the composition of the distillate as

shown in Table 1-22 and 1-25, the effect of chemical equilibration can be

observed.

3. Cryogenic Enrichment Scenario for More Stringent Enrichment Requirements

Based on the studies presented in this Appendix, it is apparent that

the enrichment requirements of a fusion device are largely determined by

the fuel supply stream(s) composition requirements. It is also a reasonable

assumption that most D-T burning cjjperimental reactors (tokamaks or other-

wise) will produce an exhaust system composition that i& not significantly

different from the one used above for the ANL/EPR. In order to extend the

cryogenic distillation analyses to a machine with more stringent mainstream

enrichment requirements than the EPR, the case of a fully-injected tr/kamak

reactor was considered. The previously described Tokamak Engineering

Technology Facility (TETF) was used as a point of departure for this analysis.

because the TETF has the requirement that all deuterium and tritium atoms

are delivered to the plasma chamber in the form of isotopically separated

energetic neutral particle beams. The exhaust stream composition was

taken to be 0.2 a% H2, 0.8 a% HD, 0.8 a% HT, 27.7 a% D2, 42.8 a% DT,

and 27.7 a% T2.
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Table 1-25. Analysis of ANL/EPR

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES POB ANL/TEPR, . . B . H I S R A . . . .DECEMBER, 1 9 7 i

ANALYTICAL RESULTS AT PT= 1 . 0 0 0 0 0 3 TORE AFTER 7 ITERATIONS FOR COlUHtl HO: U
NUHBER OF THEORETICAL STAGES: 30 HEPLUX RATIO L /D1= 1 . 5 0 0 U 01
FIBST FEED PLATE LOCATION: 10 2ND PP LOCATIOH: 12 3RD FP LOCATION1 15
FEED RATES: O.O 0 , 0 8 . 0 1 D 00 DISTILLATE: 3 . 0 0 D 0 0 BOTTOBS: 5 . 0 1 D 0 0

M
1

oo

FEED COHP.B-H,! HD HT N-D2 DT N-T2 4PB
3.54S82UP-O1 2.226372D-01 B.432479D-02 1.051058D-01 1.5048350-01 8. 286629D-U2 5.0B1D

SUKHAIION CF LIQUID BOLE PHACTIONS
1.0063680 00 1.008674D 00 1.010U210 00 1.012268D 00 1.012597D 00 1.011761D 00
1.010086D 00 1.008059D 00 1.006-0910 00 1.0044210 00 1.003126D 00 1.002J90O OU
1.0Q1552D 00 1.0011U2D 00 1.000H86D 00 1.000803D 00 1.000734D 00 1.000689D 00
1.000673D CO 1.000690D 00 1.000744D 00 1.000841D 00 1.000990D 00 1.001202B 00
1.001486D 00 1.001B41D 00 1.002242D 00 1.0026120 00 1.002820D 00 1.0027330 00

EQOILIBBIUB STAGE TENPEBATURES
2.157285D 01 2.ib7761D 01 2.181072D 01 2.196710D 01 2.2135390 01 2.230096U 01
2.245O83D 01 2.2S7743D 01 2.267930D 01 2.275969D 01 2.2B245BD 01 2.2881590 01
2.2940010 01 2.301233D 01 .7.311591D 01 2.319312D 01 2.32S054D 01 2.329318D 01
2.3325680 01 2.335204D 01 2.337S72D 01 2.339999D 01 2.342836D 01 2 .346516D01
2.351627D 01 2.35e992D 01 2.369710D 01 2.385045D 01 2.405998D 01 2.43252JD 01

PLATE
1
2
3
M

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NO. K-H2
9.157276D-01
7.927830D-01
7.101236D-01
S.1606B6D-01
5.1839170-01
4.257BB3D-01
3.«5O21iD-01
2.793676D-01
2.2Be574D-01
1.914968D-01
1.645974D-01
1.451216D-01
1.3092080-01
1.198744D-01
1.102499D-01
7.654605D-02
5.2428100-02
3.554818D-02
2.391712D-02
1.598993D-02
1.062850D-02
7.022302D-03
4.606613D-01
2.993737D-03
1.920216D-03
1.208435D-03
7.39i340D-04
4.345109D-04
2.409153D-04
1.232261D-04

HO
9.0346470-02 i
2.061112D-01 1
2.879219D-01
3.806479D-01 J
4.7638100-01 *
5.662882D-01
6.434510D-01 1
7.043697D-01 1
7.4S6533D-01
7,7769550-01 2
7.932803D-01 <
7.9S5313D-01
7.B71676D-01 *
7.629232D-01 !
7.1926900-01 «
7.470017D-01 <
7.651519D-01
7.756113D-01
7.798484D-01
7.787950D-01
7.7282770*01
7.617644D-01
7.448356D-01
7.206215B-01
6.6699140-01
6.4 116950-01
5.8021070-01
5.023046D-01
4.090387D-01
3.074383D-01

HT
.875903D-04
.0606479-03
.864i«38D-03
.091694D-03
.840622D-03
.181422D-03
..016186D-02
,,3827470-02
,,8241160-02
.3489670-02
•967108D-02

1,6856630-02
.50O943D-02

>.3B2801Q-02
1.24856 90-02
>.644858D-02
1. 059817D-02
J.515784D-02
3.035902D-C2
3.6430960-02
J.358755D-02
I.020002D-01
I.117432D-01
.226920D-01

1. 3435220-01
1.456115D-01
I.S447S40-01
I.580476D-01
I.531514D-01
1,3796370-01

!«-D2
6.3725480-06
3.789234D-05
8.400759D-05
1.755468D-04
3.159259D-04
6.449766D-04
1.145327D-03
1.95330flD-03
3.226277D-03
5. 19746tD-03
8.207679D-03
1.273813D-02
1.942221D-02
2.897420D-02
4.189821B-02
4.2998800-02
4.407493D-02
4.S26532D-02
4.674656D-02
1.874551D-02
5.157O49D-02
5.S64044D-02
6.151449D-02
6.989693D-02
8.156956D-02
9.716038D-02
1.16627DD-01
1.384338D-01
1.5881520-01
1.721868D-01

DT
2.144628D-07
2.0841410-06
5.873616D-06
1.557716D-05
3.886387D-05
9.153515D-05
2.048138D-04
4.3923540-04
9.107733D-04"
1.8395650-03
3.6382940-03
7.065i69D-03
1.346538D-02
2.507739D-02
H.S18760D-02
4.58680BD-02
H.543337D-02
4.695736D-02
4.7532470-02
«.82S717D-02
4.9420170-02
5.1259B5D-02
5.136161D-02
5.965663D-O2
6.8647660-02
8.358185D-02
1.07J691D-01
1.427793D-01
1.904817D-01
2.465313D-01

H-T2
3. 121B94D-09
4.9638dJD-08
1.78U/34O-07
5.99479SD-07
1.B43B51D-06
5.62985bD-06
1.5U5U98D-05
4.272319D-O5
1.1108960-04
2.809889U-U4
6.952018D-U4
1.687 1640-OJ
4.0145B1D-03
9.3^2B05O-03
2.090960D-02
2. 1Uba0D-02
2.131355D-02
2. 145954D-02
2. 159*4iD-0^
2. 1751J9U-O2
2.19b55*0-02
2.23127UD-02.
2.293U48O-U2
2.413921D-02
2.65190^0-02
3.UD427U-02
4.057493U-02
5.80U014D-02
8.B27204U-02
1.3575670-01

01 2

APH
9.61OD
8.887D
8. 4590
7.981D
7.496D
7.042D
6.651D
6.3340
6.086D
5.895D
5.7420
5.606D
5.4620
5.276D
5. 007D
4.82<ID
4.700D
4.606D
4.537D
4. 483D
4.4350
4.3850
4S J25D
4.241D
4.120S
3. 939D
3.6730
3.297D
2.805D
2. 222D

APD
.9170

01
01
01
01
01
01
01
01
01
01
0 1
01
01
01
0 1
01
01
0 1
01
01
01
01
0 1
01
01
01
01
01
01
01

01 2

4 .
1 .
1 .
1.
2 .
2 .
3 .
3 .
3 .
3 .
4 .
4 .
4 .
4.
4.
4.
4 .
4 .
» .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4 .
4,
* .

