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A DIFFUSION PROCESS FOR REMOVING TRITIUM FROM THE
BLANKET OF A THERMONUCLEAR REACTOR

Abstract

The tritium concentration in the blanket of a thermonuclear

reactor is important both from the standpoint of its effect on
the capital investment required and from the standpoint of pos-
sible embrittlement of the structural material. Thus, the size
and cost of the system required to keep the tritium concentra-
tion to an acceptable level is important from the feasibility
standpoint.

The high diffusion coefficient for hydrogen diffusing

through niobium makes it possible to design a tritium removal
system for the thermonuclear reactors evolved in the study
covered by ORNL-TM-2204. The proposed system entails tritium
diffusion from the lithium of the blanket as it circulates
through the main heat exchangers built of niobium. These would
be operated at about 1800°F and be used to boil potassium for a
potassium vapor topping cycle. A stainless steel potassium con-
denser operating at about 1100°F would serve not only as the
boiler for a steam cycle but it would also be designed to con-
centrate the tritium which would be drawn off as a nonconden-

sable.

The incremental cost of the resulting tritium removal

system designed to hold the tritium inventory to about 10 kg
in a 5000 Mw(t) plant appears to be modest — roughly $4,000,000.

Introduction

The solubility of tritium in the metallic lithium (or the lithium-

beryllium fluoride) used as the fertile material for breeding tritium from

the neutrons thermalized in the reflector region raises a number of serious

questions.

Of these perhaps the most important are the size of the tritium

inventory and the extent to which the tritium will diffuse into the niobium

structure and possibly cause it to become brittle. In the vacuum wall

this problem will be aggravated by deposition of high energy neutral atoms

of deuterium and tritium that leak from the plasma.

An indication of the magnitude of the tritium inventory problem is

given by considering the 10 m diameter, cylindrical, 5000 Mw reactor of

Ref. 1, p. A-20 for which it was estimated that there would be about 1 kg

of tritium generated per day for a thermal power output of about 5000 Mw



and a lithium inventory of about 50,000 kg.l The cost of the tritium re-
quired to get the first thermonuclear plant started will be about
$1,000,000/kg (assuming that the cost is primarily for neutrons and that
the cost of these will be the same as for making plutonium that will sell
for $lO/lb). If it is assumed just for a first appraisal that the tritium
in the lithium will run 1 mol %, the tritium inventory in the lithium will
amount to approximately 220 kg and will have a value of about $220,000,000.
This represents a major capital investment, although once the reactor had
operated for awhile the price of tritium would fall to much less than the
$l,OO0,000/kg assumed here. The extent to which the price will drop will
depend in part on the doubling time, and that, in turn, will depend directly
on the tritium inventory. For the example given, if the breeding ratio
were 1.33, the doubling time would be 88 days if the tritium holdup in
other parts of the system were small compared to that in the lithium.

Some qualitative appraisals of the tritium removal problem have been
included in previous reports (e.g., Refs 2 and 3): These consider clas-
sical techniques of either fractional crystallization or fractional dis-
tillation as means for separating the tritium from the lithium but they .
do not give any estimates of the size or cost of the equipment required
or its relation to the size of the tritium inventory. The writer made
some crude estimates following these approaches; these estimates indicated
that the equipment required would be bulky and expensive to such a degree
that it would be impractical to keep the tritium inventory to as low a
level as would be desirable. The writer's association with some experi-
ments on the migration of hydrogen from uranium-zirconium hydride fuel
elements in liquid metal systems4 suggested that the tritium might be re-
moved from the lithium by allowing it to diffuse through thin metal walls
in the system. A preliminary inveétigation showed that this is indeed
feasible and that niobium is an ideal material for use as a tritium "window"
since it, like palladium, has a diffusion coefficient for hydrogen at 1000°C
that is over a thousand times that of the iron-chrome-nickel alloys. This

report presents the results of a study in which the diffusion process was

used as the basis for the conceptual design of a typical system.




