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TRITIUM PERMEATION MODELLING OF A
CONCEPTUAL FUSION REACTOR DESIGN

ABSTRACT

The environmental and economic acceptability of presently conceived
D-T fueled fusion power plants will depend in large part on the ability
to contain and handle tritium within the reactor building and to control
tritium releases to the environment without incurring exorbitant costs.
In order to analyze the time evolution (from reactor start-up) of the
inventories, a transient tritium permeation model was developed based on
a simplified conceptual fusion reactor design. The major design constraints
employed in the model for the fusion plant were the use of a solid breeder
blanket, a low pressure purge gas in the blanket and a high pressure
(helium) primary coolant. Both diffusive hold-up and solubility considera-
tions were found to be important contributors to the solid breeder tritium
inventory, while the fluid resistance to permeation offered by the primary
coolant in the heat transfer loop, although included in the model, was
found to be negligible compared to the resistance offered by the primary
containment metal. Using the STARFIRE-Interim Reference Design system
parameters as input, the model predicted a total tritium inventory of
approximately 4.5 kg after 18 days for the Lis0 breeder. The addition of
oxygen (up to a partial pressure of 10-13 torr) to the primary coolant loop
was required in order to keep the tritium losses through the heat exchanger
(and hence, to the environment) to within the design goal of 0.1 Ci/day.

A steady-state tritium permeation model for determining fluid--or
metal--limited transport was formulated and applied to the STARFIRE-
Interim and GA Field-Reversed Mirror Reference Designs. It was shown
that only with a reduction in tritium partial pressure in the main coolant
loop caused by the presence of oxygen, would the transport properties of
a helium coolant become important for tritium migration.
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NOMENCLATURE

surface area of: (cm?®)

Aep

Ayp

A

"cold" pipe metal
"hot" pipe metal

heat exchanger

Am treeder tube metal
flow area (em®)
average tritium concentration in: (Ci/cm®)
Gb breeding material
Cc primary coolant
¢ primary coolant (corrected for oxygen addition)
CCP cold" pipe metal
CHP hot" pipe metal
CHX heat exchanger
Cm breeder tube metal
CP btreeder pellet
c urge gas
DE purge g
csol treeder pellet surface (from solubility considerations)
Co environment/building atmosphere
specific heat (3/em-°x)
equivalent diameter of: (em)

-
L
%

primary coolant tube in blanket

primary coolant (shell side) in heat exchanger

primary coolant in pipe
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d urge gas channel
D8 purge g
tritium diffusivity in: (cn?/sec)
Db breeder material
.DCP cold" pipe metal
DG helium gas
DHP hot" pipe metal
DHX heat exchanger
Dm breeder tube metal
tritium diffusion coefficient at infinile temperature (em?/sec)
fractional release (réf. Equation (2.2))
coolant clean-up flow rate (coolant inventories/day)
mass flux of helium (zn/cn?-sec)
mass transfer coefficient in: (cm/sec)

hB primary coolant in blanket

hCP primary coolant in "cold" leg
hHP . primary coolant in "hot” leg

th Primary coolant in heat exchanger

h urge gas
P8 purge g

heat exchanger

tritium inventory in: (ci)
Ib breeder material
I primary coolant

I primary coolant (corrected for oxygen addiiion)




o

20

_Jmetal tritium permeation rate through metals (=3

14

purge gas

I
g

tritium flow rate (ci/sec)

Jb total tritium leakage rate from breeder into purge gas

Jon tritium loss rate from primary coolant to environment/

: building atmosphere

JCPL tritium loss rate from primary coolant through "cold"
pipe .

inlm tritium transport through fluid film

I uid tritium transporﬁ r;te through fluid (gaJF)

JHPL tritium loss rate from primary coolant through "hot”
pipe ' :

JHXL tritium loss rate from primary coolant through heat
exchanger '

JHXL,max maximum allowable tritium loss rate through heat ex-
. changer
thermal conductivity (W/m-k)

number of T2 molecules striking the metal surface per unit area
(ref. Equation (4.2))

Henry's Law Constant (em®-T5/cn® torr)

equilibrium constant (ref. Equation (D.4))

il

[\

)

permeability (em®-Ts/cm-sec-torr
B 1
permeability at infinite temperature = (cm®-T,/cn-sec-torr?)

1
Sieverts' Constant (solubility) (em®-T3/cm®-torr?)

- i
Sieverts' Constant at infinite temperature (em®-T,/em®-torr?)




Ml'MZ

Nu

15
equilibrium constant (ref. Equation (2.77))
length of the: (cm)
LCP cold"” pipe segment
LHP "hot" pipe segment
LHX heat exchanger
volumetric tritium leakage rate froz one pellet (ci/sec-cn®)

total mass of treeder material (am)
oxide film quality factor
molecular weight (ref. Equation (C.5))

number of moles of:

tritium gas in purge gas

Pg
O tritium gas in primary coolant
2- .
n% tritium gas in primary coolant (corrected for oxygen addi-
-2 tion)
n T,0 gas in primary coolant
T20 .
number of:
Nc primary coolant tubes in blanket
NP breeder pellets in blanket
NPg purge gas channels in blanket
Nt tubes in heat exchanger
Nusselt Number (zef. Equation'(z.Sf))
transition tritium partial pressure (ref. Figure 2-14)

transition tritium partial pressurs (ref. Figure 2-14)




He

Pg

16

helium pressure (torr)
partial pressure of tritium gas in purge gas - (torx)

transition pressure from fluid- to metal- limited permeatlov
(ref.. Equation (4-10))

e et $V i

partial pressure of itritium gas

wetted perimeter (em)
volumetric flow rate of: ~ (cm®/sec)
QB primary coolant in blanket

QCP Primary coolant in "cold" leg -

Up primary coolant in "hot" leg

QHX primary coolant in heat exchanger
Q burge gas
pg
energy - (cal)
Qd activation energy for diffusion
QP activation evergy for the permeation process
QS heat of solution
radial dimension (em)
rg grain radius
rP pellet radius
resistance to tritium permeation'offered by: (sec/cma)
RCL "hot" leg, heat exchanger, "cold" leg fluid and metal

(in parallel)
RCPL "cold" leg coolant fluid and "cold" pipe metal (in series)

Resqn, fluid film next to metal wall (= RF)




Re

Sc

Sh

SOL
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"hot" leg coolant film and "hot" pipe metal (in series)

heat exchanger coolant film and metal (in series)

-

breeder tube metal

Rmc blanket coolant film

R oota1 DTetel wall (= Ry) |

R o purge gas film, breeder tube metal, blanket coolant film
P8 (in series

R urge gas film
P purge g

Reynolds Number of: (zef. Equation (2.50))

ReB , primary coolant in blanket

ReCP primary coolant in "cold" leg

Reyp primary coolant in "hot" leg

ReHX primary coolant in heat exchanger
RePg purge gas

total tritium generation rate (Gi/sec)

volumetric tritium generation rate (Ci/ca®-sec)

Schmidt Number of: " (ref. Equation (2.51))

ScB . primary coolant in blanket

ScCP primary coolant in "cold" leg-

ScHP primary coolant in "hot" leg
ScHX pPrimary coolant in heat exchanger
Sc : urge gas

PE purge g

Sherwood Number

amount of tritium dissolved in a metal (ci/em®)
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temperature of: ‘ (°c)

Ty, treeder pellet (average)
Tc Primary coolant

Tedge pellet surface

TPg purge gas

tritium atom
tritium gas molecule

flow velocity of: (cm/sec)

up primary coolant in blanket
Unp primary coolant in "cold" leg

Yp primary coolant in "hot" leg

Uy primary coolant in heat exchanger
upg purge gas

diffusion volume (ref. Equation (C.5))
volume of: (cm®)

Vb breeder material

Vc primary coolant in:

N blanket
cy :

Vc "cold" leg
CP
Vc "hot" leg
HP
v heat exchanger
VP% purge gas
mass flow rate of: (gm/sec)
W. primary coolant in blanket

B
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Wop primary coolant in "cold” leg
Wrp primary coolant in "hot" leg

Wy primary coolant in heat exchanger
W urge gas

"pg purge g

primary coolant clean-up mass flow rate (from fluid-limited trans-
port considerations)

(en/sec)

primary coolant clean-up mass flow rate (from metal-limited trans-
port considerations)

(gn/sec)
thickness of: (em)
X "cold" pipe metal .

CP
Xyp "hot" pipe metal

X heat exchanger metal

Xm brgeder tube metal

atom fraction of tritium in solid




20

Greek Symbols
thermal diffusivity (cn?/sec)
sensitivity coefficient (ref. Appendix E)
absolute viscosity (em/cn-sec)
kinematic viscosity (em?/sec)

mass density

extraction time
(sec)

time constant for
(sec)

time constant for
(sec)

time constant for
(sec)

time constant for
(sec)

time constant for
(sec)

time constant for

(sec)

(en/cm®)

(ref. Equation (2.2))

primary coolant system dynamics
diffusive pellet concentration dynamics
average pellet concentration dynamics
breeding zone lezkage rate dynamics
purge gas system dynamics

solubility pellet concentration dynamics
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CHAPTER 1  INTRODUCTION

Recent advances in the confinement of thermomuclear plasmas have
stimulated worldwide interest in the development and operation of pro-
totypic fusion reactor power plants. As a result of these advances,
technolbgical and engineering aspects of controlled thermonuclear
Plants have btecome increasingly important., In & Tumbér of preliminary
studies(l'B), attempts have been made to evaluate the major problem
areas confronting the designers of fusion reactor facilities, Oné
such problem area addressed in this thesis will be that of tritium
transport within a fusion power plant, and possible tritium permeation
from the containment and into the environment.

- As the only signifibant mobile radionuclide existing in proposed
deuterium/tritium (D?T)—burning fusion devices, tritium is the focus
of considerable attention in evaluation of the overall safety and
environmental impact of theée devices. From practical considerations,
tritium has to be bred at a rate equal to, or greater than, the rate
at which it is being consumed, due 4o its negligible naturzal abtundance
and high cost of extermal breeding. A review of the plant designs
proposed thus far indicates.thgt during operation, an appreciable quan-
tity of tritium will be present in the plasma fuel, exhaust systen,
breeder blanket and the extraction systems, With total tritium inventories
in the range 10-50 kg for a 5000 Mwi plant, it is inevitable that some
tritium releases to the enviromment will occur. The need to minimize
these releases will necessarily influence any reactor design and opera-
tion,

Tritium losses to the environment must be strictly controlled Te-
cause of its radiological activity and capability of assimilation into
living tissues if breathed in. Therefore, tased on anticipated stand-
ards, tritium releases in excess of 3000 Ci/year/iOOO th may tegin to

(s)

Although fission plants are required to operate under similar emission

constitute an objectionable radioclogic hazard to the environment

cellings, fusion power plants will be much more difficult to master
than fission plants with respect to tritium. Inventories will be

much higher and the tritium will be continuocusly cycled through the
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fuel system at very high rates. Dismissing isotopic correction factors,
tritium will diffuse through most metals at the same high rate that
hydrogen does. It is this inherent property of low mass elements
like tritium, of having a high permeability in most metals; that makes
it difficult to contain, and hence is the root cause of most of the
tritium released to the environment. . | )
Reliable estimates of the magnitude of anticipated steady-state
releases of tritium from fusion plants have teen difficult to derive'
tecause they depend in large part on having detailed knowledge of the
tritium inventory size and disposition, and the design features and
operating characteristics of all ﬁhe.tritiumrintensive subsystems.
Although all the tritium loss mechanisms from fusion plants under
accident and non-accident cpnditions cannot‘be completely defined until
actual operating experience’with experimental-scale reactors has been
acquired, it is possitle to outliﬁe a few loss mechanisms that are
plausible. As currently envisioned the principal tritium loss mecha-

(5),

nisms under non-accident conditions are

1 - leakage through fabrication imperfections and fluid
system connections: shaft seals, pinhole ruptures,

valves, pumps, etc.

2 - releases incurred during maintenance operations

(routine and otherwise)

3 - losses resulting from waste disposal operations

and during the course of waste intermment

4 - permeation through elevated temperature surfaces
(particularly coolant pipes and heat exchangers)

in the primary containment.

The nature of these loss mechenisms in the context of fuslon plants
has been adequately described elsewhere(6>, Tritium releases during
normal operations which occur as a result of Numbe;_b were the major
focus of this study. Tritium releases as a result of accidents were
not within the scope of this study and losses numbered 1 through 3

above were not studied because of lack of design detail.
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In order to calculate the permeation losses of tritium from the
coolant loop (piping runs and steam generators), as it reaches (maxi-
mum) steady-state value, it is necessary to medel the build-up of the
tritium partial pressure in the coolant which is the driving force
behind the permeation. Similarly, the time evolution of tritium in
the coolant system, starting from system start-up, is dependent on
the kinetics of the tritium source, which for the purposes of this
study, is taken to be the breeder blanket. Because of the numerous
system componenis separating the rather large tritium inventory in
the breeder from the loss points--in the coolant system--and the total.

»resistaﬁce (in series) to tritium flow that they represent, it has been

(7)

speculated that the fusion plant may never reach its steady-state
permeation loss from the coolant system, or that it takes such a long
time after start-up to be of little immediate concern. This study was
initiated in order to evaluate the distribution and leakage profiles for
‘tritium in a typical commercial tokamak reactor as they evolve from:
system start-up. These profiles are determinéd bty the technical features
of the reactor design., It is then possitle to establish critical system
parameters with regard to tritium transport, and also approximate values
for tritium invenfories, which can be expecte& to hHave an important bear-
ing on the operational characteristics of the modelled design.

The purpose of the proposed transient tritium permeation model for
a conceptual fusion reactor design is to provide an analytical method
for calculation of the time-varying concentration of the tritium in var-
ious reactor subsystems during the transient condition assoclated with
normal start-up procedures. This involves specification of the major
reactor components: Tbreeder blanket, tritium recovery system, and primary
coolant system. The results of this model tased on tritium behavior with-
in tﬁe aforementioned reactor components, will provide a description of the
total (time-dependent) tritium inventory of the plant excluding the fueling
and storage sysiems, and the corresponding temporal rise in tritium leakage
to the enviromment until it reaches its steady - stéte value,

The characteristic times for these points of interest to reach steady-
state are of considerable importance. They affect both the intermal and

the external (interfacing with the environment) operations of a fusion
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v

power plant. A Preeder that does not diffuse tritium into a processing
stream fﬁst enough, or does not attain a steady-state inventory for a
long time (the designed-for tritium source) may then adversely affect
the economics of refueling the reéctor. The need to keep on hand extra
supplies of tritium in addition to the initial start-up inventory is
very costly, ndt to mention potentialiy hazardous in its handling and
storage. ‘ ’

At the final step in the tritium pathway to the enviromment--the heat
exchanger which interfaces the primary coolant with the secondary (usually
water/steam)—-is a potential window to tritium permeation. Although con-
siderable attention has been given to decrease the vulnerability of the
heat exchanger to tritium losses, thére is no wy to preclude all tritium
from leaking out. The numerous permeation tarriers that have been proposed
in light of thié problem‘are not the major consideration here, rather the
time it takes to tuild up 2 significant tritium partial pressure in the
coolant causing tritium permeation through, and escape from, the heat ex-
changers. It might indeed be possible to show that this does not occur

~until a relatively long time from reactor start-up. But to conclude that

steady-state losses will not be incurred within the reactor lifetime as
does Mintz et al.(?), is questionable. Most reference designs have used a
steady-state analysis for limiting tritium emissions from the plant.
Granted, this is the’mqst conservative approach, but to prove that steady-
state losses do not ever occuxr until much later in the reactor‘cycle,
could have significant impact on designing critical system components.

A possible scheme for incfeasing the coolant loop's resistance to permea-
tion losses as a means of adjustment to a very slow build-up in tritium
partial pressure may be warranted.

The transient permeation model that is developed in this study can
only be used in modelling txitium behavior within the reactor subsystems
for times after start-up (assumes all initial tritium concentrations to
te zero), until steady-state is échieved. Although this in itself produces
useful results as was explained earlier, a natural extension of this model
would be to include transients from the steady-state condition: overpower
transients where the blanket temperaturg is well above average, and loss of

pumping power in the tritium extractlion system. Both might l1ead to consid-
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erable tritium inventories in the blanket--where this tritium migrates to,
and how fast, are questions important to fusion reactor safety. Although
this area of concern is out of the scope of the present study, some insight
can be gained from the description of the kinetics of tritium transport
used in the present model, and applied to the aforementioned transients.
One such case will be briefly treated in the Conclusions section of thié
report,

The format of this study on tritium permeation evolves in a straight-
forvard manner, beginning with model development and methodolegy, 1éading
to its application to a documented fusion power reactor design, some
additional thoughts concerning the principle of resistance to permeation
developed earlier, and finally, discussion of the results and merits of
the meodel.

Chapter 2 encompasses the whole of the transient permeation model
that was used in the remainder of the study. Perhaps most importantly
the assumptions about tritium behavior--Tboth diSSolufion and diffusion--
are largely enumerated upon in this chapter, as well as what was‘neglected
~in the representation of the specific reactor subsystems. Given thé simpli-
fied (yet adequate) tritium behavior characteristics and the outline for
the representativé fusion reactor, the formulation of the equations for
the transient permeation model easily followed.

Chapter 3 describes the direct application of the permeatlion model
developed in Chapter 2. The STARFIRE-Interim design(s) was chosen as
the case study for reasons given in the chapter introduction. A separate
appendix (Appendix F) was used to present a detailed description of how
the system parameters for STARFIRE-Interim were determined. The Conclusion
section of the case study includes the predictions for tritium inventories
in different parts of the plant, the losses to the enviromment and chaiac—
teristic time constants, tased on the model equations., Of course, proper
choice of the STARFIRE-Interim system parameters as input to the permea-
tion model is crucial to the outcome, as the comparison with the actual
design report's figures will demonstrate. A

Chapter U discusses the relative importance of including the resistance
to tritium migration offered by a fluid (or gas) and a metal in series.

The characterization of this effect follows closely the method developed
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by Zarchy and Axfmann(g)‘in their attempt to define coolant-limited and
metal-limited regimes for tritium permeation. The work is expanded from
their results with UWMAK—II(lo) parameters, to original studies on GA
Fleld-Reversed Mirror Fusion Reactor(ll) (FRM) and STARFIRE-Interin para-
meters, |
Chapter 5 concludes the work done on transient permeation modelling
and the results obtained by its application to the STARFIRE-Interim design,
In the process 6f making the run, several vital bits of information were
estimated, and thus suggestions are made as to what is needed in an.ex~
panded data base. Pertinent information to the specific model plus other
data needed to’imprové tritium technology in general are identified.
Suggestions for areas of model improvement other than in the data tase
(breeder and metal properties) are included with special attention given
to the inclusion of off-normal transients uentioned earlier. |
The transient permeation model developed herein is only a first step
in describing tritium behavior throughout a fusion reactor's major compo-
nents even before steady-state is achieved. However, the simplifications

employed in the design itself, and the assumptions concerning tritium bte-

-havior, are not without merit. The results from this model can.be used

as good indicators of the effect solubility, purge gas flow rate and
tritium diffusivities in metals have on tritium inventories in, and losses
from, fusion power plants. Once such problems are recognizea, those areas
can be ihvestigated more thoroughly and described in greater detall and
more accurately than the present model permits. But with the understanding
that this is a first attempt at‘modelling the transport of tritium for an

- entire system design before steady-state is achleved, the results can

significantly impact on the choice for critical systemAparameters in

future reference designs.
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CHAPTER 2  TRANSIENT MODEL FOR TRITIUM PERMEATION
2.1 Introduction

Questions raised relative to the impact of potential radiocactive
emissions of a fusion reactor have led to a critical examination of tri-
tium behavior within the plant. Tritium-related engineering problems can
~ be divided into three broad categories: containment, recovery and re-
cycling. Contaimment includes all the steps undertaken to minimize the
release of tritium into the enviromment. Primary containment refers to
the barrier to tritium loss imposed by the boundary of any system that
can be expected to carry any tritium, e.g., vessel and piping walls.
Secondary containment consists of the immediate reactor building volume
whiéh is capable of trapping the tritium that escépes the reactor compo-
nents enclosed within it. 3Both primary and secondary containment systems
are designed to operate as high integrity barriers so that the tritium
released to the enviromment will be kept to a minimum. Figure 2-1 shows
the most general sequence of tritium flows in a fusion power plant; the
secondary contaimment is dashed in to demonstrate the reactor sub-systems
included within it.

The second tritium-intensive process is recovery of the Tred tritium
in the blanket and subsequent transport to a processing systen somewhere
outside the reactor vessel's walls. This is accomplished in one of two
ways, or some combination of the two. Tritium bred in the blanket is
swept Into a purge gas stream and recovery of tritium easily follows upon
processing of this gas. The second method is to let the tritium diffuse
from the blanket into the primary coolant, where tritium is extracted from
a small bypass flow. Both meﬁhods are represented in the drawing; the
tritium extraction from the heat transfer circuit is only dashed in te-
cause it is not the preferred choice for this model.