APD
518D
0220
425D
8820
3560
805D
197D
515D
757D
932D
0540
1360
1910
2250
238D
3910
495D
5620
601D
620D
62UD
618D
6070
595D
5870
5870
594D
598D
57 3D
479D

APT
.003D

00
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
0 1
0 1
0 1
0 1
01
01
01
01
01
0 1
0 1
01
0 1
0 1
01
01
01
0 1
0 1
01

0 1

1 .
5 .
9 .
1 .
2 .

»PT
439D-02
2690-02
253D-02
535D-01
411D-01

3.600D-01
5.
7 .
9 .
1 .
1 .
2 .
3 .
4 .
7.
7 .
7.
8.
8 .
8 .
9 .
9 .
1 .
1 .
1 .
1 .
1 .
2.
2 .
3 .

147D-01
1190-01
628D-01
289D
730B
360D
3200
8720
468D
723D
977D
246D
S48D
905D
340D
886 0
0590
152D
278D
4560
711D
0790
5940
271D

00
00
00
00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
01
01
01



Since the O2 and To fractions represent less than 56% cf the exhaust

stream, complete recycling of the spent fuel cannot be carried by cryogenic

distillation alone. The other requirement, as in ANL/EPR, is to remove most

of the protium atoms without carryover of significant quantities of tritium

atoms. To fulfill the above reinjection requirements (separate streams of

> 95% D2 and > 95% T2), one can qualitatively visualize the following steps:

(1) Separate the heaviest component (T2) as the bottom product con-

taining a T2 fraction >_ 0.95 with no protium atoms. Based on

the multicomponent distillation program, as discussed in .Section

1, this can he accomplished with one or more distillation steps.

(2) Remove a lighter product containing most of the T>2 molecules and

the protium atoms.

(3) The above product on further distillation will lead to separation

of D2 from protium and tritium bearing compounds.

(4) The protium bearing atoms may be subjected to a chemical equili-

bration followed by cryogenic distillation to remove most of

the protium fraction with very little carryover of tritium

atoms.

Carrying out the above steps will automatically lead to liquid frac-

tions that are rich in DT with lesser amounts of T2 and D2; hence, a second

type of equilibration is now required to brtakup the DT fraction as follows:

2BT # D2 + T2

The data on the equilibrium constants for the above reaction shows that

when a mixture containing equal atomic fractions of D and T is heated up

(in the presence of an appropriate catalyst to speed up the reaction),

the equilibrium mixture has the following approximate composition (above

500°K, the equilibration temperature has only a minor effect on the compo-

sition of the equilibrium mixture).

D? = 25%
T'-, •-- 25%

DT" = 50%

It may be observed that the composition of the above mixture is very similar

to that of the original feed and, hence may be returned to the first dis-

tillation column.
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Figure 1-3 represents a schematic of the separation scheme derived

for the TETF type device. A fairly comprehensive parametric investigation to

study the effect of the operating variables was carried out for the. enrich-

ment sche-.ie represented in Figure 1-3. The analytical results for the fv/e

column cascade in Figure 1-3 are summarized in Table 1-26. Tables 1-2.'

through 1-31 show the detailed operating characteristics of the individual

columns. An examination of the composition of the bottom product from

column No. 4 will show that tritium rich and deuterium rich fractions con-

taining little or no protium atoms can be obtained to meet the fuel recycle

requirements. Comparison of the top products from column No. 5, with and

without a chemical equilibrator as summarized in Tables 1-31 and 1-32,re-

spectively, show that a chemical e^uxlibrator reduces the tritium fraction in

the top product from 8.4% to 0.6%. One drawback to the TETF enrichment

design is that the equilibrator feeding back to column No. 1 handles a

significant fraction of the total liquid load; hence its associated re-

frigeration requirements may be quite large. For this -eason, the location

of equilibra'-.ors in the high flow regions of cryogenic distillation cascades

should be avoided whereever possible.

4 Conclusions

Mathematical simulation of .alticomponent distillation and computer

solution of the resultant equations."* were carried out. Since the computa-

tional steps are based on an exact solution method, the accuracy of the

analytical results is expected to be limited only by the accuracy of the

thermodynamic and phase equilibrium data. Although the computer code was

developed specifically for enrichment of the spent fuels from presently

conceived tokamak-type fusion reactors, the scope of this program is much

broader, in that it can be used in the design and analysis of multicompo-

nent distillation for any liquid mixture, provided of course, the necessary

thermodynamic and phase equilibrium data are available. The program is very

efficient so that a number of parametric investigations to study the eftects

of design and operating variables can be carried out even with limited re-

sources. The program does, however, require a fairly large computer storage

(approximately 250 K bytes).

Using this general purpose computer code as a basis, a distillation

cascade consisting of six cryogenic columns was developed and analyzed for
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Figure 1-3. Cryogenic Enrichment Scenario for TETF
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Table I~26. Summary of Operating Parameters for the TETF

Cryogenic Distillation Cascade*

i
-c-

Column
Number"1"

1

2

3

4

5

5*

Feed
Plate

15

20

15

15

15

20

15

15

Total
Feed
(moles)

iOC

50

50

28

5

5.5

Feed
H

0.49

0

1.0

1.77

9.4

8.6

Composition
D

49.64

24.4

74.9

94.5.1

87.0

88.2

(at %) "
T

49.87

75.6

24.1

3.72

3.6

3.2

Total
Molas

50

27

25

5

2

2.5

Top Product
Atomic Percentates
H

1.0

0

2.0

9.4

23.1

18.8

D

74.

42.

93.

87.

68.

80.

9

5

9

1

5

6

T

24.

57.

4.

3.

8.

0.

1

5

1

5

4

6

Total
Moles

50

23

25

23

3

3

Bottom Product
Atomic Percenta
H

0

0

0

0.1

C.2

0

D

24.4

3.2

55.9

96.1

99.4

94.6

<-.es
T

75.6

96.8

44.1

3.8

0.4

5.4

30 Theoretical Stages per Column; Pressure for Columns 1, 2, 3 equal to 1000 torr,
pressure for Columns 4 and 5 equal to 500 torr.

+ See Figure 1-3 for location in Cascade.