Description of the Proposed System

A schematic diagram of the system envisioned is shown in Fig. 1. The
lithium (or lithium-fluoride-bearing salt) would be circulated from the
blanket of the thermonuclear reactor through a heat exchanger having a
surface area about 15 times the area of the vacuum wall of the reactor.
Further, the thickness of the tube walls of this heat exchanger would be
about 1 mm, or of the order of 1/3 that of the vacuum wall of the reactor,
hence the diffusion rate through the heat exchanger would be about 45
times that through the vacuum wall. 1In the system envisioned in Fig. 1,
the heat removed from the lithium would be employed to boil potassium for
a potassium vapor topping cycle.® The tritium diffusing through the walls
of this potassium boiler would be carried along with the potassium vapor
to a potassium vapor turbine through which it would be expanded and dis-
charged to a potassium condenser which would also serve as a steam boiler.®
Note that the potassium boiler would operate at about 1800°F and the po-
tassium condenser at about 1100°F so that the steam generated in the potas-
sium condenser-steam boiler would flow to the steam turbine at around
1050°F.

The potassium condenser would be made of stainless steel rather than
niobium, and hence would be thousands of times less permeable to tritium
than the niobium walls of the potassium boiler. (Limited ORNL experience
indicates that there will not be serious amounts of mass transer if stain-
less steel is used in the cold portion of a boiling potassium system built
largely of niobium.) The vapor flow into and through the potassium con-
denser would be channeled in such a way that the residual tritium in the
potassium vapor would be swept to one end of the condenser, that is, the
condenser vapor passages would be shaped so that they would converge as
if the flow were into the base of a cone and toward its apex, thus enor-
mously increasing the tritium concentration. (Condensers designed to do
this functioned eminently well when tested in the MPRE program.6) A vent
line from the equivalent of the apex of the cone would carry the concen-
trated tritium-potassium vapor mixture to a potassium condenser operating
at a much lower pressure, thus further increasing the tritium concentra-

tion. A tube bank connected to the downstream end of the second condenser



would be heated to aboveé 600°C, and vacuum pumps attached to the shell-
side of the tube bank would remove the tritium diffusing through the tube
walls. The discharge from the vacuum pump would be fed to a compressor
from which it would be discharged into high pressure storage tanks. Note
that one sphere 20 in. in diameter would hold sufficient tritium to operate
the plant for a day if the storage pressure were 2000 psi.

For illustrative purposes a 5000 Mw(t) thermonuclear reactor essen-
tially the same as the 4710 Mw reactor described on page A-20 of Ref. 1
was chosen to serve as a reference design. For purposes of this study
the principal data for this plant are summarized in the first portion of
Table 1. (The second portion of Table 1 summarizes the results of calcu-
lations made later in the report.) Data for the potassium vapor system

were obtained by scaling from values given in Ref. 5.

Summary of Solubility and Diffusion Data

The rate at which a diatomic gas will permeate through a metal wall
depends on several processes. First, the gas must dissociate and go into
solution in the metal. It then diffuses through the metal as a conse-
quence of the concentration gradient after which it must recombine as it
leaves the metal surface at the other side. These problems are discussed
in some detail in Ref. T, and an equation for the overall permeation rate

as a consequence of these interrelated processes is presented, that is,

_C /2 _ pi/2 ' _ Q. -5
v =2 (P 2 )exp( 3= ) x 10 (1)
where
V = volumn flow rate of permeating gas, cm®(STP)/sec-cm?,
C = permeation constant for the gas-metal system, cm3(STP)-mm/hr-cm®-
atm®/ 2,

A = area of metal barrier, cm®,

P1 = upstream H2 pressure, mm,

P2 = downstream H2 pressure, mm,

Q = activation energy of diffusion, cal/mole,
x = thickness of metal barrier, mm,



gas constant, cal/mole:°K = 1.987,

I

absolute temperature, °K.

Permeation Constant

The rate at which the gas will diffuse through the metal can be
characterized by the permeation constant C in Eq. (1). Figure 2 (from
Ref. 7) shows the effect of temperature on this constant for a wide variety
of metals and alloys. Note particularly that the scale for the curves for
niobium and palladium is at the right of the chart whereas the scale for
all of the other metals is at the left, and that there is a factor of 100
difference between the two. As a consequence, the permeation rate for

niobium at 1000°C is over 1000 times that for stainless steel at 1100°F.