The reactor design must include in addition to the recovery systems
for bred tritium, the handling of tritium in the plasma fueling and ex-
haust system. This includes recycling the tritium from what is being
bred by pumping it from the processing and/or storage units to the in-

jection system, and the processing of the plasma exhaust in order to sep-
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arate the hydrbgen isotopes from helium and other heavier, plasma
impurities. All the recycling and injection equipment are suxr-
ounded by the secondary containment as shown in Figure 2-1.

In order to give due consideration to the practical aspects of
those design features which have the greatest influence on tritium in-
ventories and leakage rates, it is necessary to identify the critical
tritium release path. The migration pathway that i1s likely to make the
greateét single contributlon to the total tritium release from fusion
plants and one of the more difficult pathways to deal with, is the
continual permeation of tritium from the blanket region into the pri—'h
mary coolant and on from there through the sequence of heat exchangers
and working fluids (namely ﬁater).v The problem arises not so much be-
because the tritium partial pressure is likely to reach significant
levels in the blanket and interconnecting regions, bul because the heat
transfer interfaces (which, in this instance, are mass transfer inter-
faces) which couple the blankét, coolant and working fluids are large
in surface area, relatively thin and of necessity, at elevated temper-
atures. Thus, the principal tritium leakage~pathway to the enviromment
for currently conceived D-T fueled fusion power plants appears to be
the heat transfer circuit. In Figure 2-1 this is represented by the
presence of tritium in the energy conversion loop where water is assumed
to be the working fluid. ,

Once tritium diffuses into the steam system it is isotopically di-
luted to such an extent that separation and recovefy of this tritium
would be prohibitively expensive. Since the tritium that enters the
steam clrcuit is immediately transformed into water, it is emitted to
the enviromment as a liquid effluent. Effective wafer containment could
be useful to prevent major tritium releases in the event that a sudden
major equipment failure occurs, but it cannot serve as a routine method
for tritium control. The ?iping and the internal heat transfer surfaces
of the heat exchanger (or equivalently, the steam gnerator) are the one
portion of the fusion power p;ant which cannot be protected by a further

containment system.
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The secondary containment system covers the rest of the coolant
piping and reactor vessel. The volume enclosed is continuously flushed
and processed to remove the tritium leaking from the blanket or coolant
piping. A high-integrity containment boundary prevents any further leak-
age of this tritium that has been oxidized while in the containment
bulldlng atmosphere, to the enviromment. PPPL( ) was one of the first
dégféﬁggé to propose double-walled piping and vessels as an extension
of the primary contaimment concept, in order to further reduce tritium
leakage into the plant atmosphere. Specification of such "double -
Jjacketing” is tempting, but could prove to be very expensive and diffi-
cult to engineer on large diameter pipe runs (as anticipated for the |
heat transfer circuit), particularly if periodic pipe and equipment in~-
spection is required, as-it is now for fission power plents.

As in most recent conceptual designs of fusion power reactor systems
including those from ORNL<12), PPPL(Z) and Wlscon51n(10), a contralling
parameter has always been the allowable loss to the environment. From
the previous discussion it has been shown that the single most import-
ant contributor to tritium release to the enviromment is the tritium
migration pathway represented by the coolant/HX/steam systems. Tritium
that makes its way into the secondary containment is assumed to be

(6)

in calculating releases to the environment,

greater than 90 % recoverable , and hence is not considered important
It is now possible. to focus attention on the unintentional transport
of tritium from its point of origin -- assumed to be only the breeder
blanket -~ through the primary coolant, to its point of departure -- the
heat exchanger -- and into the steam system where it is assumed to be
effectively lost to the environment. The primary coolant is the sole
medium through which the triﬂium migrates from the blarket to the heat
exchanger and hence, the permeation model will concentrate on this loop,
as well as the btreeder processing stream-which necessarily affects the
amount of tritium diffusing into the coolant. The recycling and injec-
tion loops are not modelled, nor the tritium processing and storage
units. They are all vital for tritium handling considerations, but are
not assumed to be of consequence for tritium release control. t is the

expressed purpose of this model to present a systematic method of tracking
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tritium diffusion in the breeder and subsequent permeation paths to the
environment via the heat exchanger and power conversion cycle (operating
directly with water).

It is also the purpose of this permeation model to be general enough
in its reactor description so as to bte applicable for several designs
currently being proposed. A few of the more important aspects of this
model that could limit its applicability to 21l fusion reactor designs
are its use of a solid lithium compound as the breeding agent, a helium
purge gas running through the breeder which acts as the sole tritium ex-
traction system, and a high-pressure heliuwm gas as the primary coolant.
The reasons for making each of these najor design choices are briefly
discussed below.

Minimization of the chemical énergy that may be released during
accidents in fusion blankets has lLeen the main impetus behind the study
of solid‘lithium compounds, and the reason why solid breeders are chosen
for this model. The use of solid lithiumrcompounds and alloys as éompo—
nents of the tritium breeding zone was first proposed by J.R. Powell et
a1{(13) in 1973. Since tﬁen, additional physical and chemical data on
candidate solid breeders have substantiated the advantages of using
solid lithium breeders from the standpoint of plant reliability and
safety. The objective of this study is not to specify an optimum lithium
compound, nor to describe in detall the methods of fabricating it and
incorporating it into blanket modules, but rather to describe the long-
term behavior of the breeder, initially at reactor start-up, until the
steady-state operating condition is achieved.

The tritium in the blanket migrates to the solid surface where it
is removed in a stream of moderately-flowing low-pressure helium. This
Durge gas, as it 1s called, has as its sole puwrpose the extraction of
tritium from the solid breeder. t can therefore be expected to attain
a rather sizable tritium concentration which is carried away out of the
blanket ana into the processing unit. Ideally, a low-pressure helium
purge gas acts as a sink for most of the tritium being bred in the blan-~
ket, and would also help to prévent tritium from diffusing into the
blanket coolant by offering its own "resistance" to tritium diffusion.

Helium, as an inert noble gas, should not affect appreciably the blanket




tive analyses among various designs. For example, JAER

32

neutronics as it passes through the numerous puxrze gas channels in the
breeder blanket.

Considerable technology related to the use of helium as a2 heat trans-
fer medium has already been developed in gas-cooled fission reactor (HTGR)
programs. Consequently, the applicetion of helium»to a fusion power plant
as. the primary coolant seems relatively strzightforward. It has already
been mentioned that helium has insignificant neutronic interactions when
it is being pumped through the blanket and thus, can be assumed not to
perturb the blanket neutronics. As a gés, helium has to be kept at 50 -
70 atmospheres in order to maintain adequate‘heat tfansfer capabilities.
Although this means large manifolds and ducts to carry the helium, the
flow designs can be kept much simpler since there are no MHD effects for
helium to guard against, as it passes across ﬁagnetic field lines.

The aforementioned limitations of this model will not hinder its
effectiveness in predicting tritium distributions in, and leakage out
of , several proposed reactors whose characteristics fit the model. An
important result of this systems model would be in its use for comparz-

‘ I(la) has proposed
a helium cooled lithium oxide (Ll 0) blanket arzd IhTOR( 15) has recently
chosen a L12510 breeder and a high pressure helium coolant. The speci-
fic application conducted herein, uses the STARFIRE-Interim Design
Study(B) system parameters as the specified irput.

With this introductién to that part of a fusion power plant which
will e included in the transient modelling of the disposition and leak-
age of tritium, it is now possible to continue with a more detailed anal-

ysis of the system components and those pazrameters which characterize

them.
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2.2 Overview of Model

Transient tritium behavior associated with reactor start-up until

" an operational steady-state is achieved, is the‘tasis of this permeation
model. Since permeation loss through the heat exchangers 1s the prihci¥
pal contributor to the total tritium released to the environment, this
tritium pathway will of necessity be modelled for this study. Using the
same tritium concentration in the helium coolant, it is also possible

to calculate permeation losses from the coolant piping into the dontain-
ment atmosphere. Although not as critical as the tritium emissions into
the steam system which make their way to the outside atmosphere, tritium
leaks into the reactor building are of importance in sizing the emer-
gency air detritiation systems which are sued to acccmodate any accident-
al tritium‘spills. .

A schematic of the simplified reactor system to be considered is
given in Figure 2-2. The ¢omponents of the desizn that were determined
to be the major influences on tritium transport are clearly represénted

in Figure 2-2 as:

1 - Blanket - comprised of solid breeder (pellets),
helium purge gas system, treeder tube
structural metal, and heliiz coolant

2 - Helium Piping System - both the "hot" leg lead-
: ing to the heat exchanger(¥X), and the
"cold" leg leading from the HX back to

the blanket

3 - Heat Exchanger - interfaces the primary coolant
system (helium loop) with the enerzy
conversion system (steaam cycle).

Although it can be anticipated that more than one coolant loop may exist
for a given design, these loops running in parzllel may be simulated by
one, whose parameters are properly chosen to represent the total heat
transport system.

The arrows in Figure 2-2 represent the flow of tritium as it is
tred in the breeder, diffuses'fo the surface of the solid pellets, and
is then swept away by the purge gas system. Although 1t is not shown in

the diagram, the purge gas stream leads out of the blanket to the pro-
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cessing unit. A brief discussion about possible tritium extraction
methods is given in Section 2.3.2. A relatively high tritium concen-
tration in the purge gas 1s the driving force behind the permeation
into the helium coolant. Once in the coolant loop, the tritium is cap-
able of permeating through the piping walls into the secondary contain-
ment or through the heat exchanger walls into the steam cycle.

Since the tritium concentrations throughout the plant will nec-
essarily be ofbinterest for both the trzcking of tritium transport,
and the accumuiated tritium inventory, it is convenilent to identify
these points. A iap of tritium concentrations (C) is given in Figure
2-3, where the subscripts to the concentration ﬁarkers are as defined
in the nomenclature at the beginning of this thesis. This map will be
a useful reference for the equations describing the diffusion behavior
of tritium to be derived in Section 2.4.-

The sole tritium source in this model is that which is bred in the
blanket. Assuming‘that the plasma operates in a continuous burn mode,
then the tritium source can be assumed to be constant in time also. If
the tritium generation is not:explicitly given, it can be calculated ‘
from the plasma thermal power rating (its nominal value), energy released
per fusion -- 20 Mev -- and the (average) treeding ratio of the blanket.
The transient build-up of tritium in the breeding zone will necessarily
be many orders of magnitude faster than in any other area of the design,
due to the source term. This preempts any usage of a simultaneous sol-
ution to all the concentrations represented in Figure 2-3. In mathema-
tical terms, such a hierarchy of equations would be a "stiff" problem --
at one end (breeding zone), there are fast dynamics, and at the other
end (coolant metal pipes and heat exchanger) there are very slow dynamics
since 1t takes a long time for any appreciable concentrations to appear.

It is therefore appropriate to develop a quasi-steady-state model of
the transient build-up of tritium in the various reactor components. This
means dividing the total system into sections where the losses to the next
section down-line can be neglected over a suitable time pericd - on the
order of characteristic time determined for the first section. The app-
roximations used to describe the equations for the time evolution of

various concentrations will be elaborated upon in Section 2.3.
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2.3 Considerations for Tritium Transport in the Various Components

The mathematical model development is divided into two major
sections. This Section 2.3 includes a detailed description and dis—
cussion of each of the major system components: the assumptions as to
tritium behavior in each and the design features which are neglected in
the present model. The following Section 2.4 presents the time-
dependent equations for tritium concentration a2t various points of in-
terest in the simplified fusion reactor design, in accordance with the

approximations made in Section 2.3 for each component.
2.3.1 3Breeder

Tt has already been established that only solid breeding agents
will be considered for this model. There are a numbter of such solids
which have good neutronic properties and do not acquire long-lived
induced radioactivity under operating conditions --- an important con-
sideration for blankets whose modules have to be replaced from time to
time. Handling of solids poses less corrosion problems than for liquid
lithium, for example.

-Of necessity the solid breeder must te a lithiuwm compound to take
advantage of the Li(n,p)T reaction, and the relative abundance of the
element lithium, Although some conceptual reactor designs have included
the use of beryllium as a small contributor to a breeding.ratio greater
than unity, the tritium bred in this auxiliary reaction will not be
included here.

Among the large number of stable lithium bearing‘materials, two
types of lithium solid compounds appear to offer the best promise for

use in a fusion reactor blanket:

1 - Intermetallics:
LiAl - lithium-aluninum slloy
L17Pb2 =~ lithium-lead alloy

2 - Ceramics:

L120 - lithium oxide
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LiAlO2

L128103 - lithium metasilicate

Li48104 ~ lithium orthosilicate

- lithium aluminate

Other compounds have been proposed, but these are the favored compounds
of each type(ié). The avallable thermodynamic data for these potentially
viable solid breeder materials were tabulated in Appendix A in an effort
t0 help predict their behavior in a fusion reactor environment. Although
the thermophysical, chemical and neutrohic properties of these candidate
materials are continually being reevaluated, the values given in Table
A-1 for some of these properties are considered best estimates.

The tritium is bred in situ in a loosely packed bed of solid lithium
alloys or lithium ceramics. The physical form of the breeder (pellet
radius, grain size) as well as other design parameters, are determined
by the requirement that the tritium release rate is sufficiently rapid
to minimize the blanket inventory and to allow attaimment of ftritim
self-sufficiency within a reasonable time. To aid in resolving these
parameters or more specifically, to analyze those pérameters already
chosen, a one-dimensional time—depéndent tritium transport model is
presented in Section 2.4,

The tritium transport model is tased on the assumption of spherical
pellets with an average radius, rp. Although each pel}et is theoretically
composed of uniformly-distributed grains (of characteristic radius, rg)
as depicted in Figure 2-4. The characteristic "step" in the random
walk process for tritium diffusion is take to be on the order of the

(17,18)

pellet radius. Some studles have used the grain dimension as
the diffusion path length, and thus assuming that any tritium that has
migrated to the grain boundar& can easily move along that boundary and
leave the breeder pellet. In an analogy with fission gas release in
uranium oxide (UOZ)’ the grain boundaries act as efficient "traps" for
gases(19>. Gas molecules collect and coalesce at the grain boundary
site until interlinkage causes a direct pathway to some open porosity
and hence to the outside (in this case, purge gas). Therefore it is

assumed that the tritium gas (TZ) must diffuse through the whole of the

‘pellet and hence, rp should be the more accurate representation of the
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. PELLET

Figure 2-4

Ideallized Breeder Pellet Uniformly Composed
of many grains of radius rg

(Figure taken from Ref. (17))

true diffusion path length. Pellet dimensions are usually in the range
10 - 1000'u ,fof,sufficient size to allow free passage of the heliui
purge gas, yet small enough to permit adequate diffusion rates.

No allowance is made for inherent fébriéation porosity or inten-
tional porosity designed to enhance tritium removal or heat transfer.
If it is not otherwise specified from a particular design, the solid
lithium compouﬁds are assumed to be 100 % dense material. Also, the
intense radiation that £he blanket undergoes while in service, both
neutrons and gamma, is assumed not to seriously affect the lithium

solids' thermodynamic and neutronic properties when trapping of tritium
=

occurs. Thus the property values for the breeder which will be discussed

shortly, are not seriously degraded over time due to irradiation effects.




The integrity of the solid must be preserved under conditions of intense
neutron irradiation in which helium gas is being generated along with
tritium, and lithium is being consumed.

The temperaﬁure of the breeder pellets is an important system”
parameter that determines several thermochemicalvpropertieé known to
affect the release of tritium from the pellets (namely, diffusivity and
solubility). Although all the tritium concentrations throughout the
plant are taken to be zerc at the time of reactor start-up and then pro-
ceed to increase thereafter, the breeder temperature is assumed to be at
its operating temperature right from time equals zero. (One pellet with
all average property values represents the entire breeding zone.) The
pellets reach their steady-state temperature profiles much faster than
their concentration profiles even though both source terms, heat gener-
ation per unit volume per unit time and tritium generation pec unit vol-
ume per unit time, are constant in time. This is due to the fact that
the thermal diffusivity o , is much greater than the tritium (mass)
diffusivity Db? as is shown in Appendix A.

The tritium generated in the breeder solid is assumed to be of the

form of atomic T in the solid, and molecular T, in the helium gas. There

. 2
is considerable evidence(zo) that, especially for the ceramic breeders

(11,0, LiAlO S10.) the majority of the tritium comes off as T,0 and
2 3 2

s
2! =iy

HTO. Since there is no other basis of similarity for all the lithium

compounds (including the intermetallics) except to use the "pure" form
for the tritium bred in the blanket, it will simplify matters to use
atomic T in the solids and molecular T2 in the gas phase when modelling
the tritium behavior.

For any lithium compound selected, a steady-staté will be approached
in which the rate of tritium release equals the rate at which it is
formed., Consequently, the factors that affect this steady-state condi-
tion are of importance. But it is also important to release the tritium

at a rate sufficiently high so that the tritium inventory in the treeder

- is not excessive. Therefore the kinetic processes involved in tritium

removal from solid breeders must be reviewed.
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Several important aspects of tritium release have been identified

(17)

and categorized . Among these, tritium diffusivity and solubility

within the breeder solid deserve special note and will be treated in more

detail later. Grain boundary migration has been mentioned earlier, where

it was shown that it is the diffusion through the bulk of the pellet

that is of consequence. Desorption kinetics, whereby the atomic tritium

diffusing from the interior of the pellet must combine with ancther

tritium atom at the surface in order to leave the pellet as a diatomic

gaé molecule T2, may contribute to the surface effects' role as the rate-

limiting mechanism for tritium release. Surface effects were not ex-
plicitly addressed by the model because it was assumed that anything
happening to the tritium as it reachéd the surface of the pellet would
be necessarily included in the experimentally-determined (from tritium
release curves) diffusion coefficients. However, there are several
points to be made from the experihents which rar with some protium in
the helium sweep gas, and at various flow rates that show how surface
effects can affect the extraction rate, and hence the diffusion coef-
ficient which is calculated from it (ref. Equations (2.1), (2.2)).
(21,22) results for tritium
extraction from the lithium alloys Li7Pb2 and LiAl with some hydrogen

Figure 2-5 is Wiswall and Wirsing's

added as a scavenging agent. As the atomic tritium makes its way to
the surface, 1t has the opportunity to combine with some hydrogen
intentionally left in the’helium sweep gas and then enter the purge gas
as a HT molecule. Thus, a few parts hydrogen in the helium greatly in-
" creases the desorption kinetics. ‘

Similarly, increasing the sweep gas flow rate (ref. Figure 2-6)
keeps the tritium concentration in the sweep gas low. For LiAl and
Li7Pb2 shown in the figure, this means the flow of tritium into the
purge stream is not retarded, so tritium readily escapes from the
pellet surface. | .

Percolation of tritium through an assumed porosity in the particle
packed bed is another aspect of‘the kinetics of tritium removal. Since

it is not yet at a stage of being well-understoocd or gquantifiable,

percolation effects are not included in the modelling of tritium behavior

in the breeder. Convective mass transport of the tritium in the purge
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gas is a crucial element to the transport model because the primary
tritium extraction method is the processing of the tritium carried away
by the purge gas.

The chief uncertainty for solid breeders is whether the Tred tritium
could be removed promptly; the tritium inventory in the breeder blanket
must be kept low for reasons of both radiocactive hazard and nuclear
economy. The modelling of tritium escape from solid lithium breeders
presented in this study recognizes the relative importance of thermo-
dynamic equilibrium between the pellets and the purge gas and the bulk
diffusion of tritium within the solid in the overall process. Other
(24,25) h

breeder will be determined by both diffusion and thermodynamic constraints.

studies ave concluded that the tritium inventory in the solid

In view of the observed strong dependence of tritium release rate
on temperature (ref, figures in Appendix A.2) and the fact that the in-
ventory is extremely sensitive to‘diffusion path length, it 1s not sur-
prising that most analyses of tritium removal from the breeder have
concentrated on the bulk diffusion-limited aspects of tritium release.
The latter observation is a result of extraction experiments done on a
lithium compound (see Figure 2-7); each run consisted of uniform particle
size (sieved if need to be, to obtain approximétely all the same diameter)
which were decreased to witness the effect of decreasing the diffusion
path length.

Even with essentially no tritium concentration at equilibrium,
there would still be a lower limit to the tritium concentration corres-
ponding to the characteristic diffusion time for tritium to escape from
the solid lithium alloy or compound. This will depend on the particle
size and temperature of the solid which necessarily affects thé diffusion
coefficient. Even though there is considerable uncertainty in the meas-
urement of diffusion coefficients for various lithium compounds(26),
a synopsis of the available data on tritium release rates that have been
used to calculate tritium diffusion coefficients for lithium solids is
presented in Appendix A.2. A quick observation of the diffusion coeffi-
clents plotted in Figure A-1 shb%s that slow diffusion rates zre predicted,
implying the lithium compounds must be fabricated as very small pellets

indeed.
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There are several errors that can be identified when calculaiing
the extraction diffusion coefficient Db’ the magnitude of which must be
kept in mind when these diffusion values are used in the model. First,
errors of 10 - 100 between the extraction diffusion coefficient and the
true diffusion coefficlent are easily possible(2?> if the analytical
techniques assumed a uniform initial concentration of gas in the solid,
when iﬁ actuality the initial distribution was non-uniform. This will
tend to underestimate the true diffusion coefficient. Secondly, less
important yet still significant errors of 1.2 to 5 will occur if it is
assumed that all particles are identical in size when in fact there is
a spread in particle size. The diffusion coefficient will be overesti-
mated because the concentration gradient at the surface is larger than
in the case of a uniform particle distribution. The qualitative diff-
erence between the results for collections of different size particles
can be understood in terms of the frade—off between quick release from
smaller particles (shorter diffusion paths) and the greater amount of
gas in the larger particles. From the figures in Appendix A.2, it is
evident that the rapid early release from the small particles (which
leads to an overestimate of Db) cannot be sustained due to their
relatively small volume. The release from the larger particles becomes
dominant, so that at longer times the extracted diffusion coefficient
will be underestimated compared to the true diffusion coefficient.