**After chemical equilibration at 300°K.



Table 1-27. Analysis of TETF

C R T O G E H I C D I S T I L L A T I O N O P H Y D R O G E N I S O T O P E S P O H A N L / T E T F , . . . . B . H I S R A . . . . . A P R I L 1 9 7 b

ANALITICAL RESULTS AT PT= 1 .000D 03 TO8H APTER 2 ITERATIONS FOB COLDHH NO: 1
NUHBFE OF THEORETICAL STAGES: 30 REFLUX RATIO L/D1 = 2 . 0 0 0 0 0'.
FIRST FESS PLATE LOCATION: 10 2ND FP LOCATION; 13 3RD PP LOCATION* 20
PEZD RATES: 0 ,0 5 i20C 01 «,80!) 01 PISTILLATE: 5.O0D 01 BOTTO8S: 5. ODD 01

FEE8 C0HP.N-H2
1,6 386500-07
i,.0000>10D-OJ

HD
3.657700D-04
8.000000D-03

BT
1.000000D-06
8.00D000P-03

H-D2
2.S044600-01
2.7700000-01

DT
«. 9i»2150D-01
U.2800000-01

N-T2
2.553020D-01
2.770000D-01

APH
1.S35D-02
1.000D 00

APO
1I.977D 01
4.950D 01

APT
5.024D 01
4.950D 01

COHPOSITIOli 0? LIQUID AFTER
5.?9«123D-09 2.294879D-0S 3.13563S0-05 2.499580D-01 4.933705D-01 2.5492710-01

SURHATION OF LIQUID HOLE PBACTIOKS (PROH L TO R IN ASCENDING ORDER OP PLATE NUMBER )
9.99S495D-01 9.9995040^01 9.999517D-01 9.999534D-01 9.999554D-01 9.999577D-01
9i999600D-01 9.999623D-01 9.9996440-01 9.999664D-01 9.9996820-01 9.999697D-01
9.9997100-01 9.999722D-01 9.9997310-01 9.999725D-01 9.999711>D-O1 9.9997100-01
9.999702D-01 9.999693D-01 9.999669D-01 9.999645D-01 9.999622D-01 9.9995990-01
9.9995790-01 9.999552D-01 9.999549D-01 9.999541D-01 9.999539D-01 9.999544D-01

EQUILIBRIA STAGE TENPERATUBES, DE3.K..(PR0B L TO R IN ASCtHDIRG OBDBR OF PL&TE NUBHE8 )
2.>'}9736D 01
2*5189330 01
2.530500D 01
2.540650D 01
2.,',544770 01

2.503907D 01
2,5211760 01
2.532213D 01
2.5'J2455D 01
2.5571770 01

2.5075670 01
2.5232480 01
2.533940D 01
2. 54!»761D 01
2.5600140 01

2.510B43D 01
2. 525184D 01
2. 535591D 01
2.5ii70770 01
2. 562984D 01

2.5138010 01
2.527016D 01
2. 537242D C1
2.549448D 01
2.566075D 01

2.5164 86S 01
2.52877KD 01
2.538921D U1
2.5519CbO 01
2.569262D 01

PLJTK
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20 ;
21

' • 22'V

26
27
28
29
30:

MO. H-H2
1.920U4 7D-03
3.600339D-04
1.8QQ179D-04
1.0B2177D-0'.
7.957634D-03
6.803505D-05
6. 32405 ID-05
6.110698D-05
6.O02990D-0S
5.938003D-05
5. 89092 3D-05
5.85I757D-O'>
5.816275D-05
5.782503D-05
5.749378D-P5
5.828b80D-05

.5i8399600-05
5.B243200-O5
5.797685D-05
5:76601)60-05

1 2.-31890 3D-05
9.2818520-06
3.6 97315D-06
1.4653910-06

1 5.777194D-C7;
2.26466 20-07/;

8[,82i43 0D-;itt^
3.41035i»D-08
1. )(5Jt1>85D-Ofl'-

HD
S.059882D-03
3. 183746D-03
2,0880860-03
1.439104D-03
1.0568210-03
8. 322480D-04
7.001932D-04
6.22O669D-04
5.7522270-04
5.4646450-04
^1.2814200-04
'.. 158334D-04
•j.O69838D-04
5.3011220-04
4.9435470-04
4.9298450-04
4.403264D-04
4.8t\9199D-04
4.8j;0527b-04
U. 78JJ6820-04
2.8T2441D-04

9.542566D-05
5.509942D-05
3. 1,609860-05,^
1.8004140-05/

( i . 13(i923D-06
! .700H36DTP6

HT
7.6659610-03
4.3449130-03
3.315855D-03
2.5732060-03
2.041607D-03
1.6634440-03
1.395582D-03
1.206256D-03
1.072393D-03
9. 774248D-'M»
9.095605D-C4
B.6047530-04
8.2432510-04
7.970253D-04
7. 757310D-0I*
7.S505780-04
7.8e50950-04
7.873247C-04
7.B335B1D-04
7.772545D-04
5.4649110-04
3.825!)36D-04
2.6584980-04
1.835267D-04 r

1.25;?>81»D-04
8.3 45>5|50-q5
5.752ClJao-O5
3.8279Z9D-05
2.512278D-05
1.619554D-05

H-D2
5.150364D-01
4.276449D-01
3,8677130-01
3.48934SD-01
3,1451900-01
2.836612D-01
2.563189D-01
2.3232670-U1
2,1143930-01
1.933660D-01
1.777970TJ-01
1.6i*422':CI-01

- 1 . 5294520-01
1.430«'J1D-01
1.346039D-01
1.2?.S245D-01
1.119655D-01
1.027455D-01
9.4694060-02
8.76543BD-02
7.435197D-02
5.2634S1D-02
5.238099D-02
4.346521D-02
3.5761690-02
2.914927D-02
2.351296D-0 2
1.874430D-02

1.1416910-02

DT
4.605730D-01
5.528334D-01
5.927781D-01
6.2823890-01
6.5907050-01
6.8524 05D-01
7.068117D-01
7.239173D-01
7.367347D-01
7.454618D-1)!
7.502999D-01
"7.514413D-01
7-490537D-01
7.433291D-01
7.3H3876D-01
7.345335D-01
7.3143200-01
7.2506500-01
7.15»122D-01
7.024589D-01
6.9772340-01
6.3861160-01
6.7506B7D-01
6.570695D-01
6. 346452D-01
6.079094D-01
5.770808Dr01
5.425bl»D-b1
5.046439D-01
4.641074D-01

6.693781D-0J
1.163304D-02

1.870t>12D-O2
2.323245D-02
2.8i34S3D-02
3.4710400-04!
4.18(ibb4D-02
5.011843D-02

7.040648D-U2
8.<:7U136C-O2
9.6601600-0^

.122268D-01

.41605bi)-01

.55205SD-U1

.7Uti5700-01

.B85b»3U-U1
2.0857300-01
2.270/33U-01
2.4BI978D-0V
2. 721M530-01

- O 13.