Activation Energy

The quantity Q in Eq. (1) is the activation energy involved in the
dissociation process as the gas enters the metal and the recombination
process as it leaves. Values for permeation of hydrogen through typical

metals and alloys are given in Table 2 (from Ref. 7).

Effects of Gas Pressure

It has been found that, for hydrogen partial pressures below about
10 mm, gas dissociation at the surface becomes the rate-controlling step
in‘the permeation process, and the permeation rate shifts from a square
root dependence on pressure to a linear dependence on pressure.’ Thus
Eq. (1) is applicable if the partial pressure of the hydrogen is in excess
of 10 mm, but for lower pressures the permeationrate will fall off as the

first power rather than the square root of the pressure.7

Effects of Atomic Weight of the Gas

A substantial amount of data for the diffusion of normal hydrogen
through metals is available from several different investigators, and the
results are quite consistent. Theoretical considerations indicate that
the diffusion rate for deuterium and tritium should be reduced by the

square root of the ratio of their atomic weight to that of normal hydrogen,



that is, \/5 or v/_’ respectively. This relationship has been confirmed
for deuterium in a number of investigations including one at ORNL with a

liquid metal system.%

Solubility Data

One of the most important factors in this study is the relation be-
tween the partial pressure of hydrogen over lithium and the concentration
of hydrogen in the lithium. The data in Ref. 8 for pressures of 10 to
100 mm indicate that the concentration varies as the square root of the
pressure, and there is every reason to believe that this holds for the
very low pressure range of interest in this study.

The limited data cited in Ref. 8, page 28, indicate that, at the low
pressures of interest in this study, the molal concentration of deuterium
or tritium in lithium would be essentially the same as for normal hydrogen
at a given pressure. As a first approximation, the data available for
normal hydrogen dissolved in Nak and potassium? were also assumed to be
directly applicable to deuterium and tritium as were the solubility data

for normal hydrogen in niobium as given in Ref. 9.

Analysis

In carrying out the analysis it became evident that the tritium con-
centration in various parts of the system would depend on the tritium
pressure maintained on the shell-side of the tube bank used as a hydrogen
window at the outlet of the second stage potassium condenser. It was de-
cided arbitrarily to make this pressure 0.002 mm and make the tube-side
pressure 0.010 mm. Tt was further decided aribtrarily that the potassium
condenser surface grea in the secondary condenser should be made sufficient
so that the partial pressure of the tritium near the tritium outlet would
be half the total pressure in the secondary condenser. This implies a
potassium vapor temperature of 400°F in the secondary condenser.

On the basis of the above assumption it was then possible to calculate
the surface area required for the hydrogen window, the size of the vacuum
pumps required, and the loss of tritium through the stainless steel tube

walls of the potassium condenser-steam boiler assuming that the tritium



concentrating effects of the secondary condenser would yield a partial
pressure for the tritium in the vapor stream leaving the main condenser
equal to that at the outlet of the secondary condenser. This implies

that the potassium vapor volume flow rate into the secondary condenser
ought to be 10,000 times the tritium flow rate. For a potassium condensing
coefficient of 10,000 Btu/hr-ft2-°F and a condensing film temperature drop
of 10°F, the surface area nominally required in the secondary condenser
would be only 100 ft%. A value five times this was assumed to assure an
adequate area.

On the basis of the partial pressure of tritium in the main potassium
condenser, one can calculate the tritium concentration in the potassium
condensate, and this in turn gives the partial pressure of the tritium
in the liquid potassium in the lithium~-to-potassium boiler. From the
latter, straightforward calculations can be made to give the tritium con-

centration in both the lithium and the niobium walls of the lithium system.

Tritium Permeation through Tube Walls

In carrying out the calculations the first step was to use Eq. (1)
to estimate the permeation rate for tritium through a 1 mm thick niobium
tube wall at 1000°C with a tritium pressure of 10 mm upstream and 5 mm

downstream, that is,

v = 1040 x 107 (/l_ - /5 ) exp (— 1.98;123(01273 )

J3

= 0.00145 cm3 (STP)/sec’cm?

Note that Eg. (1) as used above was corrected for the difference between
normal hydrogen and tritium by dividing by ~/§.