If, as it has been used in relating extraction times to diffusion
coefficients in the Appendix A.2, the diffusion coefficient for spheres
of radius r,, can te conservatively estimated by:

2
Tp
D = —2— (2.1)

15. T

and the fractional release from irradiated solid lithium compounds is

approximated by(23>:

F o= —0 4{Dr | (2.2)
x {Eﬁ
then the extraction time is defined as being the time for 87.4 % of the

initial ftritium in the 1lithium samplés t0 be released to the sweep gas.




by

(This assumes continuous generation and extraction.) This representation
of diffusion-limited tritium release has been well-cocumented for the ex-
traction work done by Wiswall and Wirsing on solid lithium compounds.
Thus, the general approach of taking a straight percentage of the amount
of released tritium as the basis for calculating the extraction diffusion
coefficient whould mitigate the errors caused by not having a true uniform
particle size, because that fraction (0.874) seems to be beyond the limit
of the small particle rapid release kinetics.

One final word about tritium diffusion in lithium solids is in order.
It has been previocusly feared that there was a distinct possibility of
massive sintering or crystal formation of the solid breeder particles
under intense irradiation. In an extreme case in which all the breeder
pellets fuse into one massive lump, the retained tritium inventory could
rise as much as three orders of magnitude(za).‘ Cf course, particle sin-~
tering has been of concern to the treeder operating temperature (ref.
Table F-1 in Appendix F) since rapid sintering of especially the metallic
alloys occurs at approximately 0.6 times the absolute melting temperature.
‘But prolonged pretreatment of Li?Pb2 and LiAlO2 at temperatures higher
than the operating temperature did not reduce the extraction rates. In
fact, increased extraction rates were observed(21) for sintered samples
of Li7Pb2 and LiA10, (ref. Figure 2-8). Enhanced diffusion for these
compounds in particular was attributed to a phase transformation for
LiAlO2 at 900 °C and a phase segregation process for Li7Pb2

than offset the consequences of a reduced specific area brought on during

most pellet sinterings(26). |

which more

In addition to the diffusion related component of the tritium inven-
tory (the amount required to maintain sufficient concentration gradients
to allow the tritium to diffuse out as rapidly as possible) the solubility
related component must also be considered. The solubility of tritium in
the compound is determined by the thermodynamic equilibrium constant
(i.e., the Sieverts' Constant) and the tritium partial pressure in the
extraction system (in the model -- the purge gas siream). In scme cases
the amount of ftritium in the soiid held in solution by the equilitrium
partial pressure in the purge gas over it, may exceed the diffusive holdup.

The lower the lithium chemical activity for a given breeder, the higher
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the corresponding'equilibrium tritium pressure, and hence, the less
tritium in solution at any given tritium partial pressure in the purge
gas. The tritium solubility is also a weak function of the breeder

(24,29)

temperature Clearly, additicnal thermeodynamic data are required
to more accurately determine the tritium holdup in solid breeders.

The design solution to this dilemma of diffusion vs. solubility
controlled tritium inventory is proper control of temperature and
particle size once the choice of solid breeder has been made. The tri-

tium holdup is minimized by

1 - keeping the particle size small to allow adequate
diffusion of the bred tritium out of the pellet
(and thus, keeping the steady-state inventory at a
satisfactory level), and

2 - keeping the pellet temperature high to increase
both the diffusion coefficient for a given particu-
lar diameter and the tritium equilibrium pressure,
but not so high so as to cause excessive restruc-
turing and thermal sintering, which could increase
the diffusion path length and thereby reduce

diffusion rates.

Considerations of both these aspects of tritium behavior in the breeder,
solubility and diffusion processes, lead to important consequences for

the tritium inventory, tritium recovery and the blanket designs of

fusion reactor systems that employ the solid lithium breeders.

Since experimental data on tritium solubility in candidate solid
breeder materials are very limited, it is often necessary to utilize
relevant information on hydrogen and extrapolate over a large temperature

(27)

range to obtain the data requifed for the inclusion of solubility
effects in this permeation model. The only Work(zn) on the complex
lithium oxides has been to compare their behavior with that for Zn0, and
assume that the solubility of hydrogen in Zn0 is an upper limit to what
can be expected for tritium in the complex lithium oxides. Rough estimates
for the Sieverts' Constant of tritium in the intermetallics, LiAl and

Li7Pb2, are also given in Appendix A.3. Since these are the only existing
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results available; they are considered satisfactory for use in this
model, in light of all the other assumptions made about tritium behavior
in lithium solids. ' | .

A brief summary is given in the following subsectlons concerning
recent observations on tritium release characteristics for the candidate
(1ithivm) solid breeders. It is obvious that no generzl statement on

tritium behavior can be made for all of them.

2.3.1.1 LiAlOz, L128103

The compounds LiA102 and Li28103 generally provide a better combina-
tion of high temperature stability and high lithium atom density compared
to other complex compounds. Most of the tritium given off irradiated

samples of these oxides is in the form of T.0 and to z lesser degree, HTO.

2
LiAl0, and LiZSiO have provided data consistent with. the diffusion-

2 3

limited model for tritium release. On a log-log plot of the extraction
curves, use of Equation (2.1) for the diffusion coefficient would imply

a slope of % would indicate diffusion as the rate controlling step in the
extraction process. Although the data do not cover a range of particle
sizes sufficient to absolutely confirm the proposed simple solid_diffusion

model, it is a good assumption to make for the compounds LiAlO2 and LiZSiO3'
The solubility is much less important than the retention resultiing

from the slow diffusion of tritium. The TZO pressure over LiAl0, and

, 2
Li,5i0, is relatively high, and hence lower tritium concentrations in

2773 .
these solids may be attainable. The calculated solubility(29) of tritium
in LiA102 is ~ 10 wppm at a TZO pressure of 10?1 Pa ( 8 x 10—4 Torr).

Therefore, the compounds LiA102 and LiZSiOB‘are not seen to be controlled

by equilibrium constraints, and hence would not benefit from lowering the

tritium partial pressure in the purge gas.

2.3.1.2 LiZO

As for the other more compiex oxides, the tritium released by Lizo

is of the form T.0 or HTO. Li O is unigue because of its high lithium

, 2 2
atom density and higher melting temperature compared to such compounds
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as LiZSi and LiZCQ. The measured tritium release decreases as expected
from a diffusion controlled process. Although the removal rate is limited
by the slow diffusidn of tritium from the interior of the particle to the
surface, there is a slow transfer of tritium from the surface to the gas

(23)

The tritium equilibrium pressure for LiZO is much less than the

phase which may also play a role

corresponding pressures for the other oxides, LiA102 and LiZSiOB.' The

calculated solubility (29> of tritium in LiZO at a TZO partial pressure
of 1071 Pa (8x 10_4 Torr) in the helium purge gas, is substantially in
excess of 100 wppm: Thus it is quite possible the solubility tritium B
inventory may well exceed that due to diffusive holdup.

\

2.3.1.3 LiAl, LiPb,

LiAl is similar to L17Pb2 in many respects, except for the superior
breeding capability of the L17Pb2 due to the presence of the lead which
acts as a neutron multiplier. Lithium aluminates' operating temperature
range is reduced by its relatively low sintering temperature. The tritium
2 and HT. Tests of the role surface

reactions have in the overall extraction process have been conducted and

is expected to be bred in the form T

were used previously (Figures 2-5 and 2-6) to show that they were indeed
important. Therefore, a model based on bulk diffusion is inadequate, as
demonstrated by the non-negigible effects that gas flow rate, protium
addition to the helium sweep gas and the‘particle size (ref. Figure 2-7)
had on release behavior. If the surface reactions become rate-limiting
then the escaping tendency of the tritium would be proportional +to the
square of its concentratién on the surface of the solid. The proportion-
ality factor is Sieverts' Constant, which is given in Figures A-14 and

A-22 for L17Pb and LiAl, respectively.

In general, both LiAl and L17Pb2 are conducive to mixed regime effects

where bulk diffusion and solid surface-to-sweep gas mass transfer compete

for overall control of the tritium excape.
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2.3.2 Purge Gas Systenm

The bred tritium can be recovered in situ either by letting the
tritium diffuse from the solid, or by periodically removing the solid
from the blanket and processing it. The later aporoach is very costly
and difficult while leaving the solid in the blanket and recovering the
bred tritium by diffusion maybe-guite feasible, The perméation nodel
developed in‘this study lets the tritium migrate to the solid surface
which is bathed in a low-pressure helium gas. The tritium is swept
into this purge gas stream and carried outside the reactor vessel to
a Pprocessing unit. ‘

As the sole means of tritium recovery inside the blanket, the
helium purge gas system is a vital component to the tritium pathway to
the environment and also a major ipfluénce on the breeder inventory.
Because the pellets are in thermodynamic equilibrium with the tritium
partial pressure in the purge gas, it is necessary to keep the purge
gas tritium concentration low enough to sustain an acceptable solubility
inventory in the breeder, but nof‘so low as to make the processing of
this tritium for refuélling the reactor prohibitively expensive. This
usually requires increasing the flow rate (ref. Equation (2.48)). If
the blanket is not designed properly, the effect of this gas phase mass
transfer would be to make the volumetric flow rate of the purge gas on
the same order or higher as that for the coolant., For purposes of this
model, the assumption will be made that a purge gas at adequate flow
rates can be maintained in a fusion reactor blanket to pick up any
emitted tritium. ~This implies that the gas need only Dbe proceséed at
some later point in the flow to effect a straight-forward recovery pro-
cedure. '

The actual processing scheme for the tritium in the purge gas stream
once 1t is carried outside the reactor is not relevant to the permeation
medel, although design optimization of the purge gas processing methods
would benefit from its results. The only assumption that is neceésary
for purposes of the model is that the purge gas enters the blanket
"clean", meaning free of tritium. Also, there is no scavenging protium

gas added to the helium so as to enhance the tritium extraction charact-
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eristics of the flowing sweep gas (ref. Figure 2-5). Since it was pre-
viously assumed that all the tritium formed in the breeder is Tz, and
given that all the tritium migrates through solids as T atoms and
through gases as T2 molecules, then it is consistent to assume no change
in the chemical form of the tritium in the purge gas. Oxidation to TZO
or reduction to HT with added oxygen (HTO), would only unduly complicate
the kinetic and equilibrium processes already mentioned.

This discussion of tritium recovery from the blanket by continually
flushing the pellets with a low pressure helium gas to remove the re-
leased tritium is idealized of course. The lithium compound or alloy
used as the breeder is not everywhere the same temperature. 3Both the
temperature and bréeding rate will vary with position (fadially outward).
Since this affects the amount of tritium that is being bred and how fast
it is getting out, the purge gas system will not be overly loaded. In
fact, if the particles are sintered to a large extent or otherwise frag-
mented into even finer particles, it is possible for the purge gas
channels to be blocked and the flow reduced to parts of the blanket.
This is not a normal operatiocnal mode for the blanket but it does show
how delicately the purge gas stream must be treated.

In the model it is assumed that the breeder can be represented by
a single pellet operating under average conditions -- both internally
and externally. This short analysis indicates how difficult it may be
to define an "average" pellet and "average" purge gas conditions. Yet
gquite severe conditions are imposed on the tritium recovery scheme in
order to maintain the desired inward gradient of the tritium pressure
from the outer contaimment to the blanket coolant and finally, to the
blanket itself.




2.3.3 Primary Coolant System

The external sﬁrface of the tubes containing the solid breeder
material are cooled by the flow of the helium coolant system. The
purity of helium gas is difficult to maintain in a pumped, pressurized
(on the order of 50 atm) system. Small amounts of oxygen, nitrogen,
,wabeféo§arbon nonoxide and dioxide and methane would probably be pre-
sent

seals, and tritium could be present due to permeation through the inner

due to some alr leaking in and making contact with lubricated

(blanket) wall. The dimension map for the simplified fusion reactor

~ design used as the basis for this model is given in Figure 2-9., As

can be seen from the figure, only the breeder tube metal thickness
separates the relatively high tritium concentration in the purge gas,
from the helium coolant. A significant amount of tritium has the poten-
tial to diffuse through the large surface area of the pins containing
the breeder material and contaminate the hellum coolant, -

_ The permeation model can be used to estlmate the trltlum permeation
rate through the blanket metal and into the coolant, and also the time
the coolant system takes to reach a (maximum) steady-state value for the

tritium concentration. No added precautions have been included in the
tasic modelling of the various reactor components, other than the tritium
extraction system.opérating with the helium purge gas which is isolated
from the main helium coolant. So it can be anticipated that the tritium
partial pressure in the coolant might buildup to a point where tritium
losses from the heat’exchanger are no longer insignificant. In this
case the permeatlon model would have predicted unacceptable tritium
releases. The critical system parameters which led to them, can be
used to determine which of the'permeation tarriers that are available
would be most suitable: the easiest to use and also the most effective.
The choices for practical permeation barriers are described in the
next section on tritium behavior in metals. However, the model was ex-
panded to include an effective approach to controlling tritium leakage
from the primary coolant system without changing any of the reactor com-
ponents® properties, geometries or dimensions: oxidizing the helium

coolant lcop to convert all the tritium present to the nonpermeating
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species TZO' This scheme is compatible with the presently proposed
design and should prevent the large loss of triiium through this pathway.

Initially oxygen (02) might be present in the helium at a few ppm,
but it would quickly be scavenged by the tritium diffusing into coolant
through the blanket wall. A small partial pressure of oxygen is then
purposely added to the helium and maintained 2t a level sufficient to
establish the following equilibrium:

T2 +

oj

o, = T,0 (2.3)

The kinetics of the formation of the oxidized iritium species can be

(31)

By maintaining a small 02 pressure in the helium (on the order of

50 pon)(32)  the tritium diffusing into the helium would becoms tied up

made more favorable if need be by the use of catalysts

as water, thus reducing the Tzkpartial pressurs so that both permeation .
loss to the steam system and embrittlement of the vessel walls are
avoided., Pumping of even small amounts of oxygen into the helium can be
important from the point of view of corrosion. The permeation modél
assumes all wall materials are resistant to corrosion effects, but it
the required oxygen partial pressure becomes substantial, this assumption
would no longer be valid. For the immediate problem of a high tritium
partial:pressure in the coolant, a reduction in this pressure to 10—10
torr or less by similar techniques seems bteyornd the technology avail-
able at present(BB). |

- Assuming that a low oxygen partizl pressure would not be deleterious
to the reactor system, the final aspect of tritium behavior in the coolant
is its removal and subsequent recovery. As it was fdr the helium purge
gas, the modelling of the tritium processing system 1s noti necessary for
calculating tritium transport within and permeztion from, the primary
coolant system. Suffice it to say that because the tritium specles is
now known to be TZO’ the choice of purification techniques is more siraight=
straight-forward. Several studies have descrited absorption of the tri-

(24,28,31,34)

tiated water on molecular sieve dessicant beds as the most

practical technigque. In any case, provision nust be made for the purifi-

%)(20)

cation of the coolant in a bypass flow (of ths order 1 - 10 of the

main coolant loop. Such methods ars currenily being used in the high-
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(33) (HTGR).

temperature gas-cooled fission reactors

2.3.4 Metals

2.3.4.1 Location

The primary containment consists of the relatively high resistance

to tritium permeation offered by the pipe and vessel wall metals. As
such, metals are necessarily one of the major system components to be
included in the transient permeation model being developed. According
to the simplified reactor design deplcted in Figure 2-2, the particular

netal barriers of interest are those comprising the:

1 - breeder tubes - inner (blanket) wall for the
coolant system

2 - helium piping - both "hot" and "cold" segments

3 - heat exchanger - more specifically, the surface
metal interfacing the helium
and steam loops .

All dimensions and properties for each of these four metal surfaces
(two for the helium piping: "hot" and "cold" pipes) are characterized
by the following subscripts: Ireeder tube (blanket) metal - m; "hot"
pipe - HP; "cold" pipe - CP; and heat exchanger - HX.

Although it has been stated that none of the compounds in the
simplified fusion reactor design used in this model are drawn to scale,
severai comparisons of expected metal thicknesses can be made. The
breeder tube wall thickness, Xm, (ref. Figure 2-9) is thought to be
relatively thin for purposes of adequate heat conduction from the btreed-
er pellets to the helium coolant. However, from the standpoint of unin-
tentional tritium transport, this will also allow significant tritium
permeation to occur from the relatively high tritium concentration in
the purge gas to (initially) zero tritium concentration in the coolant.
A thin wall, combined with the high operating structural temperatures
anticipated for fusion blankets, are not conducive to a high metal resis-

tance as will be shown later in this section. The heat transfer surface

e




metal separating the two working fluids in tnhe heat exchanger has the
‘same problem as the breeder metal wall -- that of being thin and oper-
ating at high temperatures. Without seriously zffecting the power con-
version efficiency of fusion power plazis, it is doubtful whether the
factors contributing to the relatively low metzl resistances offered by -
the>two previously mentioned reactor compornents can be altered in order
to reduce tritium permeation rates. |

With consideration given to the high pressure (50 atm) helium it

-

contains, the primary coolant runs will, of necessity, be relatively

1"y,

thick. The maximum temperature for the "hoi" piping metal would be on
the order of the "hot" coolant temperziure leaving the blanket, and
similarly, the maximum operating temperature for thé "cold" piping metal
would be the "cold" coolant temperature enterinz the blanket. These

two features should result in the highest metzl resistance in the mudel'’s
simplified reactor design. The simple geczetry employed by the model
does not allow assessment of more detalled diffusion release pathsithan

these, that might exist in a constructed reactor.
2.3.4.2 Tritium Behavior in Metals: Basic Cornsiderations

The important properties of tritium that #ill determine its dis-
tribution and leakage characteristics in currerntly conceived fusion
reactors are its solubility in the materials with which it comes in con-
tact (only the metals are considered here), and its diffusion rate
through the structural components., Fixrst it is important to review the
formalisms that will later permit these properties to be expressed in
terms of the parameters that can be expected to be controlled.'

For the relatively dilute (unsaturated) solution environments that
most structural materials are expected to encounter in fusion reactor
applications, the formalism used toc relate ths amouﬁt of tritium dis-~

solved in a metal, SOL, with the tritium pressure PT is given by:
2

(2.4)

-3 o

SOL = X T
5 2
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where the proportionality factor is called the Sieverts" Constant for

he Sieverts'

ct

tritium in that metal. Ks can be expressed in terms of
oo o} Lo .
Constant at infinite temperature, KS , and a heat of solution Qs :

K, =Ko exp - (9 /RT) (2.5)
where T is the absolute temperature (OK) of the metel. Equilibrium
must exlst between the gas and the metal at the interface in order for
Sieverts' Law (Equation (2.4)) to hold(BS). Values of the solubiiity

in various metals of interest are given in Figure 2-10.

It is fundamental to know the permeation properties of many kinds
of metals under realistic operating conditions, in order to complete
the dynamic analysis of the tritium flow in this part of the model. The
first to consider is the diffusivity. The diffusion coefficient for

tritium diffusing through a metal is given by the relatlionship:
D =D° exp - (94/RT) (2.6)

where D° is the diffusion coefficient at infinite temperature, Qd is
the activation energy for diffusion and T is the absolute temperature
(°k)" of the metal., When the dissolution (tritium molecules dissolving
as atoms at the metal surface) and diffusion processes are not grossly
affected by surface and bulk impurity interactlons or microstructural
irregularities(36), meaning the rate of migration is limited by true
bulk diffusion, the tritium permeability KP, can be determined as the
direct product of the tritium concentration gradient and the bulk diff-

usion coefficient. Thus, KP 1s well estimated by:

XK = D K (2.7)
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. *
Attributing Arrhenius temperature dependence to the permeability, i.e.

K, = K; exp - (QP/RT) (2.8)

then the following values can be equated:

K; = p° K: (2.94)
Q = 9 9 (2.98)

Values of the permeability in various metals of interest are given in

Figure 2-11.