.3.9933840-01

5.24457UD-01

tPH
9. 7b3D-01
4,125D-01
2.8820-01
2.1140-01
1.629D-01
1.316D-01
1. 111D-01
9.753D-02
8.8390-02
8.214D-02
7.778D-02
7.4670-02
7. 238D-02
7.0640-02
6. 926D-02
6.973D-02
6.977D-02
6. 954D-02
6.912D-02
6.8570-02
4.373D-02
2.027D-02
I.BltiO-02
1.208D-02
7.927D-03
5. 1960-03
J. 393D-03
2.202D-03
1.414D-03
8.9540-04

APD
7.U.94D 01
7.357D 0 1
6.8420 01

'6.6380 01
6.4460 01
6.26715 01
6.101D 01
5.946D 01
5.801D 01
5.6640 01
5.532D 01
5,404D 01
5.277D 01
5.150D 01
5.021D 01
4.9010 01
4.7790 01
4.655D 01
4.S27D 01
4.391D 01
4.234D 01
4.070D 01
3.900D 01
3.720D 01
3.5316 01
3.3310 01
3.121D 01

12.9000 01
2.67 ID 01
2.435D 01

APT
2.408D 01
2.902D 01
3.129D 01
3.3D1D 01
3.5380 01

720D 01
888D 01
044D 01
190D 01
329D 01
«60D 01
58«D 01
716D 01
6H3D 01
973D 01
093D 01
2UD C1

3.J38D 01
5.467D 01
5.bO2D 01
5.762D 01
5.927D 01
6.099D 01
6.2790 01
6.40BO 01
6.669D 01
6.67SD 01
7.1000 01
7.330D 01
7.566D 01



Table 1-28. Analysis of TETF

CflfOGENIC DISTILLATION OF IirEBOGEN ISOTOPES FOR A H l / T E T F , . . . . B . H I S H A . . . . , APBIL

ANALITICAL RESULTS AT PT= 1.Q0OD 0 3 TOBH AFTEB 2 ITEHX7I0NS f OK COLBfiN NO: 2
NOKBEfl OF THEORETIC*!. STAGES: 30 REFLUX 8ATIO L / D 1 » 2 . 0 0 0 D 0 1
FIRST FEED PLATE LOCATION: 10 2ND FP LOCATIOJi: 12 3BD FP LOCATION T5
FEED RATES: 0 . 0 d . O 5 .Q0U 01 DISTILLATE: 2 . 7 0 D 01 BOTTOBS: 2 . 3CIO 0 1

FEED CCHP.N-H2 HO HT N-D2 DT H-T2 • *PH
1.9089600-09 1.7008360-06 1.619551D-05 1.111691D-02 1.6110710-01 5.24157SD-01 ^ 9 5 1

3UHHATI0N OF LIQUID HOLE FRACTIONS. . . . . (FBOh ~u TOB ID ASCENDING ORDBH OF PLATE NUHBfcH 1
9.995715D-01 9.995282D-01 9.9918UOD-01 9.991'b25D-01 9.991231D-01 9.9940090-01
9.99J869D-01 9.99381SD-01 9.993848D-01 9.991965O-01 9.994157D-01 9.991416D-O3
9.994729D-01 9.9950820-01 9.995'*62D-01 9.995472D-01 9.9955110-01 9.995663D-U1
9.995832D-01 9.99b04!D-01 9.99C-281D-01 9.996543D-O1 9.99681BD-01 9.9970990-01
9.997380D-01 9.9976510-01 9.9979170-01 9.99B167D-01 9.99S400D-Q1 9.998616D-U1

EQOILIBEIUfl STAGE TEJIPEBATORES, OEG . K. . (FBUri L TO H XH ASCIHDIKG 08DER OF PLATE KUHBEB )
2.5475310 01 2.549691D 01 2,5518960 01 2.551142D 01 2.S56416D 01 2.558701D Q1
2.560977D 01 2.563223D 01 2.565116D 01 2.5675380 01 2.569568D 01 2.571192U 01
2.573299D 01 2.5719790 01 2.576530D 01 2.578550D 01 2.5805350 01 2.5821690 01
2.5813360 01 2.586123D 01 2.587B18D 01 2.589111D 01 2.590901JD 01 2.592286U 01
2,5935590 01 2.594723D 01 2.595783D 01 2.596712D 01 2.597605D 01 2.59B38SD 01

PLATE HO. S-B2
1 9.127101D-09
2 1.126rj08D-09
3 6.783319D-1O
1 4.068311D-10
5 3.079579D-10
6 2.713213D-1O
7 2.5701660-10
8 2.507852D-10
9 2.171161D-10

10 2.1512280-10
11 2.1326940-10
12 2.41638OD-1O
13 2 .101^50-10
14 2.388020D-10
15 2.375673D-10
16 8.3617700-11
17 3.2947510-11
18 1.219832D-11
19 1.199U13D-12
20 1.653753D-12
21 6.057818D-13
22 2.211988D-13
23 8.053057D-1K
21 2. 92371BD-11
25 1.0587680-11
26 3.821690D-15
27 1.378175D-15
28 4.95103 50-16
29 V7&99B5D-16
30 6.2617260-17

HD
3. 162; 12D-06
1.011051D-06
6.1573890-07
1.O13829D-07
2.923632D-07
2.3286740-07
2.01O137D-07
1.836482D-07
1.738571O-07
1.680291D-07
1.642899D-07
1.6167310-07
1.5968460-07
1.580710D-07
W567037D-07
8.468552D-08
4.556160D-08
2.110G22D-C8
1.3019060-08
6.916943D-09
3.6609120-09
1.930604D-09
1.011636D-09
5.315071D-10
2.7753920-10
1.1415090-10
7.190770D-11
3.8661230-11
1.982017D-11
1.C01146D-11

HT
3-011024D-05
1.367811D-05
9.5552410-06
6.922635D-06
5.245697D-06
1.1783930-06
3.198079D-06
3.062278O-O6
2.7B03B6D-06
2.5951300-06
2.170537D-06
2.381157D-06
2.3220570-06
2.2756280-06
2.239567D-06
1.1152610-06
9.2828300-07
5. 931956D-07
3.7776410-07
2.3912180-07
1.511201D-07
9.501003D-C8
5.950673D-08
3.7131680-08
2.308281D-08
1.1292190-08
8.8Q9215D-09
5.399268D-09
3.2812060-09
1.975489D-09

K-D2
2.119121D-02
1.3948700-02
1.113178D-02
9.1657320-03
7.92C384D-03
6.7313B9D-03
5.8014200-03
5.079915B-03
4.5205280-03
1.0eS557D-03
3.719351D-03
3.1B6596D-03
3.2B1019D-03
3.1193150-03
2.9911150-03
2.329613D-03
1.805081D-03
1.391721D-03
1.0678150-03
8.154141D-G4
6.197911D-01
4.689679 0-01
3.532522D-04
2.6488780-01
1.977013D-01
1.168319D-01
1.0815190-04
7.9603770-05
5.79B230D-05
1.1825310-05

DT
8.07160BD-01
7.5723260-01
7.2855640-01
6.981909D-01
6.6659090-01
6.3422100-01
6.0155730-01
5.690134D-Q1
5.3710410-01
5.061172D-01
1.7610190-01
4.4B2268IH01
1.217T67D-01
3.971839D-01
3.715176D-01
3.161837D-01
3.181656D-01
2.9075 91D-OI
2.6422810-01
2.3879700-01
2.1464KBD-01
1.9191300-01
1.7068660-01
1.510170D-01
1.3291660-01
1.163659D-01
1.0131970-01
8.771300D-02
7.5466010-02
6.1189610-02

K-T2 '
T.70a8t>3a-01 :
2.28bOi*0O-01" i
2.5a9986ii-01
2.92336ifl-01
3.254751D-U1
3.5^04020-01
3.9/6i76U-01
4.25B7310-01
4.5BJ721D-01
4.B979J50-01
5.198431D-U1
5.482B41D-01
5.749398D-01
5. 99694 3O-01
6.224886O-01
6.5148510-01
6.80Q2S3D-01
7.U7«4B5U-O1
7.J17037D-01
7.603B73B-01
7. 8173330-01
B.0761790-01
8. 28960 10-01
8.4B71d1D-01 :
8.66B857D-U1 ;

8.aJia73O-0i! :
8.98S718D-U1!