The tritium permeation rate was conservatively estimated to vary
directly with the pressure between 10 mm and 0.01 mm, so that the permea-
tion rate given above for 10 mm was reduced by a factor of 1000 to give a
permeation rate of 1.45 X 107¢ cm®(STP)/sec-cm?.

The permeation rate through the steel tube walls in the potassium
condenser was also estimated from Eq. (1) using the constants given in

Table 2 for stainless steel. As in the calculations for niobium, the



calculations for stainless steel were first made for a tritium

partial pressure of 10 mm upstream. To be conservative the downstream
partial pressure was taken as zero. The resulting value was then reduced
by a factor of 1000 to give the permeation rate at 0.010 mm. The calcu-

lation was

850 x 10~5 16,100 -
V==xx2=2-—~ | _/10-.0 exp (- ————L——ggg = 6.63 x 10°7 .
2 x /3 (V5-/0) e (- ooomcoes )

For a tritium partial pressure of 10 microns, the leakage through the
stainless steel into the steam would be 6.63 X 10-1° cm®(STP)/sec-cm?.
The area required for the Nb "window" for removing tritium from the
downstream end of the secondary potassium condenser was estimated from
the permeation rate given above together with the required tritium flow
rate of 1 kg/day [or 43.2 cm3(STP)/sec). A correction factor of 1.87 was
also applied to ailow for the use of a pressure ratio of 5 rather than

2 across the hydrogen window, that is,

43,2
Nb window area = = 17,150 fta3
1.87 x 1.45 x 1075 x 929

This area would be provided by 3425 tubes having a diameter of 1.0 in.
and a length of 20 ft.

The tritium permeation rate through the tube walls of the potassium
condenser-steam bdiler was estimated using the condenser surface area of

Table 1 as follows:

Tritium permeation rate = 6.63 X 1071° x 160,000 x 929
= 0.0983 cm®(STP)/sec .
Note that this represents a tritium loss rate equal to about 0.2% of the

generation rate. While the loss is small from the standpoint of the

tritium economy, this tritium leakage rate would require good control of

steam leakage from the main steam system to avoid a health hazard.




The drop in the tritium partial pressure associated with the permea-
tion through the lithium-to-potassium boiler was estimated using the sur-

face area of Table 1 as follows:

Required permeation rate = k3.2 = 0.62 x 10" cm3/sec cm® .

~ 75,000 X 929
Partial pressure in lithium:
0.62 x 10™® =1.56 x 1078 (P1 - 0.01)

_0.62 x10°°
1.56 x 10°°

P + 0.01 = 0.004 + 0.01 = 0.014 mm .

1

Tritium Inventory

The tritium concentration in the lithium at 1000°C is about 1 mol %
for a tritium partial pressure of 10 mm (Ref. 8). Assuming that the con-
- centration varies as the square root of the partial pressure, it follows

that

Mol % tritium =-,/0.01%/10 = 0.0375 .

Thus the total tritium inwentory in the 50,000 kg of lithium would be

W:B.Okg.

Tritium inventory in Li = 50,000 X 100 X 7

The tritium concentration in the potassium is about 0.1 cma(STP)/g
at 1100°F and 1 mm (Ref. 4). Assuming a square root relation, the con-
centration at 0.01 mm would be 0.01 cma(STP)/g. Thus the tritium inven-

tory in the potassium becomes

Tritium inventory in K = 9 X 10”7 X 0.01 = 0.9 X 10® cm®(STP)
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The tritium concentration in the niobium at 1000°C is 1 mol % at a
pressure of 120 mm (Ref. 9). Assuming a square root relation, the con-

centration at 0.0l mm would be 0.009 mol %, or 90 ppm.

Vacuum Pump Capacity

The vacuum pump capacity required to remove 43.2 cm®(STP)/sec from
the region outside the hydrogen "window" would be about 16,400 liters/sec
(i.e., 35,000 ft3/min) at 0.002 mm. This would require a flow passage
area of about 4 ft°. The vacuum pump requirements could be met by em-
ploying Roots blower high-vacuum booster pumps for the low pressure stages
and conventional mechanicadl pumps for the balance. A typical installa-
tion of this sort that has been built for the space program is shown in
Fig. 3. The vacuum pump system specified in Table 1 was scaled from the
system of Fig. 3 with an allowance for an extra capacity of about 100%.
The cost of the vacuum pump system would be around $100,000.