(36) (36) (37)

of materials for which this tri-psrtite relationship tetween dissolu-

The metals molybdenum , niobium and iron are examples
tion (X ) diffusion (D), and permeation (K ) has been verified. How-

ever, Wlth metals that are more sensitive to impurity and microstruc-

(36),

Because virtually all materials are permeable to hydrogen and its

tural effects (e.g., vanadium this relationship tends to break down.
isotopes, it is Important to understand the permeation process and its
possible effect on the tritium migration in fusion reactors. Through-
out the remaining discussion on tritium behavior in metals, it is
allowable to use hydrégen data for the particular properties of interest
because the isotopic effect at the relatlvely high temperatures en-~
countered in fusion reactor appllca+1on is likely to be snall(36)

- Therefore, calculations based on protium rather yhan tritium would
probably not be greater than the factor of (1/3)2 predicted from diffu-
sion theory, which is insignificant for this model. (Grahm‘s Law (38)
states: Relative rates of diffusion of gases under the same conditions
are inversely proportional to the sguare roots of the densities of those

gases.)

*Note: In the absence of significart impurity element or microstructural
perturbations, dissolution (Ks), diffusion (D), and permeation (K ) all

show an Arrhenius type (exponential) dependence on temperature. (37)
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Richardson(39> derived a theoretiéal relation predicting the rate
of permeation Jmetal’ of a molecular gas through a metal or alloy as a
function of the gas phase pressure PTz’ system temperature T, and system
dimensions: area (A) and thickness (x) of metal wall. Richardson's
Equation assumes that bulk diffusion of the atomic species 1s the rate-
limiting process, thus:

A
Tnetal = X KP(T) A‘(P'I'g)

X
2

(2.1_0-)

1
where KP(T) is given by Equation (2.8) and.A(P% )2 is the driving
2

pressure differential across the wall (= P%Q,high - ng,low) .
Implicit in the assumption of diffusion limited permeation is thermo-
dynimic equilibrium between the gas phase and the bulk metal close to
the surface as expressed in Equation (2.4). Richardson's Equation thus
predicts an inverse dependence on the metal thickness and a sgquare root
dependence on the pressure, which is characteristic of umimpeded bulk
diffusion as the rate-controlling step in the permeation process.

The expected operating conditions for fusion reactors include

40)

slderably below the range of existing permeation data. In these cases,

cases where the tritium pressure is extremely low, falling con-

it is normally assumed that the permeation rate may be estimated by

extrapolating the experimental data obtained at higher pressures. The
1

common extrapolation based on the relation J a is not valid at

P%z
very low pressures because there are various gas phase and surface
Drocesses that become increasingly important at decreasing pressure.

4 On the atomic scale, it is evident(41> that the tritium gas mole-
cule Tz, nust first dissociatively chemisorb and pass through a normally
heterogeneous surface to reach the bulk metal. It undergoes the oppo-

- site rate process after diffusing through the bulk metal to reach the
downstream gas phase. Although this describes the overall permeation
scheme, at each surface both dissociative chemisorption (T2~4-2T) and
recqmbinative desorption (2T-*9-T2) must occur. When both these rates
are fast compared to the diffusion rate, then thermcdynamic equilibrium

and bulk diffusion-limited permeation are good assumptions and Equation




(2.10) naturally'follows. However, 1f the surface reaction rate is slow
or of the same magnitude compared to the diffusion rate, as it is at
very low tritium partial pressures, then it cannot e expected that the
functional dependence of the permation rate on the system variables would
be that predicted by Richardson's Equation.

. Recent experiﬁents(Bl) indicate that at low tritium pressures
(~1 torr) the pressure dependence of the permeation rate is close to
first order. These results seem to prove that inefficient surface de-
sorption is the rate limiting step in the permeation. Without any other
surface impurity layers to complicate the model, the "clean" model of
tritium permeation through metals is shown in Figure 2-12 as a function
of pressure. If the surfaces are indeed kept clean and a mechanism is
provided for the removal of tritium from the downstream surface (as it
is in the heat exchanger) then the square root dependence of the per-
meation is probably the best modél to use., If these conditions camnot
be met for all the metal barriers in the simplified fusion reactor design,
then the square root dependency represents a "worst case" (i.e., most
conservative) analysis. For this model, the square root pressure de-
pendency of the permeation rate has been conslstently used. ,

However, it should be made clear what the consequences are of
neglecting a possible transition to linear pressure dependency at low
driving pressures. The inherent error in blindly using the P%a rule in
extrapolating data to very low pressures is that Richardson's Equation
would give permeation rates that are orders of magnitude higher(41> than
what would otherwise be the case. It could then be concluded that the
control of permeation losses of tritium to the steam cycle is unlikely
to be as critical an item for fusion power plants as has been visuallzed
heretofore, ' ‘

Two major effects of using a linear pressure dependency of the per-
meation rate are immediately obvious. First, it would be ?ossible to
operate fusion platns at a much higher tritium concentration in the cool-
ant. As a consequence, the driving potential for any tritium extraction
system operating in the coolant loop would be greater thus makiﬁg tritium
recovery easier. Secondly, major tritium releases to the enviromment

would be more likely to arise from leaks through cracks in struclures at
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seals, and fromjunavoidable releases during maintenance shutdowns,
rather than permeation losses. Perhaps a helpful feature of the fusion
reactor design with respect to controlling tritium release to the
environment is that the steam pressures under normal operating condi-
tions are much higher than that for the helium (1800 psig vs. 730
psig)(S). This difference in pressure would tend to mitigate the trans-
port losses to the enviromment siﬁce cracks in the walls of the heat
exchanger would result in the leakage of steam into the helium coolant

rather than the reverse.
2.3.4.3 Tritium Behavior in Metals: Special Considerations

There are several other important aspects of tritium behavier in
metals that because the& were not explicitly Included in the model,
deserve an explanation. Grain boundary diffusion is one of them; it
predicts a much faster diffusion rate than that calculated from = bulk
diffusion-controlled permeation model. Grain boundaries have been
observed(hz)to be deficient in tritium and therefore are presumably
rapid transport paths for tritium. Although grain boundary diffusion
effects at high tritium concentrations have not been observed(uz);
it is possible that grain boundary transport may be important in fusion
reactors where the tritium concentrations in metals are apt to be low.

The temperature of the metal may play a deciding role in deciding
whether to use a gfain toundary or a bulk diffusion coefficient. At
the high operating temperatures expected for the fusion réactor heat
transfer system, the diffusion coefficient may indeed be determined by
the bulk metal properties. Results(uz) above 500 G have given tritium
release rates consistent with bulk diffusion coefficients, while diff-
uslvity results at lower temperatures were anomalous. Thus if the values
of D° and Qd
of metal temperatures and tritium concentrations, there should be no ad-

in Equation (2.6) are properly averaged for a wide range

verse effects of not explicitly calculating grain boundary diffusion
coefficients. Grain boundary'effects should already have been included

in the diffusivity values tabulated in Appendix B.




Radlation éffects on tritium btehavior in metals could exacertate the
problem of controlling tritium mizgration in the metal barriers of fuslon
devices. The effects of irradiation on tritium permeation rates have not
" been well studied and are, therefore, difficult to assess(S). However, a
few words about what has been observed is in order. Increased surface
and bulk trapping of tritium due to internal defects generated by neutron

denage' 37

can be expected to compound problems associated with tritium

control and reactor maintenance. (Excessive tritium heldup in the méfal
walls would be a radiological hazard to maintenance men working on‘them.)
In general, neutron irradiation ‘of metal (especially for the breeder tube
metal wall which is subject to an unhindered plasma neutron fluence) re-
sults in the enhancement(37)
, and 2) bulk diffusion rates, both of which translate

into an increased tritium flow into the helium coolaznt. However, for

of: 1) surface dissociation rates for mole-

cular tritium, T

purposes of this model, no allowance was made for neutron-induced en-
hancement of metal diffusivities over time.

The effects of bulk and surface impurities and microstructural de-
fects on dissolution, diffusion and permeation of tritium in metalé have
been studied elsewhere(B?). Surface impurities have been found to be
instrumental in altering the boundary processes by which tritiumiabsorbs
- on and diffuses into metals. Dislocations, interstitial vacancy clusters,
grain boundary effects, voids and gas bubbles have all been shown to
impact on tritium migration profiles in metals.. ternal trapping
sites(37) can in some instances promote, and in others, retard dissolu-
tion and diffusion in metals. In general then, tritium tends to concen-
trate at defects within the alloy, which could produce tritium concentra-
tions well above the average, as calculated from a bﬁlk diffusion model.

Since it is possible to have such a wide range of effecis concern-
ing tritium behavior in metals most of which cannot be quantified, in-
cluding linear pressure dependency at low pressures, grain boundary
diffusion, radiation and Impurity effects, it is understandable why a
"clean surface" model exhibiting bulk diffusion characteristics has been
chosen for the metals represented in the simplified fusion reactor design.
Inclusion of these effects, if possibie, would only complicate the des-

cription of the metal properties without changing the basic concepts of
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dissolution, diffusion and permeation in any definitive way.
2.3.4.4 Tritium Permeation Barriers

Although the tritium transport model developed in this report
utilizes only "clean" metal components, it is possible to expand the
model to include certain additional permeation barriers other than that
offered by the metals and the presence of oxygen in the coolant. Three
types of permeation barriers are currently recognized as being pariicu—
larly useful in fusion reactor related tritium control problems. They

are, and by no means implying their order of effectiveness:

1 - ceramic surface layer
B - bonded-metal composite layers
3 - oxide film layer

Each of these will be treated in some detail later.

‘The use of permeation barriers to assist in reducing the transport
of tritium from one reactor component to another in no way precludes the
work already done by the model in predicting the tritium concentration
build-up in the coolant and elsewhere,vand its corresponding permeation
leakage out of the containment. These results have already been shown
to be useful when estimating how much oxygen should be added to thé
helium coclant for example, 1f the permeation losses had been found to
be unac¢eptably high. In the same way, the permeation model can be used
to size the necessary permeation barriers if oxidation of the coolant .
provesvundesirable. The effectiveness of each type of barrier is dis-
cussed qualitatively in the next few pages, but the use of auxiliary
permeation barriers could be éccomodated by the medel in some later
study.

The first such permeation barrier to be discussed is the ceramic
surface coating applied to some metals. The utility of ceramics as per-
meation barriers paiticularly in and around secondary containment systems

zedﬁ37>.

i.e., reactor building walls) is well recogni Both A1203 and
'Sinban be useful as coatings on metal to limit tritium permeation.

High-density, sintered AlZO3 exhibits(QB) no accelerated diffusion due
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Figure 2-13
Elleman et al. Permeation Model With Surface Cozting Intact

(Figure taken from Ref. (45))

microstructural defects, and little increased permeation resulting from
tritium transport along grain boundaries. In fact, the permeability of
A1203 was conslistent with the values predicted from diffusivity and sol-.
ubility results (Equation (2.7)) which suggests that grain boundaries,
voids and other potential rapid transport paths did not lead to irncreased
permeability(qu).
The effectiveness of these special ceramic coatings was examined

in detail by Elleman et al.(45). The effectiveness of various surface
coatings was deduced from their experimental work based on the simple
model reproduced above in Figure 2-13, Using their assumptions of
Cj =C, and Gy =0, the systen is said to be at equilibtriuwm. Defining

the effectiveness of the coating in preventing the permeation of tritium
| through it, as

equilibrium release rate -— coating
equilibrium release rate -- no coating

,':Ul.‘:g

(2.11)
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1
the value for %— in terms of the system dimernsions is given by:
o
D
R! 1
= = (2.12)
D2 Dl

e 20

The effectiveness of various surface coatings were determined for sev-
eral candidate structural materials, at typical operating conditions for
the heat exchanger (T = 600 g, Xy , = 0.01 em). Their

results are repeated here in Table 2-1; the coztings seem to reduce the

=0.2 ¢cn, X

permeation rate by several orders of magnitude. It is obvious that
some incentive exists for developing coatings, paints, or other surface
preparations that wouid resist tritium absorption and permeation.

The concept of a surface coating permeation barrier can be extended
to include those strong oxide-forminz elements (like aluminum, previously)

(37)

ings. Hewever, Van Deventer concluded that the presence of aluminum

which also show some promise in yielding permeation-resistant coat-
in the bulk alloy is preferable to zluminum coziing methods from the
standpoint of developing high permeatlion reduciion factors and assuring
permeation barrier resiliency. It is conceivable that as a coating,
aluminum oxide could crack and/or chip off lezving a part of the bulk
metal exposed. For this reason bettier surface barrier "healing rates”
are achieved when aluminum is part of the bulk alloy.

The second type of permeation berrier quote& sarlier, is the bonded-
metal composites. They are particularly useful for reducing tritium per-
meation rates through thermally hot structures like the heat exchanger
in fusion power reactors. ANL(47> nas completed experimental work on
three such composites: 316-83/Cu/315-SS, 304-35/¥b and 304-SS/Cu/Nb
and have concluded that they may have scme practical applicaiion as
Tritium pérmeation barriers. In later ‘l:est.'s(L!8> ANL obtained a reduct-
tion factor of 30 for the following two metallurgically bonded aluminum
bronze multiplexes: 304-SS/Al bronze semple and a 304-SS/Al bronze/304-
SS sample. This was’increased to more than 50 by using stainless steel-

clad composites containing an intermediate laver of a selected copper

o




Table 2-1

Evaluation of Ceramic Tritium Barriers

(L5)

Based Upon Diffusion Coefficients

L

Sl B

Surface Austenitic
Coatings Tungsten - Molytdenum Niobium Stainless Steel
A1203 6 ~8 6 -7 7 -8 6 -7
BeO 7-9 7-9 8 - 10 7-9

¥ 0, L L 5 b

sic 6 - 10 6 -9 7 - 10 6 -9
LUCALOX 3 2 3 2
YTTRALOX 3 3 L 3

SCB GLASS 5 5 6 5

PyC (LAM.) 16 16 17 16
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alloy. These are particularly desirable becauss they combine the corro-
sion-resistant properties of stainless steel wizn the tritium permeation-
resistant properties of aluminum or copper. I conclusiorn, the concept
of using a laminated pefmeation barrier is a vzluable one, especially in
such applications as the interface between the nelium coolant and water
(steam) loops.

The third, and probably most thoroughly studied, auxiliary permea-
tion barrier is that of an oxide film layer on the metal surface. Oxide
films could play a significant role in controlling tritium flow and in-
ventories if conditions favored their formation. Oxygen potentials high
enough to'susﬁain these films may be possible with the use of a helium
coolant(7). Even under conditions where the oxidation potential is very
low, the addition of strong oxide-forming elemezts (like aluminum) as
surface coatings or to the bulk alloys has alrszdy been shown to exhibit
increased permeation resistance. ' ’

Perhaps the most economical barrier to tritium permeation through
metals would be to allow layers of oxides to form in situ on the steam
side of the steam generator at, or near, operzting condlitions. John-

cont9)

idation of tritium gas in the helium coolant to advantage in creating

and.Watson(Eo> have considered ways of sing the intentional ox-

barriers to tritium migration. Hopefully thess intact oxide layers in-

side the steam genefator would not reduce its neat transfer properties.
It is known that ceramic materials are much less permeable than

metals; a relatively thin film of metal oxide is considerably more re-

(51)

high resistance of ceramics is that the tritii= gas molecules (TZ) in

sistive to ©permeation than is metal. The reason for the relatively
the helium coolant do not dissociate on the surface and thus cannot
dissolve as atoms in the tulk of the ceramic. Permeation through cera-
mic materials therefore involves molecular species and is much slower
than permeation of atoms. In fact, most permsztion of a ceramic will

(1)

The presence of an oxide layer on the me%zl surface necessarily

occur through defects in the material

affects the diffusive behavior of the permeati:g specles. The Dressure
dependency of permeation through a scrupulousl; clean metal as shown in

Figure 2-12 1is altered by the existence of ez oxide layer. The overall
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permeation behavior through a metal with an oxide surface film is shown
qualitatively in Figure 2-14., The results for a clean metal are repeated
in Pigure 2-14 for comparison.

In the high pressure limit, the permeation rate J given by

.~ is
Richardson's Equation. Here, diffusion through the buiitiital is rate-
limiting. At reduced pressure, the diffusion of molecules through the
intact oxide layer takes over because of its linear pressure dependency.
Here, transport through the film is the rate-limiting step. At still
lower pressures, defects in the oxide film tecome more important. Per-
meation through these defects 1s inherently proportional to the squarerm
root of the pressure and it occurs in parallel with diffusion through
the intact oxide layer. Thus in this pressure range, transport through
the cracks and pores of the oxide film is rate—limiting(41>. Finally,
at the ultimate low pressure limit, dissociative chemisorption once
again takes over as it did in the clean metal case, because of its linear
pressure dependency. All these pressure ranges and their corresponding
permeation behavior characieristics, are shown in Figure 2-14 for both
the presence and the absence of an oxide film. |

The thickness of the oxilde layer determines P*, which marks the
onset of the film limitation(52). It may be difficult(uz) to character-
ize the film by a specific film thickness, however. The film quality
factor M, is defined as the fraction of uncoated metal (typically

M« i )(52>.

This governs the pressure at which the transition back to
one-half power occurs (P** in Figure 2-14), ‘

The effects of the in situ formed oxide coatings to impede tritium
DPermeation are dependent on the chemical and physical compositions of the

. 1
oxides., These, in turn, are influenced by several factors:(53’5h)

- rate oflgorrosioﬁ of the parent metal
- aging of the oxide itself

- temperature-time history of the film
oxidation potential of the medium

- compositlion of the alloy

o W N
I

- annealing and surface treatments of the alloy




Log JMETM_

74

AL S
S L
A Q'\\\Q 2.9
o
7 v
i
s C |
e 'Qi\e\\ i
/\-‘\ 7 e
(=7 ,7 5§ :
‘\Q\\ ,/ ’\\ : .
6_\\.,0 /@Q j —==e=— Claan Suriace™ hodel
" & { ) i
/@ ,,;\.f D eemmm Oxide Film” tiotel
()
/IIC'Q !
4
: :
% *
P P

log P
Figure 2-14

Pressure Dependence of Permeation Rate

(Figure taken from Ref. (41))
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(51)

through in situ formed oxides by an increase in steam pressure from

There is no significant difference in the effects on permeation

0.3 to 0.7 atm. The results for Incoloy 800 being éxposed to steam at
a pressure of 0.7 atm are given in Figure 2-15. A decrease in the rate
of permeation (proportional to the permeability plotted in Figure 2-15)
from a very high value initially to an equilibrium value several orders

of magnitude lower is accomplished by oxidation at the metal surface.

P

It is possible that defects in the oxide layer inside the steam
generator (where this oxidation is assumed to take place) caused by
thermal stresses during normal operation could seriously thwart the
effort to control tritium permeation in this manner. In order toc have
an effective permeation barrier an oxide must be used that exhibits

(37)

"self-healing" characteristics., It has been shown that continued

steam oxidation of defected oxide la&ers on some metals "healed" them
with the result that the original barrier effectiveness was restored.

(37)

Laboratory experiments have indicated that permeation rates

through most austenitic-, nickel-, and refractory metal-base alloys

5

dation of the surface and the continuity of the oxide layer. More

can be reduced by factors of up to 10~ depending on the extent of oxi-

definitive results from experiments under conditions that simulate steam

(37)

generator environments have shown that steam oxidation of some
nickel- and iron-base alloys produces oxide-layers that reduce tritium
permeation rates by factors of 200 to 600. The few reports(56_59> of
hydrogen permeation rates through alloys that were measured while the
alloy oxidized, have concluded that the in situ surface oxidation of
construction alloys (those candidate steam generator materials) can also
produce oxide barriers that reduce tritium permeation rates by signifi-
cant factors (up to 103). A reduction in the surface diffusion coeffi-
cient relative to the bulk diffusion coefficient was realized by Elleman

(60) .

and Verghese in their work on oxide formation on stainless steels
(two orders of magnitude difference) and niobium and Zircaloy-2 (8-10
orders of magnitude difference). These results were obtained over a

temperature range of interest for fusion-related applications. Even
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(Figure taken from Ref. (55))




7

*
the effects of air oxidation on the exterior surfaces of the Hzynes

(48)

This might be of some use for controlling tritium leakage through the

alloys have been found to leed to increased permeation registances.
helium piping, if stable oxide layers can be made to persist. A brief
summary of some experimental results in reducing permation through
several metals and alloys by the formation of oxide layers is given in
Table 2-2.