9. 1J !2071D-01
9.24476 0E-01
9.3546S6D-01

1

1 .
7 .
5 .
3.

APD
31' 2.4350

'

i
1

APH
6650-03 i
351D-04
089D-04
666D-04

2.771D-01
2 .
1 .
1 .
1 .

2 07D-04
8510-04
6240-04
47aD-04

1.3B3D-01
1 .
r.
1.
i .
i .
7 .
4 .
3 .
1 .
1 .
7 .

318D-04
2740-04
2420-04
218D-04
199D-01
654D-05
8720-05s
091D-05
955D-05
232D-05
742D-G6

1,84 9D-06 <
3 .
1 .
1 .

r.
u.
2.
1 .
9 .

027D-06 i
88UD-06

01

APD
4J219D
3J928D
3J759D
1 58 3D
3.414D
J.240D
3.06 80
2.B9S0
2.732C
Z-S73D
2.12 ID
J.2770
J.143D
2.0180
1.9030
1.755D
1.6100
1.1691)
1.3320
.20 30

I.08OD
U6160
J.572D
J.530D

1680-06 6.667D
2ZBD-07 5.831D
4130-07 5.0780
719D-07 *
6J2D-07 :
929D-03 ;

.3910
-780D
.229D

APT
7.565B 01

01
0 1
0 1
0 -
01

: 0 1 '
01
0 1

'01 '
0 1
01 '

1Q1
i 0 1
' • . 0 1

I 0 1

: oi
0 1
01
0 1
0 1
O i l

o o :
09
00 !
00 ;

00 I
.00 !

;00
0 0
00

»PT
5.746D
6.Q77U
6.2460
6. 4VBD
6^5920
6.766 0
6.93BQ
7.108D
7-. 274 0
7.133D
7.58SD
7.7280
7.8620
7.9870
8. 1010
8.2500
8.395C
8.536D
8.6720
8.801D
B.924D
9.0390
9. 1160
9.215D
3.336D
9.4190
9.4910
9.562D
9.^24D
9.67BD

0 1
01
01
0 1
01
0 1
01
01
01
01
01
P I
01
0 1
01
01
0 1
01
01
0 1
01
0 1
0 1
01
01
01
01
01
0 1
01



Table 1-29. Analysis of TETF

CRYOGENIC DISTILLATION OF HYDROGEN ISOTOPES POB AKL/TETF, B. HISHA , APRIL 1*76

iHALlfTrCAL RESULTS AT PT= 1.000D 03 TOSH AFTER 2 ITERATIONS FOfl COL'lUN KO: 3
NUMBER OF THEORETICAL STAGES: JO BEPtUX EATIO L/D1= 2.000D HI
FIRST FEED ELATE LOCATION: 10 2ND PP LOCATION: 12 3BD FP LOCATION 15
FEED HATES: 0 .0 0 . 0 5 .00D 01 DISTILLATE; 2 .50D 01 BOTTOMS: 2.5GD 01

FEED COOP. N-ff2
1.920447D-03 8 . 0

SHUMA TION OP LIQUID

no HT «-D2 DT N-T2 APH APD
J98B2D-03 7.6659610-03 5.150364D-01 4.605730D-01 6.69378111-03 9.7U3D-01 7.494B 01

BOLE FRACTIONS. (FBOH L TO R IN ASCENDING ORDER OF PLJL72 NUHBEB )
1.0001040 00 1.000115D 00 1.000128D 00 I.000143D 00 1.00O159D 00 1.000115U 00
1.000191D 00 1.0002D6D 00 1.000220D CO 1.000232D 00 1.000241D 00 1.0002470 01)
1.0002500 00 1.00025UD CO 1.Q00246D OCi 1.0002630 00 1.0002770 00 1.0002881) 00
1.0002960 00 1.0003000 00 1.000299D 00 1.O0O294D 00 1.000285D 00 1.0002730 00
1.0002580 00 1.0002400 00 1.000220D 00 1.0002000 00 1.000179D 00 1.0001580 00

EQUIllBBZUIt STAGE TESPEBAT08ES, DEG-Jf.. 1FB0S L TO 8 IN ASCENDING ORDER OF PLVTE HOHBiiH j
2.4673500 01 2.469611D 01 2.4714950 0 ' 2.473224D 01 2.4749180 01 2.1766400 01
2.478425D 01 2.4302900 01 2.482238D 01 2.484265D 01 2.4863590 01 2.4885050 01
2.490684D 01 2.492B73D 01 2.4950510 01 2.4970B8D 01 2.4991Q0D 01 2.5013650 01
2.503608D 01 2.505905D 01 2.5082370 01 2.510580D 01 2.5129110 01 2.515206D 01
2.517443D 01 2.51960SD 01 2.S21676D 01 2.52364BD 01 2.525516D 01 2.5272820 0 1

PLATE
1

V 2

i- 3
5
6
7
8
9

10
11
12
13
14
15
1b
17
18
19
20
21
22
2i
24
25
26
27
28
29
10

NO. N-H2
3.B31929D-O3
8.212833D-04
4. 314329D-04
2.644132D-04
1.928483D-04

1

1

I.520038D-04
1.484563D-O1
.4221860-04
.3904P1D-04
.3715130-04
.3577540-04
.3460900-04
.3352770-04
.3248550-04

1 . 314691D-04
5.B3455BD-05
2.5779930-05
1.1339170-05
4.9641760-06
2.1628830-06
9.377977D-07
4.0463660-07
1.737436D-07
7.424377D-0S
1.1574650-08
1. 336386D-08
5.627611D-09
2.355808D-09
9.77961SD-10
4 .0007230-10

HO
1.608093D-02
7.405627D-03
5. 207827D-03
3.7978670-03
2.895423D-03
2.318112D-03
.9481090-03
-709694D-03
.5544320-03
•4514B1D-03
.381302D-03
.331593D-03
.294668D-03
.265769D-03
.241986D-03

a.151423D-04
5.323339D-O1*
3.1.-58531D-04
?.235020D-S4
1.4364420-04
9.180336D-05
5.833780D-05
3.6857270-05
2.314879D-05
1.445045D-05
8.9623940-06
5.5189340-06
3.369909D-06
2.0356260-06
1-2112B2D-06

H I
1.526214D-02
1.0182040-02
B.404060D-03
7.008014D-03
5.9153340-03
5.061503D-03
4.3945520-03
3.8731520-03
3.464615D-03
3.143321D-03
2.8892720-03
2.6869460-03
2.524370D-03
2.392358D-03
2.283909D-03
1.8O70O2D-O3
1,421950D-03
1.112647D-03
8.655202D-04
6.6918B8D-04
5.141420O-C4
3.924608D-04
2.97579HD-04
2.240794B-O4
1.675184D-04
1.242774D-04
9.143208D-05
6.6638960-05
4.803651D-05
3.415927D-05