It is also possible that some other system such as a cryogenic pumping
system might be employed to give a less expensive system. Potassium vapor
diffusion pumps might be used in the same fashion as steam-driven air
ejectors in conventional steam condensers, for example, to increase the
tritium pressure in the tube bank serving as the hydrogen "window" and

thus reduce the size and cost of the hydrogen "window."

Summary

The results of the above calculations for a typical system have been
summarized in Table 1. In appraising these, it appears quite reasonable
to make use of diffusion through the heat exchanger tube walls to remove
the tritium from the lithium, and the resulting equilibrium concentration
of the tritium in the lithium can be kept to around 0.04 mol %, giving a
tritium inventory of only about 10 kg. Tritium diffusion outward from
the lithium system through the niobium shell to the region between it and
the water shield will run about 0.2% of the amount diffusing through the
heat exchanger tube walls if it is assumed that the outer wall of the
lithium blanket region has a thickness of 3 mm. ILeakage of tritium from

the piping of the potassium vapor system will be much lower than this
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because of the much smaller area involved, but it will still not be
negligible, and will require that both the lithium system and the potas-
sium piping be enclosed and the enclosed atmosphere be processed to main-
tain the tritium at a low concentration.

The hydrogen concentration in the niobium of the lithium system as
estimated above was approximately 90 ppm. The data in Refs. 10 and 1l
indicate that, with a hydrogen concentration in niobium of 4PO ppm, the
elongation in niobium is reduced to 5% at 0°C, an acceptable value. Thus
hydrogen embrittlement at 90 ppm should be much less pronounced so that
it would not be a serious problem, particularly since operation of the
tritium removal system after stopping the nuclear reaction would make it
possible to reduce the tritium concentration in both the Li and Nb sub-
stantially below the normal operating level before cooling the niobium
system to room temperature.

The principal items of equipment required are a niobium tube bank
having a surface area of about 17,000 ft® and a set of vacuum pumps of
about 250 hp. The cost of the former would run about $3,400,000 (assuming
a cost twenty times that of stainless steel,5 or about $200/ft2) as com-
pared to about $100,000 for the latter. This, coupled with the $10, 000,000
nominal value of the tritium inventory, suggests that a greater investment
in vacuum pumps or some other step to reduce the capital investment might
be in order.

The tritium inventory in the system represents the principal potential
hazard associated with the reactor. It is interesting to compare the
roughly 10 kg inventory of tritium in the proposed thermonuclear reactor
system with the fission product inventory of a fission reactor of comparable
size. Half way through the life of a typical fuel loading the latter in-
ventory would run about 3000 kg of fission products. In addition there
would be at least that amount of plutonium, and possibly many times as
much. The bioclogical effectiveness of many of the fission products and
the plutonium would run from10P to 107 times that of the tritium.*® Thus
the hazard potential associated with radioactive material inventory will
be at least a factor of 10*° lower in a thermonuclear reactor than in

a fission reactor.
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While detailed calculations were not carried out for a typical lithium
fluoride-bearing molten salt, preliminary estimates indicate that much the
same system proportions would result. An added problem is posed by re-
lease of free fluorine atoms when a lithium atom absorbs a neutron to give
an alpha particle plus tritium; the tritium would react with the fluorine
to give HF. ORNL experience indicates that a modest amount of metallic
beryllium surface in the molten salt system will react with the HF and
release the tritium before the HF concentration builds up sufficiently to

give difficulties with corrosion.
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Table 1. Data Related to Tritium Recovery from the Reference

Design Thermonuclear Reactor System

Reactor type

Thermal power output, Mw

Tritium generation rate in Li, kg/day

Tritium generation rate in Li, cm®(STP)/sec

System pressures

Pressure of tritium leaving hydrogen window, mm

Pressure of tritium entering hydrogen window, mm

Partial pressure of tritium entering secondary K
condenser, mm

Partial pressure of tritium leaving main K con-
denser, mm

Partial pressure of potassium in main K condenser,
mm

Partial pressure of potassium in secondary K con-
denser, mm

System temperatures

Temperature in vapor in secondary K condenser, °F
Temperature in vapor in main K condenser, °F
Temperature in vapor in potassium boiler, °F