However, there are no tritium permeation measurements that can be

(53)

extrapolated to fusion reactor conditions and as a consequence; all
the previously-mentioned experimental results can only be used as an in-
dication of what could happen in a fusion reactor steam generator. The
presence and effectiveness of oxide layers can only be satisfactorily
resolved by measurements on a system in which the mechanisms of forma-
tion, chemical composition and stability of oxide layers are representa-
tive of those occurring in a fusion power system. ’

To summarize this section on tritium behavior in metals, it is
appropriate to reiterate the two majér’uncertainities in the chemical
and physical behavior of tritium which would significantly impact on the
calculation of tritium permeation through metals for the fusion design
used in this model. First, the lack of data on tritium permeation in
low pressure regimes where extrapolation indicates that some fusion
systems may operate has not allowed the verification of the linear
pressure law. The use of Richardson's Equation for all metal permeation
calculations throughout the model assumes that permeation is bulk diff-
usion-controlled everywhere. Secondly, the effect'of oxide film barriers
being formed in situ inside the steam generator could reduce the tritium
loss rate to the environment by a factor of 100 or more. This may be
enough to preempt the need to include additional perméation barriers in

the basic tritium permeation model,

*
Note: Haynes is a series of vanadium-tase alloys.
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Table 2-2

Reduction in Tritium Permezboility
for Several Metals and Alloys Due

to a Surface Oxide Film

Temperature Reduction Factor Reference
347 - sS ---- Loo (61)
406 - SS ---- = 100 (54)
Croloy T9 --=- 100 ()
Croloy T22 -——- > 100 (54)
Fe-Cr-Al Alloy 1111 % 1000 (61)
Incoloy 800 525‘, 660, 720 °c 30 - 700 (61)

Vanadium - - - - = 100 (62)
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2.4 HMathematical Formulation of Model

The series of equations which comprise the transient permeation
model will be presented in this section. Following the logic developed
in the last sectlon as to the choice of fusion reactor components used
in this model, the tritium transport will be followed in a systematic
way starting in the breeding zone. Some of the more important assumptions
concerning the model will be repeated where it is necessary in the

formulation of the equations.
2.4.1 Tritium Behavior in the Breeder
The tritium concentration profile within a breeder pellet, CP(r,t),

is governed by Fick's Law of Diffusion which, in spherical cooridinates,

becomes:

3 _ D 3 [,z 2 ] -
o mn = P & [r 2 o () + s, (2.13)

- Both the tritium generation rate and the diffusion coefficient for

tritium in a pellet are assuméd to be constant in time, and uniform
throughout a pellet., For the tritium generation rate to be constant in
time, the plasma must theoretically be at its nominal thermal power level
at time equal to zZero, and the blanket must be operating at its specified
breeding ratio. For Sb to be uniform throughout a pellet, one must ass-
ume that the neutron fluence emanating from the plasma strikes the pell-
ets uniformly, causing random n + Li reactions. These in turn, would
produce a random (and uniform) generation of tritium (T atoms) which are
free to diffuse through the pellets. In order for the value of the diff-
sulon coefficient to be uniform throughout a pellet, one must be able to

define an average pellet temperature from which D, is calculated. Con-

stant Db with time requires that average temperatzre to be constant in
time also. Fortunately, the tgmperature profile reaches steady-state
much faster than the concentration profile. This is easily proven by
comparing the values of the thermal diffusivity for the candidate solid

breeders with typical tritium diffusivity values. From Table A-1 of
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Appendix A, values of the thermal diffusivity &, are in the range 10_3
to 10-2 cm?/sec, while the diffusion coefficient rarely gets above 10_7
en?/sec (ref. Figure A-1). Thus the assumptior will te made that the
breeder pellet operates at its steady-state temperature from time eguals
zero onwards, and the diffusion coefficient will be evaluated baséd on
that temperature. The temperature dependence of the tritium diffusion
form: D(T) = D° exp - (Qd/RT). If the values for tre constant D°
(cm?/sec), or the activation energy for diffusicn, e (kcal/mole) are

coefficent for the solid lithium compounds is typically of the Arrhenius

not given then usually a value for D at a particular temperature is
quoted (see Appendix A.2 for details).
Equation (2.13) can bte solved analytically for the pellet concen-

tration as a function of time and position with a zero surface concen-

(63)

tration as a boundary condition:

S 23, 13 e n
- B fpzogg] . 222 ¢ (AL o mm o ny? '
¢ =% = a5 [r§ ]+ B, oy e o) [Dbt (rp } (2.14)

9Ty Boundary Condition O(ryst) =0

Tnitial Condition C(r ,0) =0

The shape of this function is given in Figure 2-16. This is not con-
sidered to be an adequate representation of the breeder pellet beczuse
of the zero surfzce concentration assumption. There will be tritium
diffusion from the pellet giving rise to a significant, purge gas con-
centration., The pellet surface concentration is in thermodynamic equil-
ibtrium with the surrounding tritium partial pressure in the purge gas,
and thus, is necessarily non-zero. Assuming C(ro,t) = 0 at all times
and thereby using the expression in Equation (2.14) as the total tritium
pellet concentration will seriously misrepresent the magnitude of the
concentration. The steady-state limit to Equaiion (2.13) is considered
first, because it gives some insight into the development of the con-

centration profile,
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Figure 2-16

C(r,t) Solution to Fick's Diffusion

Equation with the Conditions:

c(r ,0)
C(rp,t)

0

1]
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For t — =, Equation (2.13) becomes

D
D 3 |22 - .
r? Jr [r 3r Cp(r’t>1 * 5, =0 (2.15) .

The following boundary conditions must be satisfied:

3 .
1- 3z Cp(r,t) |r=0 =0 (2.164)

and . '
2 - c(zt) = C (%) (2.16B)

Boundary condition #2 simply restates what was mentioned above: the
surface concentration is determined by solubility considerations.
Thereforw, the surface concentration would be a function of the purge

gas concentration:

csol(t> = fn ( Cpg(t) ) (2.17)
Without specifying this functional reletionship yet, it 1s possible to
solve Equation (2.13) in the limit t —> o :

Sy

o (x,88) = &, [rg - rQ] + 0 (s8) (2.18)

Because Csol(SS) is just the surface concentration calculated from
solubility effects, then C(rp) and C_

state tritium concentration in a pellet is given by:

are interchangeable, The steady-

S
¢ (x:58) = 333 [:r; - rg} + G__ (58) (2.19)
The first two terms on the right-hand side of Zquation (2.19) are just
the steady-state terms in C(r,t) of Equation (2.14), which, is the sol-
ution to the Fick's Law with a zero surface concentration. Therefore
the solution to the general Fick's diffusion equation with the actual
boundary conditions (2.16A) and (2.16B) can bte separated into two terms,

one of the form of Equation (2.14) and the other (2.16B) to recover the
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non-zero surface concentration. A finite surface concentration must exist
in order for a concentration gradient to exist 2t the surface and thereby
provide the driving force for gas phase mass transfer to the purge gas.

The following equation for the pellet conceniration distribution will now

be used:
cp(;,t) = ¢(r,t) = C(rp,t} (2.20)
where
¢ (r,t) = ggz [r; - ré].+ E;f ;ﬁ% ;gl "i,n sin(fz) exp -~ [Dbt (%i)z} (2.214)
and
C(rp,t) = csol(t) = fn ( Cpg(t) ) | (2.21B)

The concentration profile is simply displaced upward by the amount in
solution at the surface. The proper concentraticon profile will now be
as depicted in Figure 2-17.

A volume-averaged property is defired ir the following way:

I
JoF b x'® a(x,5) ax

<Alr,t)> = =
| SR r? g

r
Ly J"OP 12 A(r',t) ar!

b/3 w3

(2.22)

=

Taking the volume average of both sides of Zguztiion (2.20) gives

<Cp(r,t)> = <e(z,t> = <C(rp,t)> (2.23)
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H

Figure 2-17

CP(r,t) Solution to Fick's Diffusion Equation with

the Conditions:

I

Cp(r ,0) =0

C t
P(rP, )

i

Csol(t)




where 3 ‘rz % - -
<olr,e)> = =2 [1 - 25 I oo oDyt ——) ] (2.244)
Db 15 i n=1 ( I
<C(rp,t)> = C(rp,t) = Csol(t) : (2.24B)

Conservation of tritium requires the differsnce in the tritium generation
and leakage rates for a given pellet, to be equal to the change in the

average pellet concentration. Thus,

g——,;-<cp(r,t)'> = s, - L(%) (2.25)

3.

where Lp(t) is the leakage from one pellet (Ci/sec em

The total leakage rate from all the breeder pellets into the purge gas

system (Ci/sec) is denoted by Jb(t) ard is relaed to the pellet leakage
rate by: '

Jb(t) =V Lp{t) . (2.26)

Substitution of Equations (2.23) and (2.2%) irto Equation (2.25) gives

:,(t)
3 , b
<C(r 5> + 57 0 = 5y - - (2.27)
or equivalently,
J. (%) N
3 b 9
3% Coort) = 8y - v T = <e(z,t > (2.28)

- 1 7 1\ 2
E oz oex2 - | D8 (D) I (2.29)




2.4.2 Tritium Behavior in the Purge Cas

The leakage rate from the breeding zone (Jb(t)) can easily be re-
lated to the total purge gas concentration. A quasi-steady-state model
for the purge gas system ignores the (small) permeation losses of tritium
from the purge gas through the blanket metal. & mass balance on the

purge gas system yields

)

V__—C t) = J (1t - c t {2.30
TN ORI NORSINE N (2.30)
where
prg Cpg(t) = rate of tritium being swept away by purge gas
In the form
Q 3. (%)
o —_pg - -2
33 Cpg(t)‘ + T, Cpg(t) A (2f31)

a time constant Tpg is easily recognizable. For the purge gas system,

a time constant is defined as

v
= B2 (2.32)

T ‘ .

g ng

For typical fusion reactor parameters (ref. Appendix 7), the time con-
stant Tpg is expected to be very small (on the order of a few seconds).
If this is true, then the purge gas responds almost instantaneously to

the tritium entering from the pellets. The time evolution of Cpg(t)

o

would "track" Jb(t) and the following equality is true for TP small
(£ 1 hour): ‘
7.(%)

Cpg(t) s (2.33)

I

Substitution of (2.33) into (2.28) gives




&7

Q 5 ,
e) g N _ 3 ;
Evs csol(t) S, - 7 Pg(y) = <oz, t)> | (2.38)

Cpg(t) can be related to the surface conceniration Csol(t), by using

Sieverts' Law. For a tritium surface concentraiiocn in solution with a

tritium partial pressure in the purge zzs:

s A
c_.(t) = k_ P2 (%) (2.35)
sol st Tg’Pg
where Ks = Sieverts' Constant for triiiu in a solid
Tz
IT = tritium partial pressure in the purge zas
Z1pg

Assuming that the tritium in the purge strezz zcts as an ideal gas, then

n_ (%) RT__
P = —PE<V—~——~= ‘ (2.35)
D8 ol B

L

where

npg(t) = number of gm-moles of T, = 1/4 x 10~ 'Cpg(t) VPg (2.37)

Equations (2.36) and (2.37) are then substituted into Equation (2.35):

(N[

RT G 1
¢ (t) = K —pz oz “| (2.384)
sol*” | ?Tg 6 x 1OL J ‘

Solving for the purge gas concentration as z furction of the pellet

surface concentration:

6 x 0% c2_ ()
C_(t = =
Pg( ) T 1 (2.388)
Pg  Sn

iz
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Substitution of Equations (2.29) and (2,37) into (2.34) gives the general

differential equation for the pellet surface concentration:

[

3t sol sol E

n=1

L
6 x10° Q 2

¢ (% —_——5 % (%) =S 1- & %e--Dt?ﬂ 2.39

() + Ty P ) =8, v~ a7 =P [ ® (rp) ] ( )

with the initial condition, csol(o) = 0.

The steady-state surface concentration due to solubility effects, would
therefore be
(58) SRT__ 3
¢ (ss) = X —_—E (2.50)
sol Sr, |6 x 104 ng

Equetion (2.39) ran be solved numberically for C¢_ .(%), by using a pro-

grammable hand calculator, and thus it wasn't neiZisary to formulate a
computer solution. The solution to (2.39) combined with the value for
<C(x,t)> calculated from Equation (2.244), will give the desired re-
sult, <(:Cp(r,tZ:> , according to Equation (2.23). Once the value for
<:Cp(r,t1:> is known, then the total tritium breeder inventory is cal-

culated from

i

L (%) v, <Cp(r,t)>~ (2.41)

The steady-state pellet concentration is given by

cp(r',ss) = <o(zr,ss> + c_ ., (58) : (2.42)
which is just
5y ﬁ SRT, 3
¢ (xr,88) = = + X —_— (2.43)
p? Db 15 st 5 x 1Oa st

The steady-state breeder inventory would therefore te:

1,(88) = v, <cp(r,ss)> (2.54)
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From Equation (2.27) as t —= oo, one obtains for the steady—staie leak-
age from the pellets

J(S8) =8, Vv, =8 : (2.45)

According to Equation (2.33) the steady-state purge zas concentration
would be

c_ (ss) = Jb(SS) = S (2.46)

bg :
' QP% QP%

The time constants for reaching the steady-state values in Equations
(2.40) through (2.46) can be of great interest when analyzing a spec-
ific reactor design. The form of the differential equation for Csol(t)
(Bquation (2.39)) is not conducive for defining its time constant, T_ ;.
Since Teol cannot be determined analytically, a value has ito be found
from numerically integrating the differential equation and examining
how long it takes to reach steady-state. The expression for <CC(r,t)>
is a complicated fuﬁction, involving an infinite seriles over time, and
again, a time constant t<C> cannot be analytically determined. The
~same procedure of calculating <:C(r,t):> as a function of time in order
to find the time to reach steady-state is used for this concentration
expression also. The time constant for the average pellet concentra-
tion, <:Cp(r,t):> , would therefore be equal to the larger of the two

values for the time constants, T and T .

sol >
The breeding zone leakage rate reaches steady-state at the same time

that the average pellet concentration does,(fJ = T<C N ). Since the
b D

purge gas concentration responds quickly to Jb(t), one expects the eff-
ective time constant for the purge gas, rég to be equal to that for
the breeder leakage rate. In summary then, the time constants are ex-—

pected to follow the ordering:

g T ¢ Tsal ¥ o T T T (2.47)
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2.4.3 Tritium Diffusion in Gases and Through Yetals

A gas flowing within a closed channel nzs z stagnant boundary layer
next to the walls. The resistance to diffusicn of a trace element, in
this case tritium gas (T ) diffusing throuzh helium gas, offered by this

"film" is characterized by a mass transfer cceificient for that gas, h.

The rate of tritium diffusion through the fiic is given by
T ei1m (Ci/sec) = A h AC (2.48)
where A = surface area of the channel wall
AC = tritium concentration drop across tne f£ilm = C - C
gas metal
surface
A film resistance to tritium diffusion is therefore defined as being
R = (2.49)
film T Ah -
The value for the mass transfer coefficient devends on the flow regime

en
for the helium gas (either laminar or turbuler:) and the helium gas
properties which by themselves are 2 function of temperature and pressure.
The Reynolds Numbexr for the helium determines which flow regime the

system 1s operating in:

Re = < 2300 => LAMINAR (2.50)

"> 2300 => TURBULENT

(64)

value*of the mass transfer coefficient.

Coorelations for the Nusselt Number (MNu) zre used to solve for a

o
ol

N
ON

LAMINAR E— Nu

it
i}
W

(2.514)

o

o
o
g
®
o
Ioe]
"
)
o

TURBULENT — Nu

1}

1
(@]
(@]
[aN]
W

(2.51B)

(wlH
()

. L . a1 . - =V
where the Schmidt Number is defined as Sc = = .




The coorelation for the laminar flow Nusselt lumter assumes a uniform
surface concentration on the pellet, Since the entire breeder is rep-

resented by a single, average pellet with an arzular-independent surface

m

concentration, this assumption is valid. The vzlues of DG (tritium dif-

fusivity in the helium gas), PHe and v,, wWhich zre required to solve for

He
the mass transfer coefficients, are all given as functions of tempera-
ture and pressure in’AppendiX C.

Tritium permeation through the metal is assimed to be governed by

Richardson's Equation:

. AR (T) > _ 3
Snetal = ————%%———— ’ Phigh Plow (2.52)
where
K (T) = +tritium permeability for that retal, as a function of
P temperature
_ - . or eith . ]
Phigh’ Plow = tritium partial pressures on either side of the

metal thickness (x)

Although there is evidence that at low tritium tartial pressures, the

(52,54,65) .,

will be used to represent tritium flux behavior through metals in this

Pressure dependency becomes linear e form of Equation (2.52)

model., The concentration of tritium in a metal is related to the

partial pressure of tritium in the cover gas by

W

solubility factor

(Sieverts' Constant) according to Sieverts' Law for metals:

; . EY

Chetar ~ = KJ(T) P (2.53)
Both the Sieverts' Constant and permeability are of the Arrhenius form:

X

x (T) exp - (Q/RT) (2.544)

K

kb0 mo

KP(T) exp - (QP/RT) (2.548)

o] o . \ . .
where KS and Kp are constants, and Q_ and QD zre activation energies.
s .
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Since the diffusivity is equal to the permeability divided by the solu-
bility:

k(1) K] Q-9 |
(T) = m = ‘K—g exp - _P?{E—_— (2.55)

the following relatlonships may be useful if the values for D° and Qd

o e g s

are not explicitly given:

(1) = D° exp - (a/RT) (2.56)
such that o o ° '

D = K / xg (2.574)

Q@ = 9y - | (2.578)

Appendix B includes the tritium diffusivity information needed for many

different types of metals frequently encountered as candidate structural

- materials.

Substitution of Equations (2.53) and (2.55) into Richardson's Equation

yields: ,
_ ADT)
Jmetal - X ac (2.58)
where

AC = tritium concentration drop across the metal

The corresponding resistance to diffusion offered by the metal is given

by

X
fpetal = 2 D(T) (2.59)

which is only a function of the metal temperature and system dimensions.

In summary then, the tritium flux behavior is related to concentra-

tion and system parameters by:

i} -1 ' B
Jesim = fgiam 4° (2.604)
3 = RTY . ac (2.608)

metal metal
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where the resistances are as defined in Equations (2.£9) and (2.59).
2.4, Tritium Behavior in the Coolant

If one assumes that the coolant concentration is approximztely the
same around the coolant loop (blanket —="hot" leg — heat exchanger —
"cold" leg —=tblanket) then the time rate of change in the coolant con-
centration would be equal to the difference between the rate of tritium
entering the coolant from the breeding zone (Jpgc(t)) and the rate of
tritium leaving the coolant system through the pipinz and heat exchanger
(JCL(t)). This mass balance for the tfitium in the coolant can be

written:
a — - Ay
¢33 Cc(t) = Jpgc(t‘) JCL(t) (2.61)

The transport terms J(t) are defined below:

|

Jpgc(t) = R;éc [Cpg(t) - Cc(t)] (2.62)

T () = Rai [cc(t) - coo] (2.63)

where the purge gas concentration is given by Equation (2.33) and the
concentration C_ in the "environment" (containment a‘mosphexze and/or
‘steam system) is assumed to be zero. The resistances Rpgc-and RCL are
defined below: N

R = R +R_ +R (2.64)
PgC Pgﬂ m mc
1 1 1 1
o = + + (2.65)
B, % Rxr, Ropr,

These resistances to tritium flow can be represented by a circult dizgram
(ref. Figure 2-18) where the "current" is the flow of tritiunm induced by
the concentration gradients. The resistances on the right-hznd side of
Equations (2.64) and (2.65) are all functions of the system parameters.

Therefore, the values for the system parameters for the sysiem resistances
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Figure 2-18

Circuit Diagram for Tritium Flow in a

Simplified Fusion Reactor Syste: Design
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are explicitly written here for future use:

Purge Gas to Coolant: R

. psC
R = 7 1 ' (2.664)
pam n Pog
xm

- Z

R = 719 (ZféoB)
m m

_ 1 p

R = (2.660C)

me Am hB

' Coolant to Environment: R

oL
: 1 *4p
R = —L1 . _HR (2.674)
HPL A By Ap Dyp
fox Ay P A Dy (2.672)
1 Xop
R = —b . TGP (2.670)
CFL  Agp hep Aep Pop

The general differential equation for the coolant concentration makes
use of Equations (2.62) and (2.63) combined with the original form,
Equation (2.64) and (2.65). Thus, the equation

g—tccm + \;—[Ri +R1—J ¢ (v) = Vé c(t)  (2.68)

yields the time constant for the response of the coolant system to a non-

zero purge gas concentration:

# Tc = 1 ' 1 <2'69>




It Ty is much greater than the time for the purze gas to reach steady-
state (Tﬁg’ Equation (2.47)), then it is possible to treat the purge gas
concentration as constant in time, and equal to its steady-state value,
C_ (ss). With this simplication, there is an analytical solution to
Equation (2.68): t

T .
c(t) = —%— ¢c_(ss) | 1 - exp -(t/7.) (2.70)
c Ve Rpgc o3 ¢
where
c_ (ss) = éi
P8 g

Theisteady—state concentration in the coolant would therefore be:

. ,
c(ss) = ——V—-‘lﬁ———— A cpg(ss) (2.71)
c pgc .

and the corresponding steady-state coolant inventory is jusﬁ:

IC(SS) =V, cc(ss) : (2.72)

2.4.5 Tritium Loss Terms

A description of this permeation model has already stated that only
tritium leakages from the coolant piping system and the heat exhanger
would be considered. Tritium lost from the "hot" leg and "cold" leg seg-
ments of the piping system (JHPL(t) and JCPL(t) respectively) enters the
contaimment building atmosphere. A continuously operating air detritiation
system recovers approximately 90 % of this tritium. However, tritium lost
through the heat exchanger (JHXL(t)) enters the steam cycle and is assumed
lost to the environment. Therefore, it is important to state the depend-
ence of these loss terms on the coolant tritium concentration function,

developed in the preceding section.
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Tritium losses are calculated from the following equations:

Jopr(t) = Rypp € (%) (2.734)

= R
C
Topr(t) = B G (%) (2.738)
and, T (8) = R (%) (2.73C)

The resistances are as defined in Equations (2.67) and the coolant con-
centration is given in Equation (2.70). The steady-state tritium losses

from the helium coolant are therefore:

Jypr(88) = R;IL,L c.(ss) ‘ (2. 744)
JcPL(SS) = RE%L cc(ss) (2;.74.‘8)
Jm(ss) = R;D%L cc(ss) . (2..740.)