H-02
8.971277D-01
H.8395B9D-01
S.709987D-01
B.5H9070D-0 1
8.361195D-0 1
8.149325D-01
7.915B46D-01
7.663035D-01
7.393322D-01
7.109430D-01
6.B14412D-01
6.511623D-01
6.204633D-01
5.897099R-01
5.5 926 20D-01
5.334 8090-01
5.0584640-C1
4.766439D-01
4.461936D-01
4.148510D-01
3.8299B4D-01
3.510321D-01
3. 1934580-01
2.8831350-01
2.582745D-01
2.295205D-01
2.0228740-01
1.767513D-01
1.5302B6D-01
1.311800D-01

DT
6.777789D-02
9.75B267D-02
1.14B8B1D-01
1.3392510-01
1.547419D-01
1.7734 08D-01
2.016723D-01
2.27631CD-01
2.5005280-01
2.B37162D-01
3.133465D-01
3.436249D-01
3.742003P-01
4,0470430-01
4.347670D-01
4.614356D-01
4.B96601D-01
5.192351D-01
5.4988830-01
5.8129120-01
6. 130743D-01
6.448426D-01
6.761945D-01
7.0673840-01
7.361083D-01
7.6397530-01
7.900546D-01
8.141072D-01
8.3593760-01
8.5538650-01

S-T2
2 . J4918t»U-05
4.94764 6D-05
6.991U400-05
9.7t>3426B-05
1.350H31D-04
1.B51554D-04
2.5198440-04
3.404820D-04
4. 5t>d7a8D-U«
6.0fB76?0-04
8.059557D-U4
1.0596310-03
1.JbjalUD-UJ
1.795174C-0i
2 - J U b ^ 4D-03
2.403U380-03
2 . b1J4b?D-03
2.65115UD-03
2.UPA :J7«-OJ
3.U42799D-03
3.J204J80-OJ
3.b7402iD-03
M.125C730-03
«. 7UU719U-U3
5.0351440-03
f-. J70«atlO-03
7-bb->Q37D-U3
9.071489D-03
1.OSa37lu-02
1. Ji9dllO-i)^

APH
1. 9500 00
9.6140-01
7.2360-01
5.667D-05
4.5970-01
3. 8510-01
3.3190-01
2.933D-O1
2.648B-01
2.4340-01
2.271D-01
2. 143D-01
2.O43D-01
1.96 10-01
1.894D-01
1.3690-01
1.0030-01
7.404U-02
5.493D-02
4.DB5D-02
3.038D-02
2.257D-02
1.6730-02
1.2370-02
9.D99D-03
6.662D-03
4.8470-03
3.500D-O3
2.503D-O3
1.76BD-03

APD
9.391D
9.3630
9.3090
9.2360
9. 148D
9.046D
8.9320
8.808D
8. 574D
8.5330
B.3B6O
B.234D
B.OBOD
7.925D
7.771D
7.644D
7.50TD
7,3620
7.21UD
7.054D
6.8940
6.7330
6.5730
6.4150
6.262D
6.114D
5.972D
5.837D
5.7090
5.5880

APT
2.40BD 0 !

0 1
0 1
01
0 1
0 1
0 1
0 1
0 1
01
0 1
01
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
01
01
01
0 1
0 1
0 1
01
0 1
0 1
01

APT
4.1540
5.393D
6.171D
7.0550
8.045D
9.1370
1.0330
1 . 1610
1.297D
1-440D
1.589D
1.7470
1-397D
2.053O
2.2080
2.340D
2.480D
2.6270
2.781D
2.939D
3. 100D
3.262D
3.423D
3.581D
3.735D
3.883D
4.025D
4.161D
4.2890
4.4T.D

00
00
00
00
0 0
00
0 1
0 1
01
0 1
01
0 1
0 1
01
Cil
01
0 1
0 1
0 1
01
01
0 1
01
01
01
01
0 1
01
0 1
01



Table 1-30. Analysis of TETF

CRYOGENIC DISTILLATION OF HTDHOGEN ISOTOPES FOB AKL/TETF, 3 . ftlSRA , APRIL 197b

ANALITICAL S1ESULTS AT FT= 5.000D 02 TOHH AFTEi? 2 ITERATIONS FOB COLntiN NO; U
NiltfBER OF THEORETICAL STAGES: JC REFLU1 BATIO L/D1 = 2 . 0 0 0 0 01
PIRST FEED PLATS LOCATION: 10 2ND FP LOCATION: 15 3BD PP LOCATION 20
PKED RATRS: Q.O 2 . 5 0 0 01 1.001) 00 DISTILLATE: 5 . 0 0 0 00 BOTTOMS: 2 .30B Ul

PEED COUP.N-H2 HD HT N-D2 DT N-T/i kBU
3.831929D-03 -..6O8C93D-O2 1.526214D-0,! 8.971277D-01 6.777789D-02 2 .34 91 8faD-0i> 1.950D

APS
00 9.391D 01

3.73B764D-OB 1.139434D-04 4.205361D--03 9.92433OD-O1 3.217657D-03 4.95400bD-0B j!.175D-Q1 9.941DO1

SUHBATION OF LIQUID BOLE FRACTIONS. . . . . <FBOH L TO B IK ASCENDING OHDEB OF PLATE NUHbi.B )
1.00000ID 00 1.000001D 00 l.OOOUOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.00C0OOB 00
I.OOOOOOD 00 I.OOOOOOD 00 1.0000000 00 l.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00
l.OOOOOOD 00 1.0000000 00 I.OOOOOOD CO l.OOOOOOD 00 l.OOOOOOD 00 I.OOOOOUU 00
I.OOOOOOD 00 I.OOOOOOD 00 l.OOOQOOU 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00
I.OOOOOOD 00 l.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 I.OOOOOOD 00 1.0000001) 00

EQUILIBBIUB STAGE TEHPEBATUHES, DEG. X . . (FBOH L TO B IN ASCENDING OBDEB OF PLATE KOfiBEH )
2.211B840 01 2.217916D i) 1 2.2214320 01 2.2235840 01 2.224966D 01 2.225899D 01
2.2265620 01 2.227066D 01 2.227476D 01 2.227839D 01 2.2231870 01 2.2285<i^U 01
2.22B925D 01 2.229353D i l l 2.2298U4D 01 2.230344D 01 2.230687D 01 2.230930D ill
2.211102D 01 2.2312180 OS 2.2313360 01 2.231485D 01 2.23 16150 01 2.231757D U1
2.231925D 01 2.2321380 01 2.232423U 01 2.2328200 01 2.2333900 01 2.234218a 01

,_, PLATE HO. N-H2
1 1 1.915772D-02

£; 2 3.3B2411D-01
3 1.652494D-03
u 9.BB4520D-04
5 7.344309D-04
6 6.:l70749D-04
7 5.99418BD-04
8 5.H45233D-04
9 5.78I324D-04

10 5.7548340-04
11 5.7391290-04
12 5.728112D-0H
13 5.718462D-04
14 5.70B686D-04
15 5.6979930-04
16 2.65135SD-04
17 1.2326480-04
IB 5.727227D-05
19 2.659871D-05
20 1.234947D-05
21 5.B6B801D-06
22 2.787B32D-06
23 1.323584D-Oh
24 6.279023D-07
25 2.974745D-07
26 1.405R20D-07
27 6.611503D-00
2H 3.078726D-0H
29 1.UO3H7OD-O8
30 6. 10655 1D-09