Vacuum wall

Vacuum wall ID, m
Vacuum wall surface area, m
Vacuum wall thickness, mm

2

Material inventories

Li inventory in blanket system, kg
Niobium inventory in Li system, kg
Potassium inventory, kg

Surface areas

Surface area in Li-to-K boiler, ft2

Tube wall thickness in Li-to-K boiler, mm
Tube wall thickness in Li-to-K condenser, mm
Surface area in primary K condenser, ft®
Surface area in secondary K condenser, ft®

Permeation rates

Permeation rate through hydrogen window,
cm®( STP) /cm? - sec

Permeation rate through hydrogen window,
cm®( STP)/sec

Permeation rate through K condenser-steam boiler,
cmd( STP) /sec+cm®

Permeation rate through K condenser-steam boiler,
em®( STP) /sec

Magnetic Mirror
5,000

1.0

43,2

2 X 10-3
10 x 10°8
10 x 10°°

10 x 108
115

10 x 10-2

400
1100
1830

10
500
3

50,000
180,000
90,000

75,000
1.0

2.0
160,000
500

1.45 x 107®
43,2
6.63 x 107%°

0.0983
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Table 1. (continued)

Permeation rate through Li-to-K boiler, 0.62 x 107°
cm®(STP)/sec.cm®
Permeation rate through Li-to-K boiler, 43,2
cm?(STP)/sec
Hydrogen window
Surface area in hydrogen window, ft2 17,150
Tube wall thickness in hydrogen window, mm 1.0
Tube diameter in hydrogen window, in. 1.0
Tube length in hydrogen window, ft 20
Number of tubes 6,720
Tritium inventory
Tritium inventory in potassium, kg 0.24
Tritium inventory in lithium, kg 9.08
Tritium inventory in niobium, kg 0.8
Tritium concentration in niobium, pp 90
Vacuum Pumps
First stage compression ratio 200
Number of Roots blowers in parallel 4
Second stage compression ratio 25
Number of Roots blowers 1
Third stage compression ratio T
Number of Roots blowers 1
Forepump inlet pressure, mm 35
Forepump discharge pressure, mm 760

Number of oilless forepumps 1
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Table 2. Activation Energies for Diffusion and Permeation Constants
cpt/® Q
o= em (L) ]
X RT
Q C
Metal Reference (cal/mole) [ cc(STP) -mm
hr-cm®.atmt/ 2
Hastelloy N AT? 13,800 190
Hastelloy B 16 16,675 1,810
Nickel 1, 2, 15, 17 13,400 1,000
Iron 1, 2, 17 9,100 14k
Type 304 SS AT,® 17 16,100 850
Type 316 SS 13, 15 16,075 1,526
Type 321 SS 13, 15 16,075 1,526
Type 430 SS 15 11,200 360
PH15-TMo SS ATE 20,000 7,800
Haynes 25 AI,® 17 15,100 327
Molybdenum 2, 15, 17 20,100 950
Tungsten AT,® 17 29, 340 1,840
Niobium 17, 18 3,430 1,0k0
Platinum 1, 2 18,600 1,840
Palladium 1 4,500 6,100

8Data from Ref. T.



ORNL DWG. 68-13360

POTASSIUM
VAPOR
TURBINE

STEAM
TURBINE

TO STEAM

CONDENSER
POTASSIUM COMPRESSOR
- CONDENSER °
STEAM 4007F | ypROGEN
LITHIUM "WINDOW"
. BLANKET Bo“‘f': SECONDARY | 1800° F
1830° F Y POTASSIUM VACUUM  “TRITIUM
CONDENSER PUMPS STORAGE
FEED TANK
A WATER
POTASSIUM
FEED PUMP

Fig. 1. Schematic Diagram Showing the Major Components Involved
in the Proposed Tritium Recovery System for a Thermonuclear Reactor.
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Fig. 2. Effects of Temperature on Permeation Constants for Typical
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Fig. 3. TFlow Sheet for a Vacuum System Built for a NASA Vacuum
Chamber. This system closely approximates that required for the
tritium removal system of this report.
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