The maximum tritium leakage from this reactor plant will be its steady-

state value, which occurs in a time approximately equal to Tég + Tc;

2.4.6 Addition of Oxygen to Coolant

It is anticipated that the value for the coolant concentration may
give unacceptably large values for the tritium loss terms, even before
steady-state is reached. A method to combat this problem, without chang-
ing any of the system dimensions or operating temperatures, is to intro-
duce some oxygen gas into the helium coolant. This will effectively re-
duce the tritium gas partial pressure in the coolant which is the driving

force behind the tritium permeating out of the system. The tritium gas

Present in the coolant will react with the oxygen to form tritiated water:
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T, + $0, =— T.0 | (2.75)

At equilibrium, this ieaction has the equlilibrium constant defined by:

P(TZO)
Kn o (T) = " (2.76)
T.0 i
2 P(TZ) P (02)
The equilibrium constant KT 0 is a strong function of the coolant temp-
5 ,

erature; a method for evaluating KT is presented in Appendix D.

2O
The largest coolant concentration occurs in steady-state, so that

value is the one which must be dealt with during the oxygen addition cal-

culations. The number of grams of T2 gas in the coolant in steady-~state

(as yet, uncorrected by oxygen addition) is given by IC(SS) x 10-4. The

number of moles of T2 gas in the coolant is therefore

n = 1/6 x 10—4

T.

, 1 (ss) | (2.774)

When oxygen 1s added to the helium system, so that at equilibrium, the ,
number of moles of TZO gas equals the number of moles of T2 gas already

there, then

n = 1/6 x 107 1 (ss) (2.77B)
TZO e
‘Assuming the T20 gas behaves as an ideal gas, then the resulting partial
pressure of T20 would be
n RT
PL o = 50 c (2.78)
2 Vc

where TC is the temperature of the coolant.
Since guidelines on the maximum allowable tritium release rate to
the environment set a maximum value on the loss rate through the heat

exchanger (J ), this then, is the most'stringent condition for the

HXL ,max ,
maximum coolant concentration. This can be quantified in the following

way. First set JHXL(SS) in Equation'(Z.?QC) equal to the specified value
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J . The "corrected" tritium concentration in the coolant has to
XL ,max A
be kept below
] Q
c.(s8) Frxt, THXL max (279)
in order to keep within the allowable release rzte of JHXL,max' The
maximum coolant inventory is therefore
1 - ' 2.
Ic(ss) v, cc(ss) (2.80)

The number of moles of T2 gas in the coolant system, corresponding to

the release rate JHXL,max is then
ny = 1/6 x 10"4 I'(sS) (2.81)
2 C

Assuming the T2 gas exhibits ideal gas behavior, then the corrected

tritium partial pressure in the coolant is given by:

n' RT
T2 c
Pr;? = —— (2'82)
2 Vc

The necessary oxygen partial pressure in the helium coolant to maintain

tritium leakage rate from the heat exchanger of J is found by

HXL ,max
substituting Equations (2,78) and (2.82) into (2.76) and solving for

P(OZ): §

_IC(SS) 1 ']2
P (o) = I:(ss) ¥

(2.83)
oo (T)

2 d
Once the value for the equilibrium constant is evaluated from the infor-
mation in Appendix D, Equation (2.83) will give the correct oxygen partial
Pressure which should be introduced into the helium coolant system in

order to maintain the acceptable tritium loss of J.. .
HXL ,max
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CHAPTER 3 CASE STUDY: STARFIRE (INTERIM DESIGN)
3.1 Description of STARFIRE Design

7 The STARFIRE Reference Design was chosen as the case study for appli-
cation of the transient permeation model developed in the previous chapter.
There are several reasons for making this choice. First, STARFIRE is of
the the size thought to be characteristic of first—generation fusion reac-
tors: 3 - 4 thh (STARFIRE-Interim is designed to produce 3.8 GW of
thermal power.). The Interim Design Report for STARFIRE(8) also has spec-
ified features which are needed in the application of the aforementioned
Permeation model. The major criteria were: a solid breeding material, a
helium purge gas stream running through the blénket, and a helium‘coolant
which acts as the sole means of transport of tritium from the blanket and
through the steam generator to the envirohment.

Although the STARFIRE Final Design Report(17) was published vefore
this investigation was completed, it was not considered for use as a case
study because a major design change had been implemented. The Final
STARFIRE Design involves a water-cooled blanket, as well as a different
solid lithium compound breeder. For these reasons, the system parameters
‘as specified in the STARFIRE-Interim Design were used as input to the per-
meation model. Those parameters needed for input, but not given in the
Interim Design, were, if possible, taken from the Final Design, or another
"best" value was chosen. (See Applendix F for a detailed account of how
all the necessary system parameters were determined.)

The STARFIRE-Interim tokamak reactor is designed to operate with a
continuous plasma burn and develops ~ 3800 MW of thermal power. The blan-
ket consists of a tritium breeéding medium of solid LiZO pellets encased
in a ferritic steel structure with numerous coolant tubes passing through
it. A high pressure helium coolant i1s used to cool the blanket, and a
separate low pressure helium stream acts as a purge mechanism for itritium
diffusing out of the breeder pellets. This pﬁrge'gas system is then pro-
cessed for evenitual tritium refuelling of the reactor. There are six pri-
mary coolant loops attached to the blanket. Hach one carriers 50 atm of

0 . , ‘ .
hot (500 "C) helium gas at 317 kg/sec to a steam generator, where press-
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urized water is heated to steam at 427 °C. The helimm coolant is then
returned to the blanket, with an average inlet temperature of 300 °C.
There are no intermediate heat exhangers or coolants in this design, sco
that any tritium that permeates through the first steam generator into
the water cycle is assumed lost to the environment. Appendix F describes

in greater detail the points of interest in the STARFIRE-Interim Design.
3.2 Application of Transient Permeation Mcdel to STARFIRE

Once the STARFIRE system parameters were determined (as given in-
AppendixiF), values for the necessary coolant and metal resistances could
be calculated. The definitions of these resistances are consistent with
those used in Chapter 2. The values for the resistances are given in
Table 3-1. An important observation to make is that the major contributor
to the resistance to tritium flow is that of the metal, x/AD, and not the
fluid film resistance. Only by using real design values for these para-

meters has this effect become obvious.
3.2.1 Response Times

The purge gas system was assumed to respond very quickly to the leak-

age of tritium from the breeder pellets, which allowed us to write

(%)
C_(t) = =2 | (3.1)
pe’ T T A

Although it was an assumption during the formulation of the model equations,
it can now be shown that this is indeed the case. The response time for

the purge gas system was glven in Chapter 2, Equation (2.32):

\
- _Pg Coe (
T = 3.2)
re “pg

Substituting the STARFIRE-Interim Design values for the purge gas volume

and volumetric flow rate, the response time for the purge gas is just 5.6
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. Table 3-1

STARFIRE - Interim Resistances to Tritium Permeation

.Resistance Definition System Values

Of the Breeder

Tube Wall
R =R +R +R
pEC pam m me
X
_ 1 m 1 _ -9
=Th  TID + 3 hB = 1.130 x 10—3 +
mpg mmom 5.453 x 1077 +
8.135 x 10710
= 5.453 x 1072 (sec/cm3)
’ Of the Hot
Pipe X,
1 P -9
. R . = + = 3.888 x 10 +
. HPL . A
Ayt Aurlup 4.9% x 10-L
= 4,930 x 10"1 (sec/cm3)
0f the HX XHX
1 : -9
R = + = 2.198 x 10 +
HXL A A _.D
P AaxPux 5.0t x 107
= 3.501 x.lG-u (sec/cm3)
0f the Cold
Pipe x
1 CP -9
R = + = 4,291 x 10 +
CFL Aopfer  AcpPeor 1192 % 1071
=1.192 x 10+1 (sec/cm3)
Of the

Coolant Loop

Rer, = 1.241 x 10 © (sec/cm®)
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sec. The time for it to reach steady-state is another matter, because
that time constant will depend on the leakage from the pellets, which
means the time to reach steady-state in the purge gas depends on how long
it takes the treeder to reach its final tritium concentration. The time
to reach steady-state tritium concentration in the breeder, and hence
steady-state purge gas concentration, will be addressed in Section 3.2.3.
The response time for tritium build-up in the helium coolant loop
was thought to be very long so that one could assume that the helium cool-
ant is effectvely driven by the steady-state purge gas concentration.
This assumption is valid if the time constant for the coolant, To? is
much longer than that for the purge gas to reach steady-state. Again,
for the latter time, the value will be determined in Section 3.2.3. The
time constant for the coolant system is, as defined in Chapter 2, Equa-
tion (2.69).
Vc :
(3.3) .

T = ‘ 1

1
+—-—
Rpgc RCL

STARFIRE~Interim values for these parameters give a time constant for the
coolant equal to 1.016 x 107 sec (118 days). As long as this time is
greater than the time to reach a steady-state purge gas concentration,

then using the following equation for the coolant concentration

"o ’ —t/T ’
c () = TR Coe(5S) [[1 - @ c:I (3.4)

will only be slightly overestimating the coolant concentration, until

itself reaches its steady—state value,
3.2.2 Time Evolution of Breeder Concentration -
The general form of the differential equation for the surface concen-

tration due to solubility effects is taken from Equation (2.34) and re-

peated here for convenience:




lo4

- - g 2
where o
- 6_ 1_ o« (2m)°
C(z,t) = S, 2z T izem -l_ubn (2T ]
n=1 D

The relationship between the surface concentration of tritium in the
breeder pellet, and the tritium partial pressure in the sweep gas (de-

duced from_CPg) is usually given by a Sieverts relationship of the form

1

csOl = KS P;g (3.6)

Since the Sieverts' Constant for tritium (or hydrogen) in solid 1i,0,
the breeding material used in STARFIRE-Interim, was unavailable, the
vapor pressure data given in Appendix F for LiZO is used instead. Sub-
stitution of Equation (F.2) of Appendix F into Zquation (3.5) above,

and after some rearrangement, ylelds:

€ 1(t)
——EEL——_—Z—--S.OI?
: b Q 299/5 x 107 py i = ,
z por
fal®) + 6x 10" T 0 - s [ w L e

The steady-state surface concentration would therefore be!

RT

A -2
csol(ss) = 299/5 x 10 £1 [8.017 + log 2 } (3.8)

n P
!
6 x 10

“rg
Equation (3.7) was solved numerically for the STARFIRE-Interim system
parameters listed in Tables F-2 and F-3, using a2 fourth-order Runge-Kutta
integration scheme on a programmable hand calculator. The time evolution
of Csol(t) is plotted in Figure 3-1. The surface concentration reaches

its steady-state value of 9.060 Ci/cz® in approximately 1.3 x 106 sec
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Figure 3-1

Time BEvolution of the Tritium Concentration in a Li20
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(~15 days).
The average radial concentration <:C(r,t)j> as defined in Chapter

2, Bquation (2.23), exhibits the following time dependence:

S, r? '
0 1 s 2
LClxr,t)> = D—b T% 1- % n=i L &P -[Dbt (%3) J } (3.9)
: b u n by
Its steady-state value is just
Sy f;
<c(r,ss)> = 5‘; is (3.10)

The concentration <C(r,t)> was determined as a function of time, using
a programmable hand calculator, for the STARFIRE-Interim system parameters
listed in Table F-2., The results are plotted on the same Figure 3-1 as
for Csol(t), showing the great difference in their values. Because
<<C(r,t):> would be the pellet average concentration in the absence of
solubility, it is clear that solubility has an enormous impact on the pel-
" let concentration. <C(r,t))> reaches its steady-state value of 1.556 x
10—2 Ci/cm® in approximately 2.5 x 104 sec (~ 6.9 hrs), a much shorter
time than that for the surface concentration.

The total tritium concentration in the treeder pellets as a function

of time, is:
<6 (r,t)> = <o(z,e) >+ C (%) (3.11)

The sum of the two concentrations, done visually from Figure 3-1, is
basically the top curve for Csol(t). The steady-state pellet concentra-
tion is therefore 9.076 Ci/cms. The time constant for the breeder would
be the longer oféthose for the two contributors to <:Cp(r,t):> y Ll.e.,
T<C§>AJ 1.3 x 107 sec. S

The total breeder tritium inventory Ib(t), which is just Vg -<Cp(r,t)>
is plotted in Figure 3-2. A steady-state btreeder inventory of 4.48 kg,
calculated using solubility effects, is much 1argér than the breeder in-

ventory when solubility is not accounted for (~ 7.7 gn). Of course it
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takes a much longer time to reach the higher stieady-state inventory —---
on the order of 15 days. When the no-solubility-effects case has reached
steady-state of 7.7 gmn at 6.9 hrs, the solubiliiy-included case (the one
presented here) has an inventory of ~ 130 z=. Thus, it is obviocus that
solubility effects must not be neglected when czlculating the tritium
concentration of breeder pellets.

Since the breeder inventory 1s so sensitiive to the solubility effects
the purge gas concentration has on the surface concentration, it is
thought that a second look at that relationship for this case of L120
would be beneficial. A value for the Sievertis' Constant (Ks) for other
solid lithium oxides is given in Appendix A. Ax analogy was made between
Zn0, and LiAlO2 and L128103 , from which it was deduced that the value fqr
Ks for tritium in ZnO would be an upper-limit for the value of KS in the
1ithium oxides. Therefcre, an approximate value of K $,T, in Li,0 can be
determined from Equation (A.2). At an averzze edze temperature of 800 °K,

the Sieverts' Constant for LiZO is approximaisly:
-3

K .. o~ 1.97 x107F @ —S==Tp

sy Liz0 en® atm?

Substitution of this value and other STARFIR=-Interim system parameters
into the.steady—state equation for the surfacs concentration due to solu~
bility, Equation (2.40) yields:

(M

S. RT
pg v (3.12)
Cé01(33>

ng 6 x 104 STz

4,06 x 107°  ci/ezd

Since C! (SS) « <C(r,SS)> , the solubility =ffects in this case are
practically negigible. One must wonder how zccurately the only other
source of data for T2 vapor pressure over LiZO, describes the solubility
effects, Clearly, a definitive value for the Sieverts' Constant of tri-

tium in LiZO, preferably as a function of temrsrature, must be obtained

o

in order to more accurately determine the iriiiun inventory in breeder
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pellets.
3.2.3 Steady-State System Values

It has already been shown that the btreeder inventory reaches its
steady-state value of 4.48 kg in approximately 1.3 x 106 sec when the

following expression was used for the solubility of tritium in Li,O:

2

csol(t) = »299/5 x 1072 28 [8.017 + log Ppg(t)} (3.13)

The steady-state purge gas concentration is given by:

C;g(SS) = (3.14)

S
“pg
which iranslates into 4.U6 x 107 Ci/em® for the STARFIRE-Interim
Design parameters, or equivalently, a steady-state tritium partial
pressure in the purge gas of 0.323 torr. NMultiplying cpg(ss) by the
" purge gas volume, the steady-state tritium inventory in the purge gas
is only 3.22 x 102 gn (3.22 x 10% ci).

The steady-state helium coolant tritium concentration is given by
Equation (2.71) taken from Chapter 2:

0 (55) = o Ce(88) (3.15)

Substitution of the STARFIRE-Interim paremeters into Equation (3.15) gives
a steady-state coolant concentration of 4.45 x 10-4 Ci/em®, or because of
3 torr (4.1 atm) of tri-

tium gas partial pressure (at an average temperature of 400 OC). This is

the large coolant volume, an equivalent 3.113 x 10

very nearly the same number as for the steady-state purge gas concentra-
tion., One would expect the coolant concentration %o be almost equal to
that of the purge gas, because the resistance offered by the breeder tube
metal andVCPrresponding film barriers, is so small (Rpgc“v 5x 10—3

sec/cn®),
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The time cénstant for the coolant system is on the order of 118
days in response to a significant purge gas concentration. But the
purge gas itself does not reach its firal concentration value until
approximately 18 days (same as the time for the breeder pellets to
reach a steady-state concentration). Therefore the coolant does no:
contain its steady-state inventory of 83 grams until ~ 136 days froz

start-up of the reactor's full power.

- S

When a steady-state tritium concentration is reached in the cool-
ant, the corresponding steady-state tritium losses from the coolant

piping azre

JHPL(ss) = 78.11 cCi/day

from the "hot" leg segment, and
JCPL(ss) = 3,23 Ci/day

from the "cold" leg segment. These leakages to the tuilding contain-
ment are quite large and could be a considerable load on the tritiun
recovery system not to mention, a hazard for the personnel working rear
the helium transport system components.

The steady-state tritium leakage from the coolant through the heat

exchanger and into the steam system is

_ ‘ 4 . /s
JHXL(SS) = 1.832x 10 ci/day

It has already been stated that any tritium in the steam system will
eventually find its way to the envirormment. Thus, a 104 Ci loss to the
environment 1s quite unacceptable according to most standards. Without
changing any STARFIRE-Interim dimensions or compositions (e.g., metal
type or thickness) it is possible to reduce this leakage rate by inire-
ducing oxygen into the coolant loop. This will effectively limit the
(high) tritium partial pressure in the coolant, which is the driving
force behind tritium permeation through the heat exchanger. The effscts

of adding oxygen to the helium coolant are examined in the next section.
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3.2.4 Addition of Oxygen to the Helium Coolant

Since by far the leakage through the steam generator constitutes
the largest tritium leakage rate from the fusion plant systems, it will
be exploited for determining how much oxygen should te introduced’in£o
the helium coolant. Assuming the maximum allowable release rate to the
environment is set at 0.1 Ci/day*, the corresponding maximum coolant

concentration is:

cc,ma.x = HXL JHXL max(ss)

10

= 4,05 x 10~ ci/cm®

The "corrected" tritium inventory (I (SS)) and partial pressure (P' (SS))
in the coolant would therefore be 7. 5 x 107 -5 gms and 2.83 x 10~ 3 torr
(3.7 x 107 -6 atm)

The equilitrium constant for the reaction T, + %02 == 7,0 is,given
as a function of temperature in Appendix D. At the "hot” helium temper-
ature of 500 °C (oxygen would be added in the "hot" leg of the coolant,
in front of the heat exchanger) the value for the equilibrium constant

1
012 torr™%., Since the equilibrium constant is rather large,

is 3 x 1
inclusion of a catalyst to make the reaction of Equation (2.75) reach
equilivrium faster is unnecessary. From Equation (2.873) of Chapter 2, the
necessary oxygen pressure to keep the tritium partial pressure in the

coolant down to an acceptatle level, is

IC(SS) 1

- t
0 IC(SS) KTZO

= 1.3%x 1070 torr (3.16)

+d
|

Acceptable operating conditions for a fusion power plant tased on tri-
tium release from fission power plants could include a total release
rate of ~ 1 Ci/day. Since the permeation rate into the steam system

could account for as much as 50 % of the release rate (53), and without
calculating other means of tritium release to the enviromment (solid
wastes, etc.), a conservative value for JHKL na is set at 0.1 Ci/day.
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This small amount of oxygen added to the high pressure helium
(3.8 % 10& torr) would keep the tritium relezse to the environment
down to 0.1 Ci/day. The other tritium current terms for lezkage from
the "hot" and "cold" piping respectively, are resduced to:

(ss) 7.1 x 1077 Ci/day

1
JypL
and

JéPL(SS) 2.9 x 1076 Ci/day _(3.17)

The total amount of tritium leaking from the piping system is only

7.4 x 10-5 Ci/day. The tritium recovery syster acting within the
primary containment boundary is assumed to bte atle to handle this

daily input. Losses of tritium through the reactor shield were thought
to be negigible. But, the tritium fuelling and processing piping sys-
tems have not been included and could be contributors to tritium leakage
to the containment building, on a comparable level with that for the

piping system carrying helium coclant,
3.2.5 Sensitivity Analysis

The various system parameters for the STARFIRE-Interim Design were
examined as to their effect on the coolant concentration and tritium loss
out the heat exchanger. These effects can be quantified by factors called
sensitivity coefficients (&) which are indiéaﬁors of the proportional
Achange in one result due to a'percentage change in an input parameter.

The value of the coolant concentration, for exazple, is a function of
many different yypes of system parameters (e.g., resistance of the "hot"
pipe segment) which, in turn, are dependent on the individual component
dimensions and properties. It is possible to represent mathematically,
the percentage change in a desired quantitiy by = dimensionless change in

one of its input parameters:

= 5 % X (3.18)
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The analytical method for determining these multiplying factors, a
(sensitivity coefficients), is given in Appendix E. The evaluation of
these coefficients depends on the original value of the system variables,
and hence those used in the transient permeation model are again used in
this sensitivity analysis.