HO
B.021310D-02
3.539018D-02
2.4164660-02
'.717277D-02

265979D-02
1.02.3990-02
B.595660D-03
7.606693D-03
7.001656D-03
6.630069D-03
6. 399948D-03
<>. 255136D-03
6. 1613280-03
6.0975060-03
6.0507120-03
4.51542BD-03
3.364990D-03
2.504517D-03
1.861759D-03
1.382093D-03
1.046331D-03
7.898902D-04
5.94 1070D-04
4. 446773D-04
3.3065240-04
2.4365820-04
1.772957D-04
1.266792D-04
B.808283D-05
5.867049D-05

HT
6.939191D-02
4.821069D-02
4.001680D-0.2
3.344a70D-02
2.8275670-02
2.424380D-02
2.11213BD-02
1.B71262D-02
1.6853310-02
1.543179D-02
1.433352D-02
1.3H8590D-02
1.2828690-02
1.231519D-O2
1.1909220-02
1.095J930-02
1.0043800-02
9.180B30D-03
8.3652650-03
7.596372D-O3
6.94777UD-03
6.3217990-03
5.7180310-03
5.1358790-03
4.57461BD-03
4.03341SD-03
3.511358D-O3
3.0O7499D-03
2.520931D-03
2.050yi7D-03

N-D2
8.29662BD-01
9. 102597D-01
9.J06516D-01
9.4396980-01
9.526217D-01
9.5U0865D-01
9.612849D-01
9.6279140-01
9.6295780-01
9.619B70D-01
9.5997B9D-01
9.569579D-01
9.528906D-01
9.476966D-01
9.412556D-01
9.441199D-01
9.4647300-01
9.485216D-01
9.504224D-01
9.523177D-" 1
9.5299910- 1
9.534277D-01
9.535463D-01
9.532532D-01
9.523832D-01
9.506792D-01
9.477483D-01
9.4299930-01
9.3555320-01
9.24122BD-01

DT H-T2
1.575413D-03 1.255VbBD-oa <
2.756972D-03 3.5U5349»-0« <
3.51439 3D-03 5.59tUQe&-0tl
4.420191D-03 B.d12299D-0a *
5.500225D-03 1. J74617JJ-U7 .
6.813460D-03 2 .131*^40-07
B.398331D-03 3.292J0/D-O7
1.030423D-02 5.Ub9bd:jl)-u7
1.260315D-02 7.7904&/U-07
1.537449D-02 1 . 19 i0 ia i ) -a6
1.8711940-02 1.B3UJobD-0b
2.272517D-02 2.79Sl314i>-0b
2.754325D-02 4.2747410-U6
3.3313300-02 6.517ia2I)-Ub c

4PH
S. 3960 00
I.518D 00
1.374D 00
>.630D 00
2. 130D 00
,787D 00
.5460 00
.374D 00
.251D 00
. 161D 00
.0940 00
.0440 00
.0070 00

1.777D-01
4.020471D-02 9.S178240-06 9.550D-01
4.013569D-02 9.9115a50-0b f
3.998502D-02 9.Ud74<*0b-0b {

i.OOOD-01
.828D-01

3.972591D-02 •».a33002O-U6 5.900D-01
3.931424D-02 9.7^3 79 dI)-Uo '
3.B6B196D-02 9.51JU2UU-06 1
3.899134D-02 9.5391640-06 k
3.944824D-02 9.5Bb32^D-0b 3

. 140D-11

.502D-01

.0030-01

.559D-01
4.013058D-02 9.67013^^-06 3.1570-01
4.115581D-02 9.a.'92i)7I)-0b ;
4.270106D-02 1.U ...07tiD-Ui t
4.503288D-02 1.0785410-05 2
4.855119D-02 1.180330D-05
5.385261D-02 1.391)1760-05 1
b.181981D-02 1.7audJ3B-O5 1
7.174208D-02 2 . ibJoU30-u5 1

.7910-01

.453D-C1

.139D-O1

.84UD-01

.5670-01

.305D-0T
.O55O-0-.

KPD
8.706D
9.293D
9.4450
9.548D
9.618D
9.166D
9.698D
9.717D
9.72BD
9.730D
9.725D
9.714B
9.6970
9.6740
9.6440
9.664D
9.6810
9.696D
9.710D
9.723D
9.730D
9,7350
9.739D
9.741D
9.7390
9,733D
9.7210
9.700D
9.6650
9.610D

APT
4.15«D 00
3.712D-01

01
01
01
01
0 1
01
0 1
0 1
0 1
01
0 1
01
01
01
01
01
0 1
01
0 1
01
0 1
0 1
0 1
01
0 1
0 1
01
0 1
0 1
0 1

i P T
3.5480
2.518D
2.1770
1.893D
1.6890
1.553D
1.476D
J.451D
1.4730
1.5400
1.652D
1.B11D
2.019D
2.2820
2.607D
2.5550
2.5020
2.446D
2.3850
2.315D
2.298D
2.289D
2.2930
2.316D
2.365D
2.4540
2.6040
2.8440
3.219D
3.7920

00
00
00
00
00
00
00
00
00
00
00
0 0
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
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t h e ANl./Kl'K. The ;tii;iI vL i f.-t 1 r e s u l t s show t h a t e u r Lchiseni uf t h e s p e n t f u e l

s u f ! i i - i i -n i l " i:u I.-L t!u- f u e l i n i e c t ion r e q u i r e r o e n t s of ANL/F.PR c a n be c a r r i e d

out i n a s t r a i g h l f o r w a r d m a n n e r .

; ; i n i l u r a n a l y t i c a l s t u d i e s uf s p e n t tu t - ! e n r i c h m e n t for t h e ANL/TKTF .show

th . i t coinpl ft;i.- r e c y c l i n g uf t h e fue l for a t o t a l l y beam d r i v e n d e v i c e i s

}io :•.••. ib It.- w i t ! ; an e n r i c h m e n t syr . teui c o n s i s t i n g o f on ly f i v e d i s t i l l a t i o n

IM litmus and twn c h e m i c a l et jui 1 i b r a r o r ; ; .

The RII>M i U n p o r t a n t c o n c h i s i u n t h a t may b e drawn from t h e s t u d y of t h e

two sv s l u m s i s t h a t , a s i d e from m o o t i n g f u e l i f i ) e c t i o t i ret | i r i r e m o n t s , s e p a r a -

t i o n of t h e i stit'ipuuiL-r i c spu i . - i es of h y d r o g e n can he c a r r i e d o u t t o any

di -gree o i p u r i t y bv j t t d i c i u u s s e l e c t i o n of ( 1 ) t h e d e s i g n and o p e r a t i n g

p.ir.i ' .M-ii-rs ( e . g . :iumlu-r of t i u -o r i - t i c a l s t a g e s , r e f l u x r a t i o , o p e r a t i n g p r e s -

s u r e , i - l c . ) and il) Uiv uuiaher nf d i s l i l l a t i o r . c r i l u n n s , a p p r o p r iatL,- ly i n t e f -

s [ u - r s c d w i t h cheiiii c.i 1 e i jui 1 i b r a t o r s .
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APPENDIX J

NONCIRCULAR PLASMA CONSIDERATIONS

In comparison with circular cross-section tokamaks with similar values

of i and q, noncircular cross-section tokamaks have the following ad-

vantages: (1) noncircular tokamaks offer the potential for achieving larger

values of 6 and, hence, total power; (2) certain noncircular shapes, in

particular the "D", are predicted to be more stable;" and (3) noncircular

plasmas fill the available volume inside a "pure-tension11 toroidal-

field coil more efficiently. For these reasons, a noncircular design,

which would fit inside the same TF coils as the circular design, was con-

sidered.