Following the procedure outlined in Appendix E for the sensitivity
analysié of system variables, and using the values for the STARFIRE
design presented in Table 31, the following values were generated and
tatulated in Table 3-2 (patterned after Table E-1) and Table 33 (pat-
terned after Table E-2). The results of Tables 3-2 ard 33 are combined
to give the overall sensitivity coefficients for the STARFIRE-Interim
Design shown in Table 3-4 (patterned after Tatle E-3).

For the type of metals and flow parametexrs chosen for the STARFIRE-
Interim design, only a change in the dimensions of the heat exchanger,
or its operating temperature (which determines the diffusion coefficient,
DHX)’ will have a significant effect of reducing the tritium losses
to the enviromment. The sensitivity of the heat exchanger components is
almost linear; i.e., a 10% increase in the wall thickness will cause a

© 10% reduction in tritium lost through the heat exchanger. Thus one is

apt to conclude that the best way to attack the problem of tritium leak-
age from the heat exchanger is to adjust the parameters associated with
the heat exchanger's resistance, namely AHX’ XH}(’ and D}E{' This attempt,
coupled with the previous approach of adding oxygen to the coolanﬁ to
decrease the effective tritium gas partial pressure, should erable an
acceptable coolant system to be built within the 0.1 Ci/day tritium
release rate guidelines. - :

Tt should also be noted from Table 3-4 that the tritium concentra-
tion in the coclant and the leakage from the heat exchanger, are toth
quite insensitive to the helium film resistance - or more specifically -
the mass transfer coefficient, in any area of the design. This means
that there will be good communication between the tritium carried by the
helium gas and the channel walls, such that any chénges in the flow
regime or fluid parameters will have little effect on the concentration
at the surface. This is unfortunate because it means one less area is

available for fine-tuning the system for minimizing the tritium permea-
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Table 3-2

*
Resistance Sensitivity Coefficients for
STARFIRE-Interim

¢ (ss) J.7(SS)
CLS 1 1
o -1 | -1
Pg
: o« 1,74 x 1072 1.7 x 1079
Ryer,
v , “;z 1.24 x 10’8 -1.0004
HXL
a.g .22 % 1077 522 x 107F
CPL '
oo -4.39 x 1o'LlL -4.39 x 107
pgc
*Note: Specific sensitivity coefficients are explicitly defined in

Appendix E.
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Table 3-3
System Parameter Sensitivity Cocefficients for
STARFIRE-Interim .
Rymr e Rerr Roge
Qy -1 -1 -1 -1
o ~ 0 ~ 0 ~ 0 N.A.
/
oy ~ -1 ~ -1 ~ -1 -1
. ~ 1 ~ 1 ~ 1 ~ 1
a N.A. N.A. N.A x 0
%3 B
_ a;B N.A. N.A. N.A. ~ 0
Note: [.A. = Not applicable
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Table 3-4
Sensitivity Coefficients of CC(SS) and J;;'(T,(SS) for the

.Various System Parameters for the STARFTIRZ-Interim Design
y

Total Sensitiviiy Coefficients fer

System Parameter CC(SS) JHXL(SS)

S 1 1 *

) -1 -1 *

PE ’ -l -4

A L.39 x 10 4.39 x 10

D 4,39 x 107 4.39 x 107
=l -

X, -4.39 x 10 -4.39 x 10 b

h 0 0

oy

hy 0 0

A ~1.74 x 1077 1.7 x 1077

D ~1.74 x 1077 1.7 x 1072

Xp 1.74 x 1072 1.74 x 1077

bup 0 0

Ay -1.24 x 10°° 1.0004 *

Diry -1.24 x 10'8 ‘ 1.0004 *

Xy 1.24 x 10‘8 -1.0004 *

by 0 0

Aop -4.,22 x 10‘“ -4.,22 x 10'“

Dep -L4,22 x 10’“ -4,22 x 10'“

Xap L.22 % 10'4 422 x 10'“‘

Bop 0 0

*
Note: System parameters with a significexn< impact on tritium losses
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© tion from the bianket into the coolant system and outwards.

One must not neglect the obvious effect that changing the treeding
rate and the purge gas velumetric flow rate has on the value for Cc(SS)
and JHXL(SS)' In the case of generating more tritium per unit time,
there will necessarily be more tritium diffusing from the pellets and
hence more tritium available for permeation. If the purge gas flow
rate is increased, more tritium diffusing out of the pellets will be
swept away leaving a smaller steady-state purge gas concentration.

Since all the other steady-state values in the system down line from the
purge gas will be affected by altering the purge gas concentration, then
it is clear how significant a sensitivity of |1] , for the cc(ss) and

JHXL(SS) to S and ng, is in keeping with the specified design objective

of minimizing the tritium inventroy in the coolant.
3.3 Conclusions from the STARFIRE-Interim Case Study
3.3.1 Summary of Results

Based upon the limited information that was available for the solu~
bility of tritiﬁm in solid Liz0, the tritium inventory in all the breeder
pellets was calculated to be 4.48 kg. The time for the btreeder concentra-
tion to reach steady-state, T<C > which is ‘also the time for the purge
gas concentration to reach its %inal value, is approximately 18 days. The
purge gas inventory bullds up to 3.22 x 10—2 gm where it levels off due
to the-continuous extraction of the tritium gas after the purge gas leaves
the blanket, and is thus returned "clean" of all TZ' Since the time con-
stant for the coolant system was much longer than that for the purge gas
(118 days versus 18 days), the coolant effectively sees the stéady-state
purge gas concentration. As the coolant concentration itself reaches
steady-state, this simplificaiion becomes unimportant.

The "uncorrected" steady-state coolant inventory (meaning no tritium
conversion via oxygen addition to the helium coolant) is 83 grams which

leads to the unacceptable tritium leakage rates of:
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JHPL(SS) = 78,11 Ci/day
JHXL(ss) = 1.832 x 10" Ci/day (i.e., 1.8 gm/day)

JCPL(SS) = 3,23 Ci/day

from the "hot" pipe, heat exchanger and "cold" pipe, respectively. Since
the totél tritium leakage from the plant to the environment must be kept
below 1 Ci/day by most accounts, a maximum value of 0.1 Ci/day was set
for tritium losses from the heat exchanger since it communicates with
the atmosphere via the steam cycle. Tritium losses from the helium
Piping to the contaimment building are at least 90% recoverable by the
continuously-operating air detritiation system.

Without changing the choice of metal or any of the component dimen-
sions, the reduction in the coolant concentration corresponding to a value
13
torr of oxygen into the high-pressure helium coolant loop (the equivalent
of 1.7 x 10° cc/day). The corrected coolant inventory would therefore be

of 0,1 ¢i/day for JHXL(SS) was accomplished by introducing 1.3 x 107

7.5 % 10"5 gm, and losses from the helium piping system would total -

7.4 x 10"5 Ci/day——easily handled by the tritium recovery system. The
purge gs concentrafion and breeder inventory are, of course, left un-
affected. This small partial pressure of oxygen is thought not to be of
concern for any oxygen~related corrosion problems in the coolant loop, thus

would not be deleteriocus to the reactor system.

3.3.2 Comparison with Results from STARFIRE-Interim Report(a)

The design report cites a total tritium inventory of 2.55 kg on site,
This includes 1 kg in the breedér itself, and 250 gm in the tritium
recovery system. The rest of the tritium is held in storage or other parts
of the plant (for example: vacuum pumps, surge tank and fuel preparation
units) which were not included in this model. Therefore the only mean-
ingful comparisons to be made are for the inventories: Ib(SS) and

ng(SS). These are stated below:
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This Study STARFTRECS)
I,(ss) 4,48 kg 1 kg
I ’ . I
pe(5S) 0.03 gm 250 gn

The large difference in the values for the steady-state Dbreeder
inventories can probably be attributed to the solubility effects which
were included in this report but not in STARFIRZI-Interim. Their value
is even higher than the calculated value of <C(x,88)> (7.6 gn) which
is considered to be a measure of inventory due to diffusion only. Perhaps
the fact that neither the diffusion coefficient for Lizo nor its pellet
radius were specified by STARFERE(B), toth of which were needed to cal-
culate <c(r,88)> , would explain this discrepancy.

The #alue given for the tritium recovery system inventory (250 gm)
may be indeed more than that for just the purge ga2s system alone. STARFIRE
stated that the tritium (as T20) would e recovered either from the‘helium
purge stream, or the helium coolant. So, this iritium recovery system
inventory could be defined as including other systems than just the purge

stream,
3.3.3 Implication of Results

The various resistances to tritium permeation as defined in Chapter 3
and applied to STARFIRE-Interim were given in Tedle 3-1. A quick look at
these numbers shows that the resistance offered by the heat exchanger is
the smallest,‘which is expected due to iis large surface area and thin
walis operating at a relatively high temperature, Next-to~-the-smallest
resistance is that for the breeder tutes. Perhaps the fact that only a
0.15 cm thickness was used for the canisters wouldvmake the resistance so
low. Xm has to be kept relatively thin to allow for adequate heat trans-
fer from the breeder pellets inside to the heliun coolant flowing past on

=t -concentration to the

m

the outside. Since the sensitivity of the cocol

resistance of the breeder fuel metal (R C) is one of the largest (behind

p=y
o

O d

only S and ng), it may be worthwhile to invesiigzate the optimum thickness
and/or area (Am) with the tradeoff betwesn heat transfer and tritium per-

meation considerations bteing the majer fzclor,
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The resistanée offered by the "cold" pipe is much greater than that
for the "hot" pipe even though the thickness and surface area are the same
for both. What makes the difference then is either the value for the mass
transfer coefficient (hGP’hHP) of tritium within the helium coolant, or the
tritium diffusivity (DGP,DHP) in the pipe metal. From Table 31 it is ob-
vious that only the metal resistances were different, and thus their values
of D. One can exploit this fact by using a different type of metal for
the "hot" pipe which has a lower diffusivity at the hot operating temper-
ature — 500 oC, and thus making the pipe resistances almost equal.

In summary then, for the STARFIRE-Interim parameters the magnitudes

of the tritium permeation resistances are of the ordexr:

Ripr, < Rpgc « Rypr & Repr (3.19)

It is important to peint out that the fluid- and metal- contributions to
the total resistances in Equation (3.19) are far from equal. In fact, the
fluid resistances ( a 1/Ah) are several orders of magnitude less than the
metal resistances ( o X/AD). From the numbers given for these total
resistance components in Table 3-1, the ratio of fluid resistance to metal
10 45 107, The fact that the STARFTRE-Interin

tarameters yield negligible fluid-resistances cannot be overlooked. This

resistance ranges from 10

means, of course, the surface concentration in the metal walls will be
whatever is in equilibrium with the gas concentration. This relationship is
given by a Sieverts' Law for the tritium concentration in a metal in solu-

tion with a tritium partial pressure above the metal:

(3.20)

1
- 2
CT in metal Ks PT2 in gas

One cannot expect the flow regime to assist in keeping the tritium "off
the walls".

There are several other results of this case study which deserve to
be re-stated and more fully expanded upon than they were in the last sec-
tion. First, it has been shown that including solubility effects in the
calculation for the breeder inventory leads to significantly different

results., If data given for TZO vaDor pressure over sclid Li20 pelleis is




121

used to describe the thermodynamic equilidbrium, then the steady-state
inventory is ~ L.475 kg, If the value for the Sieverts' constant of
T2 in LiZO (which is the preferred approach) is apprqximated by that for
T2 in Zn0, then the inventory determined by solubility effects is only
2 x 10_3 g. Obviously, the solubility-inventory is quite important, and
a more accurate value for the Sieverts' constant of T2 in Li2Q is crucial
to determining the true breeder inventory. This has been shown to range
from several grams (7.6 gm) to several kilograms (4.48 kg) depending on
how the solulﬂlity effects are modelled. Although there has been consid-
eratle experimentél work done for determining diffusion-limited extraction
rates (see Appendix A, Figure A-1), and thus in determining tritium
diffusion coefficients, there is very little information concerning
Sieverts' cénstants. Values of Ks for T2 in the lithium-lead, and
lithium~alumirum alloys are quoted in Appendix A.3, while the approxima-
tion of Ks,Tg in Zno is used for the lithium aluminates and silicates.
For purposes of this study, an empirical value for KS of T2 in Lizo
would have been most helpful.

A second result of this STARFIRE case study was the surprisingly long

“time calculated for the breeder to reach its steady-state inventory

(t
<C
equaf to the leakage rate to the sweep gzas, then the purge gas reaches

its steady-state concentration in time ?<C S too. Assuming that process-
P

ing of the purge gas tritium does not Tecome economically feasible until

>z 18 days). Since the tritium generation rate would therefore be

the steady-state concentration has been reached, then approximately"an 18
day supply of tritium must be on hand when the reactor is brought,uﬁ to
full power in addition to the large start-up inventory. After the time
T<9‘>’ the breeding ratlio of greater than one assures fhaﬁ the tritium in
theppurge gas (and if need be, a bypass flow of the helium coolant) will
be sufficient to refuel the reactor afier passing through the processing
unit,

Although a maximum breeder tritium inventory of L.48 kg may be
acceptable from the point of view of a2 potential radiological hazard, the
fact that an 18 day supply (e.g., 9 kg) must always be kept on site when-

ever the plant is to begin start-up operations is not in keeping with the
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stated design objective of minimizing tritium storage. Careful examina-
tion of the simultaneous effects of solubility- and diffusion- limited

inventory is necessary in order to decrease the time constant T<g.>
to an acceptable value from fuel reprocessing cénsiderations. g

The third and last result of particular interest is that the response
time for the coolant system is very long - on the order of 118 days.
Together with the time to reach the steady-state concentratidn for the
purge gas, the effective time constant of the coolant system is approx-
imately 136 days. If the scheduled down-time for the fusion reactor is
one month every year, then the plant is expected to be operating at its
steady-state concentration values for approximately 194 days a year.

This implies 2 minimum tritium leakage to the environment of 19.l4 Curies
for every year of operation.

Since it takes so long for the cooiant to reach steady-state, perhaps
the addition of oxygen to the coolant can be delayed until the tritium
partial pressure reaches a value corresponding to a leakage from the heat
exchanger of 0.1 Ci/day (i.e., .05 x 10710 ¢i/cn’). From Equation (2.70)
this time is 9 sec. Obviously, the oxygen must be part of the helium
.coolant system right from reactor start-up, or soon thereafter, before the
purge gas concentiation reaches steady-state.

The preceding analyses of the tritium inventory in the breeder, using
STARFIRE-Interim system parameters, was expanded to four other lithium
solids so as to ascertain the implication of the choice of solid breeder
on the amount of tritium in the breeder. Since both the operating temper-
ature and the pellet size are important design specifications when consid-
ering an alternative breeding compound, these parameters were varied for
all the lithium compounds considered: LiZO, LiAlOZ, LiZSiOs, LiAl and
Li7Pb2 and their effect on the tritium concentration was noted. The
results for the effect of temperature on the tritium inventory is given
in Table 35; the effect of pellet radius in Tatble 3-6. All STARFIRE
system parameters were used in the calculations, except for the changes in
property values (Db and KS) which are taken from Appendix A.

The results indicate that in general, as the operating temperaiure
increases, the amount of tritium that is diffusively held up decreases,

while the amount that is dissolved in the breeder pellets (assuming the
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purge gas characteristics remain the sazms) irzcrezses, A larger pellet
radius implies a larger diffusion paih-lesnz:ih which translates into a
larger diffusion-related inventory, zui 72s zo =ffect on the steady-
state solubility concentration. Assuzing <ns source of property data
is reasomably accurate, the breeder irvenicr; czn decrease as much as

thirty-fold (L17P 2) for a 200 °C rise ir czsmeiinz temperature. However,

the pellet radius has an even more drerzaiic effsct on the inventory:

increasing the pellet radius from 1 I %o 1C. 2 czxn increase the breeder
inventory by more than three orders of magzi*udss, This brief aralysis
has shown how critical the choice of ocperztinz temperature and pellet
radius can be on the final value of *hs oresdexr tritium ilnventory.

Under the same operating conditiors, 1ithiuz oxide has been shown to
exhibit the highest tritium inventory of 211 the other lithium compounds.,
Its tritium diffusivity is very low zs well zs iis equilibrium tritium
vapor pressure. Both of these contrituls *to 2 rzther large tritium

inventory for Li 0. Unless the other desizz considerzations (among them,

2

neutronic and heat transfer capabilities) zr2 overwnelmingly in its favor,
1

the use of 1Li,0 as a breeder is seriously challernzed.

2
A comparison can be made between the resulis calculated from the

permeation model as given in Table 3-35 for 1:iA10, and those for the
breeder tritium inventory in the STARFIRZ-Tizzl Design(l?) which used

lithium aluminate as the breeding agen:. wWithout corsidering any advexrse
radiation effects on the tritium behavior iz the sclid blanket, the
estimates of the diffusive and solubiliiy irzvsniories Were given as
0.14 kg and 8 kg respectively. These azrs cozsidsrably larger than their
counterparts in Table 3-5. A brief exzlzzziion of ithnese differences is
in order since it requires the comparison c¢Z ths system parameters and
assumptions that went into the calculztion of thsse inventories.

The diffusive inventory will be corsidered first. In the STARFIRE

. 1 . . S .
De51gn<‘?>, it was assumed that the rzdfus of ithe grzin is the character-

istic diffusion path length, and thus 2 v2lus for r in the steady-state
diffusion-related component to the "pellet" iritiunm concentration:
s 2 |
b r
<c(r,88)> = o, 13 (3.21)

b
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was set equal to the grain radius (r_~ 1l n (10'1'V cm)). A pellet radius
of 10—3 cm was used in the calculatifns of the diffusive concentration in
Table 3-5. The tritium source term for STARFIRZ-Final is 62.5 Ci/sec;

for STARFIRE-Interim, it was 57.64 Ci/sec. STARFIRE-Final also specifies
a breeder operating temperature of 500 - 850 °c. & diffusive inventory of
140 gm corresponds to an "average" temperature of 617 ?C when their equa-

tion for the tritium diffusivity is used:

(cm®/sec) = 3.26 exp - [:%%%%} '(3.22)

| D
This relationship for the hydrogen diffusivity in A1203 was used to
represent the tritium diffusivity in LiAlOZ. At 617 OC, the diffusivity

' is only 3 x 161u cmz/sec, which is not surprising since the compound

| A1203 has Been considered a potential permezilon tarrier for use as a
ceramic coating on metals (see Section 2.3.4.4). An experimentally-
determined value of Db for tritium in LiAlO2 is found in Figure A-1 for
particle diameters in the range 0.05 - 0.15 mx.

Since the diffusive inventory is given by

. S8z
Taier = D, 13 (3.23)
the STARFIRE-Final Design system parameters give:
' -3 -l
. 10 10
Tairr (617 °¢) = 222X _14( Y o
3 x 10 © 15
=140 g (3.24)

The permeation model using STARFIRE-Interim systenm parameters and Figure
A-1 property data give for the diffusive inventory:
1072 (1079)2

1070 15

gm

0.\ _ 5.764% x
Tasrr (650 "¢) = «

5

(3.25)

I
(@]
O~

ﬂt)
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The discrepancy 1s therefore traced =mck to the values chosen for the

following:
-%— = 3,33 x 10° (3.264)
® ! sarFTRE
i = 1.67 x 10° (3.268)
E model

A smaller diffusion path length terds to offse: ihe use of a smaller diff-
usion coefficient in STARFIRE, but the coxbinad effect is to substantially
increase the diffusive inventory over that czlculated from the permeation
model,

The system parameters that were izncluded ir the solubility inventory
calculation will be considered next. In 4re STARFIRE Design it was
assumed that the tritium btred in the blarks: is of the form TZO and that
a "reasonable value for the average T.,0 pressure in the blanket is ~ 130
Pa (1 torr)"(17). For an ideal solution of LiOT and A1203
with LiAlO2 and T20, the amount of tritium dissolved in the solid LiA102

. (This is higher than

in equilibrium

i
is 13 wppm at a temperature of 1000 °x (727
the average breeder temperature used in thelr diffusive inventory calcula-
tions.,) For a breeder blanket inventory of £.2% x 102 kg of LiAl0,, the
calculated tritium solubility inventory is 2 %z early in the bl;nket 1life.

Following the method described in Secticn 2.4 for the permeation

model's calculation of the Solubility inventory, the value of the Sieverts'
Constant (from Equation (A.2)) is 2.04 x 1072 en®-To/cm® atm% at a breeder
temperature of 1000 k. Using the egquatiozn for the stéady—state solubility

concentration, Equation (2.40),

{ S R Tu— ]
c_.(ss) = = X (3.27)
sol 6 x 1OA 3 S
DE
and STARFIRE-Interim system values: T__ = £98 °x, ng =1,3x 107 cm®/sec,
the corresponding weight fraction of triziig dissolved in LiAlO2 is found
Z 5

to be 0.02 wppm. For a total mass of 5.28 x 10”7 kz (STARFIRE-Interin
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value: nm, = 107 gn), the solubility inventory would be 13 gm.