The MHD calculations use t'10 free boundary method described in Appendix

(.', except that the original 1'ri iceton code has been modified to calculate

stability criteria associated u'.th quasi-rigid motions. The pressure

and F = RB are taken to be esse icially the same as given in F.qs. C-30

and C-31 with ci = f. = 1.4. The I lux function, 'i>; the flux surfaces (i> =

constant); the pressure, p; and th. current density, J , are shown in

Figure J-l. The shape factor, <., tht '-atio of the circumference of the

boundary to that of a circle with the same v*:dth, is 1.2. The height to

width ratio, <:, is 1.3 and is the largest elonj^tion that can be obtained

without violating stability criteria for localize.' interchange modes ' and

for quasi-rigid motions (horizontal and vertical di. olacements and
9 5

flipping). ' The usual criteria that the decay indt, : of the field should
Q

be greater than zero applies to a circular plasma wit i uniform current

density and large aspect ratio and is not used. Stabili y with respect to

general kink modes is assured by requiring q(.ty) > 1 over he plasma cross-

section.

*
The MHD equilibrium and s tabi l i ty calculations in this a\icndlx were per-
formed by T. Yang and R. Conn, Nuclear Engineering Departs nt, University
of Wisconsin, Madison, Wisconsin. A more detailed presentatJin of these
results will be published in the UW-FDM series of reports.
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Figure I- . . Noncircular Plasw.-i Distributions



The pressure and current density on the midplane are shown in Figure J-2,

The pressure is shifted substantially (0.7 m) from the center of the chamber.

Tin/ current is shifted even more (1.2 m) toward the outside and has a r-mnll

region of current reversal near the inside edge.

Tin.1 plasma parameters are shown in Table J-l, The performance parameters

.ire obtained usinj; the K lobal n.udi.'l described in Appendix. C: and the calcula-

tion;* 1 procedure described in Chapter III. It should be noted that the plasma

center, the minor radius, the toroicial field, and the pressure profile ex-

ponent u-ere chosen .-slightly different from the corresponding values for the

circular reference design in Table lll-l. The noncireular plasma clearly

has superior performance parameters. In spite of the slightly sharper pro-

file, it can be seen that ;'•• is 257. higher and I is 11/i higher than for

the circular reference design of Chapter III. This results in 20% higher

densities and a 15' lower i.,..M. These improvements, coupled with the 372

greater volume of the nonc.ircular plasma, lead to better than a factor

of two increase in power with only a 702 increase in wall loading. The

nonciv-cular plasma design is definitely attractive from the standpoint of

power performance.

The reference plasma cross-section can be maintained with equilibrium

field coils located outside the toroidal field coils. This would not be

possible for more elongated or more complicated plasma cross-sections. The

equ\ libri-im coil locations and the currents in the coils are shown in Table

J-2. No attempt was made to decouple the equilibrium coils from the ohmic

heating coils, as was done for the reference design in Chapter IV.

1. T. Ohkawa and T. 11. Jensen, "Parameter Studies for Tokamaks and

Doublets," Flatwa Pliusies, l±, 789 (1971).

2. K. Rebhan, "Stability Boundaries of Tokamaks with Respect to Rig:'d

Displacements," Vac'ear Fusion, !L5, 277 (1975).

'!• J. P. Freidberg and W. Grossman, "Magnetohydrodynamic Stability of a

Sharp Boundary Model of Tokamak," Phys. Fluids, 2i> 1494 (1975).
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Table J-l. Nonclrcular Plasma Performance
Reference Design Summary— Steady-
State Conditions

Beta pololdal, i

Seta toroidal, s

Safet;- factor, q(0)

Safety factor, q(v-)

Plasma center, R, (ra)

Magnetic axis, R^ (m)

Minor radius, a (ni

Aspect ratio, A

Helght-to-wldth ratio, i

Shape factor, >.

Volume, Vp (mJ)

Profile exponents

Pressure, a » r.

Density, :i

Temperature, i

Ctaoia&netic/paramagnet Ic paranoter, i

Plasma terapevature, T (keV)

Plasma temperature, T (kt'V)

Confinement required for ((•nitton, nt (s/m3)

Impurity (X)

»60

9Be

Effective charge, Z
e TFr

Peak field at TF coils, B (T)
ruax

Vacuum field at centerline, 8,. (.T)
L 0

VacuuQ ?, Fj (T)

Plasna current, Ip (MA)

Plasma pressure (St/m*)

Peak, p^

Average, p

Flux function (Kb)

Magnetic axis, •;•
ni

Limiter, v.

Density (n"3)

D-T, RDT

Electron, n^

Alpha, n

Thermonuclear power, P (MWt)

Neutron wail load, P (MW/ra2)

Ratio of nt required for ignition to nr
predicted by TIM, a

10.0

4.32

27.2

S.40

13.0 »

4.4 -

0.0

47.9

1.1 -

1.2 "

1.3 «

1310

1.44

0.9

1.9

0.060

1.00

i.m
(i. iO

7.00

2,15

2.94

l.i

1.2

747

1,4

0.1

1.1

0.098

10.0

9.6

2.4 '

0.5

5.0

1.3

105

105

10"

1020

10 l a

10:0

8.0

3.4&

21.8

6.72

8.3 » 10s

2.8 * 10s

0.0

38.3

7.2 « 10 1 9

7.8 « 10 1 9

8.3 ' 10 1 7

539

0.59

3.4
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Figure J-" . The Pressure and Current Density Profiles on the Midplane for
the Noncircular Reference Design
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Table J -2 . Equilibrium Field Coils for the Noncircular Design

Number (.HI) (m)
I

(MA)

i
2

• 3 .•'

4

5

: 6

1 '

8

9

10

11

12

13

14

,o.io,;,
1.0

4.0

5.0

"--1.5

7.8

7.5

7.0

6.9

6.3

5.3

3.8

1.8

0.0

2.0
2.0

2.0

2,2

5.0

6.5

6.5

6.5

7.4

8.5

9.7

11.0

11.8

1-1.8.

- 0.230

- 0.230

+ 1.110

- 0,294

- 1.0,012

- 1.200

- 0.920

- 1.473

- 1.473

- 1.473

- l.no

Z is theT vertical displacement from the horizontal mid-plane and R
is, the radial displacement fr6m the major toroidal ai:is. Coils are
located symmetrically above and below the horizontal Imidplane,

J - 6
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Sections," Plasma Physios, _17_, 645 (1975),
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Transactions of Plasma Science,

6. A. H. Glasser, J. M, Sreene, and J« L. Johnson, "Resistive Ins taoi i i t ies
In General Toroidal Plasma Configuration," Phys. Fluidsf JL9. 567 (1976),

7. U. Ascoli-Bortoli, et a l . , "High and Low Current Density Plasma Experi-
menus within the MIT Alcator Programme," Fifth IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion Research, 1974» (IAEA, Vienna, 1975),
Vol. 1, p. 191.

8. S. Yoshikawa, "Application of the tfirial Theorem to Equilibria of
Toroidal Plasmas," Phys. Fluids, 7_, 278 (1964).
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