The discrepancy in solubility inventory calculations is due to the
choice in representation of the solubility effecis. In the STARFIRE
Design, it was assumed that a rather large 7T O rartial pressure in the
blanket (1 torr) gave rise to a substantial dlasolved tritium fraction
(13 wppm) in the breeder by meking several estinates concerning the
activity coefficient, equilibrium constant and the lithium burn-up rate.
Although the cazlculated steady- state tritiwm gas ( 2) partial pressure in
the purge gas is lower (0.3 torr) for the permeation model, it also makes
the approximation of using the hydrogen solubility constant in Zn0 as the
tritium solubility in LiAlOz. This approxiration caused the solubility
contritution to the inventory to be quite sr2ll (2gain) in the case of
the permeation model.

Specification of the T.O partial pressure in the olanket as ~ 1 torr

2 _

(versus P ~0.3 torr in STARFIRE-Interim) is not consistent with the
2

other specification made in the STARFIRE-Firal Dazsign - that being the

purge gas volumetric flow rate equal to 1 x 107 cms/sec (versus

'QP ~ 1.3 x 105 cm®/sec used in STARFIRE-Interinm calculatlons, corres-

ponding to up 1 ft/sec). Since the purge gas channel diameters are

the sane (2 mm) and if the number of channels were approximately the same
this would imply that the helium velocity in the STARFIRE Design is greater
than the 1 ft/sec suggested limit. Such a high flow velocity could lead
to significant purge gas pumping requirements. '

Although the effect of radiation on the breeder is difficult to quan-
tify, it can ke anticipated(l?) that the diffusive inventory could be in-
creased as mich as three orders of magnitude due to tritium trapping in
the pellets. Radiation sintering and the resulting fusion of pellets to-
gether could increase the tritium gas pressure over the solid by two orders
of magnitude. Since C l(SS) o P ," this neans the solubility concentra-
tion would increase one order of magnitude. £ the solubility is already
a major contritutor to the tritium inventory, thes incluslon of radiation

effects would substantially increase the total oreeder inventory.
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Irrespective of the potentially laxrze triiium inventory contritution
due to radiation-induced trapping (which increzses the diffusive hold-up)
and radiation-enhanced sintering (which leads <o a higher equilibrium
tritium vapor pressure, thus increasing the azount of tritium in solution),
both of which were taken into account in the STARFIRE-Final Design Report,
the inclusion of a temperature gradient in the treeder material perhaps
led to the much larger inventory value guoted in the STARFIRE Report,
compared with the present model's predictions (zef. Table 3-5). Since
the temperature dependency of both the diffusion coefficient Db’ and the
solubllity constant KS’ are non-linear, it may no: e appropriate to cal-
culate the total breeder tritium inventory teseé on one (average) tempera-
ture, For the case of a LiAlO2 breeder in the STARFIRE-Final Design,

", . . about 90% of the tritium inventory (was) located in the coldest
10% of the blanket, i.e., those regions telow 3550 OC.”(17) I% can be
anticipated that the representation of the eniire breeder zone by a single
temperature could seriously underestimate the *riiium inventory. In Table
3-5, it was shown that for any particular littium compound, the breeder
inventory increases at lower operating *emperziures. A more structured
approach to the calculation of the tritium inveniory for the range of
operating temperafures existing in the dlarke® is z straightforward exten-
sion of the present model and will be further discussed in the Recommenda-

tions Section 5.2.1.
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CHAPTER 4  EFFECTIVE TRITIUM PERMEATION RESISTANCE OF A COOLANT/METAL
COMBINATION

| Amid the speculation”brought about by tritii:z transport studies(9’5o)
involving fluid carriers, one interesting and votentially significant fact
concerning tritium behavior in fluids is their e%ility to act as permea-~
tion barriers in conjunction with the metal resisiance. The possibility
that the fluld resistance dominates that affordel by the metal is worthy
of further study because of the implication with regard to fusion reéctor
heat transfer system design. Studies, such as those undertaken by
Johnson(éé)

ants were examined to obtain an optimum combirztion with respect to several

and Fraas(67) in which candidate Wlznket materials and cool-

operational design parameters, would have to te expanded to include the
. tritium transport properties of poszitle reacicr Zluids in order to take
full advantage of this effect.

In the following two sections the tritium rermeation resistance of
a coolant and metal in series will be Investigated. Seétion 4,1 describes
the mechanics of tritium behavior in toth fluids znd metals. The method
of comparing their resistances to tritium diffusicn is given in terms of
calculating fluid- and metal- limited (tritiun) tartial pressure regimes.
The analysis presented herein is then applied to the GA FRM designCli) and
the ANL STARFIRE-Interim Design(8) tased on theixr specified steady-state
operating conditions. The effect of includinz t=e coolant (helium gas)
resistance to tritium permeation on the amoun: of the fractiomal clean-up
is examined for the GA FRM design. The resultis for STARFIRE are compared
to the relative importance of fluid resistances in the overall system
design already determined from the transient permsation model (ref.
Table 3-1)..

4.1 Characterization

The major tritium loss pathway to the environment is taken to be the

permeation losses from the primary coolant systen through the heat exchang-
Vo)
oc

er to the steam cycle where, for econonic reasons( >, the power conversion

system (ref. Figure 2-1) is vented to the open zimosphers. The analysis of
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fluid and metal resistance to tritium diffusion as part of this pathway is
necessarily focused on tritium behavior inside the heat exchanger (or
equivalently, steam generator). The prelimirary work done by Zarchy and

(9)

Axtmann in this area is used as an outline for the extended investiga-
tion presented in this chapter.

The permeation rate of tritium through the heat transfer metal thick-
ness inside the heat exchanger is the overall rate of transfer of the per-
meating species (TZ) from the bulk fluid on the upstream side of the tar-
rier (helium coolant) to the bulk fluid on the downstream side (water/
steam). Because this is a multistep process, the overall rate is deter-

mined by the slowest step in the series. Since each process is a function

‘of the tritium partial pressure and system temperature, it should be pos-

sitle to .identify certain operating regimes where each process is dominant.
The two possible rate limiting processes: metal-limited and fluid-limited

tritium transport, are described inh the following subsections.
L4,1,1 Tritium Permeation Through Metals

The tritium permeation rate through metals is assumed to be governed

by Richardson's EQuation:

l—* mlv

] (4.1)

[ mlnA

- A
Jmetal Tox X (T ) [

where P, = tritiun gas (TZ) partial pressurs on one side of the metal
‘tarrier
P, = tritium gas (Tz) partial pressure on the other side of the

metal thickness

This assumption has already been challenged in Section 2.3.4 where it was
shown that at low tritium partial pressure, the permeation rate is propor-
tional to the linear power of the tritium pressure.- This phenomenon occurs
regardless of the presence of an oxide film layer because in the ultimate
low pressure limit, dlSSOC’athe chemisorpticn is the rate limiting process

which is inherently first power (ref. Figure 2-14), The possibility of =h
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metal permeation rate being proportional to the first power of the pressuxe

may be of consequence when comparing it with the fluid-limited permeation

at low pressures. However, the proportionalitiy factors used in

Richardson's Equation are well documented as bpposed to those that might

be derived for a linear pressure dependent metzl permeation equation.*
Assuming negligible downstream concentration (in the water cycle) then

Equation (4.1) becomes

_ A 3 (s
Tnetal ~ x Kp(TM> 51 - (&.3)

This equation will be used as the tasis for 2ll calculations in this chap-
ter concerning permeation through metals.
4,1.2 Tritium Transport Through Fluids

The diffusive transport of tritium through a fluid (e.g., the helium
coolant) is given by the following general expression '

Jersq = AN l_ci - CZJ | (4.%)

where Jﬂuid = rate of diffusion of tritium through the fluid

h = mass transfer coefficient for tritium in that fluid
A = area of transfer normal to flow

C1 = concéntration of tritium in tulk fluid

02 = concentration of tritium at the metal wall

* L1
Kuehler and Axtmamn( ) have obtained the following form of the permea-
tion rate through metals at low driving Dressures:

L R )
J .= + 5 (7, - 2,) (L.2)
metals [kads K ds 1 1 2
1 2=
vhere kads represents the number of molecules striking the suxrface per

urit area, which includes a prorabllity function of whether the mole-~
cules will dissoclate and chemisorb as atonms.
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If the resistance to mass transfer is assumed to be only that of the

*
fluid , then C., approaches zero, and

2

J = A4 h C | (&.5)

fluid

The mass transfer coefficient is related to the mass transfer equivalent

of the Nusselt Number, which is called the Sherwood Number:

_n 4 ~
Sh = ‘5ETT;5 (4.6)

where d = characteristic length for mass transport (e.g.,
diameter of heat exchanger tutes)
DG(TF)’= tritium diffusivity in fluid as a function of the

fluid temperature

(69,70)

Zarchy and Axtmanﬁ(g) used the following Gilliland coorelation for

turbulent flow inside round tubes to relate the Sherwood Number to the flow

paraneters:
1 .
Sh = 0.023.Re0'8 5c‘/3 (4.7)
_ud
where Re = Reynolds Number = =Y
Sc = Schmidt Number = -
Dq

For fluids like gaseous helium that dissolve tritium as molecules (Ts),

(71)’

the tritium concentration can be expressed in terms of Henry's Law

C = KH(TF) T (4.8)

where K}{= Henry's Law constant for tritium in the fluid
P = tritium partial pressure in the fluid

* 3 3 3 .
This assumption is valid when considering fluid-limited transport.
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Substituting Equations (4.6), (4.7) ard (4.8) into (4.5), the following

expression for the tranport of tritium in the fluid is given by:

i

A 0.8 o.1/3 '
T etuid DG(TF) KH(TF) 0.023 Re Sc P (4.9)

4.1.3 Determination of Rate-Limiting Step

Since the permeation through metzls is provortional to the square
root of the driving pressure (ref. Equation (4.3)) and transport through
fluids is proportional to the first power of the pressure (ref. Equation
(4.9)), it can be shown that at some low operating pressure, the overall
permeation rate would be limited by that in the coolant. To determine the
regimes in which each process is domina;t; it is proposed to set the two
permeation fluxes (= J/A) equal as indeed <hey would be at the cooclant/
metal interface in steady-state, and solve for the corresponding tritium
partial pressure. Equating Equations (4.3} and (4.9), and defining the
- pressure at which the transition from fluid-lirited to metal-limited per-

meation as PT, the result is:

a K (Ty) 2 '
PT - [ /3 } : (4.10)

x K (T ) D (T ) 0.023 26’

j - Assuming that the fluid and metal are in thsrmal equilibrium, theﬁ

TF = TM = T. A plot of PT versus temperature is given in Figure L4-1 where
UWMAK-II system parameters are used in Equatior (4.10) in conjunction with
the coorelations suggested by Zarchy and Axt:a::(g) whlch are repeated
here in Table 4-1,

It is apparent that if the tritium partial pressure in the primary
coolant loop falls in the range of PT or lower, z careful look at the
limitations to tritium transport afforded bty the helium doolant might
yield helpful results. t is possibie that 2 higher tritium partial
Pressure could be maintained in the coolar: without going above a ceruéin

maximum allowed leakage rate to the envirorment, if the resistance offered
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Table 4-1
Physical Property Data for Use in Equation (4.10)

Fluid Helium Coolant @ 50 atm Ref. (10)
THX Tube Material Incoloy 800 Ref. (10) .
Permeabilitya
0 kg 1 -5
KP mday Ta? 5.63 x 10 Ref. (72)
QP kJ /mol 67.41 Ref. (72)
Viscosity
p(TF) Pa sec [113 +0.33 TF(OK)] x 1077 Ref. (73)
Diffusivity _
5 {TF(OK)}1'5 p
DG(TF) cn?/sec 0.012 773 Ref. (69)
Henry's Constant
(ideal gas) L
kg 7.21 x 10~
KH(TF) m°Pa T_(°K) o

Note: a - Arrhenius form of the permeability is used:

-— O - —
KP (TM) = KP exp (QP/RTM)

b - Not given in report (Ref. (9))
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by the coolant is considered.
4.2 Application of Fluid/Metal-Limited Permeation Model

The possibility of operating in the helium (fluid)-limited permeation
region in Figure 4-1 is examined for the cases of General Atomic's Field-
Reversed Mirror Fusion Reactor (FRM)<11) ard ANL'S STARFIRE Tokamak Reactor
Design(8). It must be understood that the permeation model developed in
the preceding section can only be applied to the steady-state operating
conditions of the fusion reactor designs. The time to reach a steady-state
tritium concentration profile throughout the reactor system is not consid-
ered by this medel.

L,2.1 GA FRM

A brief description of the Field-Reversed Mirror Fusion Reactor pre-

liminary design is given in Appendix G. The system parameters presented

in that appendix are used as input to the transport-limited model developed

in Section 4,1,
L.2.1.1 Results of Steady-State Fluid/Metal-Limited Permeation Model

The transport of tritium in the helium coolant inside the mainsiream

generator is given by Equation (4.9) in conjunction with the input para-

. meters determined in Appendix G for the GA FRM. Substituting the necessary

values of Table G-2 into Equation (4.9) and a total surface area eqﬁal to

282.9 n®, the specific equation for J (= JF) becomes:

fAuid

-1 N .
Jo = 1.815x 10 P, (Pa) (kg/day) (4.11)
Similarly, the permeation of tritium through the neial of the steam gener-

ator from the helium coolant into the steam cycle is given by Equation (4.3)

in conjunction with the system values taken from Table G-2. The metal per-

meation equation for the GA FRM steam generator is thus:
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J. = 4.637x10‘5 P

y (22)? (refaay)  (b.12)

-+ o]+

A plot of the two medium-limited transport equations JF and JM is given in
Figure 4-2. It is evident that at low tritium partial pressure in the
cocolant transport through the fluid is rate-limiting. At higher pressures,
the tritium transport is given by the permeation through the metal. The
pressure at which the transition between fluid-limited and metal-limited
transport occurs is given by Equation (4.10). The value of‘PT is obtained
upon substitution of the GA FRM system parameters and/or a visual inspec-
tion of Figure 4-2. The result is:

8 : - (4.13)

PT ~ 6.5x 10 . Pa

4,2.1.2 Comparison of Results with GA FRM Report(ll)

The GA FRM preliminary design report only considered the permeation
resistance offered by the metal of the steam generator when determining
the maximum allowable tritium inventory in the helium coolant correspond-
ing to a maximum tritium release rate to the enviromment. The metal per-
meation equation used for this calculation is given by (Equation (3.8) of
Ref. (11)):

1.0 .
R = 2.15 [%5] (uCi/hr) (4.14)
where the units of the tritium partial pressure are pCi/std—ma. Equation

(L.14) can be restated in terms of the ‘gaseous tritium inventory of the

coolant by making use of the ideal gas law:

pV=nRT . (L.15)

where V = helium loop volume (= 16 m® from Table G-1)

T = average helium temperature (= 710 %k from Table G-1)

The tritium release rate as a function of the helium loop tritium inventory
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I (in Curies) is thus:

R = 1.4 x 1072 I (ci/dzay) (4.16)

Assuming the fusion reactor is operating in steady-state, the GA FRM
report then goes on to equate the production of tritium in the breeding
material (S) with the tritium clean-up and tritium loss through the steam

generator:

— ) —2 E 1 1
s=I f + 1.4 x 10 I, (ci/day) (Lf17)

where fc is the helium clean-up system flow rzte in inventories per day.
The source term for a FRM blanket tritium breeding ratio of 1.03 is

6.2 x 104 Ci/day. The report chose 0.13 Ci/day as the maximum allowable
tritium release rate. - Thus, from Equation (4.16) the tritium inventory
must be kept below 9.3 Ci in order to keep within the allowable release to
cymax = 93 Ciand 8 = 6.2 x 107 ¢i/day
into BEquation (4.17), the required clean-up rate is 6.7 x 103 inventories/
day. Since there are 54.7 kg in the helium Wooo (= v P(?lo °%)) this
corresponds to a clean—up flow rate of 1.5 % TO kc/hr The total helium
flow rate is 26.3 kg/sec given in Table G-1. 1 s the clean-up is approx-

the enviromment. Substituting I

imately 16% of the main helium loop flow rate.
The effect on the clean-up rate deduced by GA by using the results of

- Section 4.2.1.1 are now discussed. Equations (&.11) and (4.12) must first

’»\

be put in the form of Equation (4.16)., Using the helium average tempera-
ture of 710 °K, the ideal gas law gives:

The actual figure given in the GA FRM Report (11) is approximately 12%
of the main helium flow rate. The value for the clean-up rate (6.7 x 103
inventories/day) is the same as that quoted abové, The discrepancy is
due to the value of P used in the calculation. The value for the density
was not specified in the design report so it was calculated from the data
Presented in Appendix C. That value is given in Table G-2 of Appendix G,
and is consistently used throughout this ccomrarison between the GA FRM
results and that calculated from the mcdel of Section 4.1,
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= 3.9 x 107 T_ (c1) (ci/aay) (4.184)

1
T, = 2.15 x 100 12 (c1) (ci/day) (4.18B)

M
With a2 maximum release rate of 0.13 Ci/day as stipulated by the deéign
report, the corresponding maximum allowable tritium inventories in the

coolant are:

|

Ic,maxF 3.3 x 1000 1 | (t.198)

3.7 x 1072 ¢i (4.198)

]

I
CymRXy,

Both of these are a lot less than the previously reported 9.3 Ci inventory,
ard will necessarily adversely affect the clean-up rate, Following the
same procedure as that used by GA, and the sane value for the source term,

the clean-up flow rates are found to be:

wy = .2 x 107 kg/hr (4.204)

= 3.6 x 10° kg/hr (4,20B)

Since the required clean-up flow rates are much zreater than the main
helium flow rate itself (~ 9.5 x 10" kg/hr) this analysis proves the
tritium inventory cannot be kept at an acceptable level using only the rud-
imentary permeation barriers offered by the helium fluld and metal resist-~
- ances. A possible explanation for the wide a_c¢s*ee1ent between the GA
results, namely that a 12% by—pass flow is all z:at is required to keep
tritium releases below 0.13 Ci/day, and the rssulis of this permeation
model, that no amount of clean-up can keep thes rsleases below 0.13 ci/day
‘without the use of some sort of auxiliary permeation tarrier, is given in
Section 4.2.1.3.

The GA FRM report also includes the addition of oxygen to the main
helium loop as a means of reducing the requirsd clezn-up flow rate below
their Drev1ously calculated 6.7 x 103 nventorles/day. The tritium inven-

tory in the coolant was assumed to be 0.15 zm, equal to that in the solid.

An oxygen partial pressure of 1072 torr (1.3 P2) would make most of this
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tritium be pvesent in the form of T O due 0 a large value of the equili-

brium constan* for the reaction T + 3 02 TZO' The partial pressure of
tritium (TZ) in the helium coolanu in wnich
is now 1.24 x 10™2 torr (1.7 x 107 -10

driving force for tritium losses to the environment. The partial pressure

this much oxygen has been added

Pa). This partial pressure is the

of TZO present in the system, although nigh (10.35 Pa), is inconsequential
for release considerations since TZO is assumed to be a non-permeating
species.

With P, equal to 1.7 x 10710 Pa, the tritium partial pressure falls
below that of the transition pressure (= 6.5 x 8 Pa). Thus the addition
of oxygen to the helium loop has placed the system in a regime where the
fluid is the rate-limiting step to tritium transport. The implications of
this result are given in the next section.

Without the added effect of the preserce of oxygen, the tritium

i

partial pressure would have been 9.1 x 10 a (corresponding to the tri-
tium inventory of 9.3 Ci). This would have placed the system in a regime
where permeation was metal-limited as was zssumed by GA in the beginning.
But, of course, this assumption was viial for the determination of the
tritium partial pressure. It 1s as though their final answer Justified
their original assumption., Although ths clean-up rate does not seem to
benefit from the inclusion of the fluid resistance (ref. Equation (&4.204)),
the fact that GA's results wifh thelr metal permeation equation is so dif-
ferent from the resultis (ref. Equation (4.203)) obtained with the metal
permeation equation of Section 4.1 (xef, Equation (L4.3)) deserves special

‘attention. This problem is addressed in the following Section 4.2.1.3.
L,2,1.3 Conclusions

There are two reasons for the discrerpancy for the tritium losses due

to permeation through metals between the C& FRIM Report and that calculated

[N

1
The design report uses a value of 5.3 x 10 1 torr ¢ for the ea817lorﬂu1
constanb, which was calculated al 2 systen temperature of 525 C

(798 °K). This is not the same temperaiuve “used for the average helium
temperature in the permeation equa*ions,
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1

from the model presented in Section 4.1: the first is the expression for
the tritium permea®bility in Incoloy 800, and the second is the pressure
dependency of the permeation rate.

Regarding the Tirst reason, the GA FRM Report states(:l) tmat the

permeation of tritium through oxide-covered Incoloy 800 is "descrited by"

e e £ e

B(1) = 93.1 exp - | 2ELEI0 (uCi/n®) (k.21)
at a pressure of 600 uCi/std—ma. Although 2(T) does not have units of
permeability, it is possible to compare a "quasi" permeation coefficient

(9)

from their report with that used by Zarchy and Axtmann and subsequently

used in Equation (4.3):

| 1 3 |
KP(T) = 5,63 x 10 5(—————5—1) [Q—%—’iﬂ*] (L.22)

mdayPa?

t a common pressure of 600 pci/sta-m® (2. B x 1077 Pa) and temperauure
of 798 K, the permeation coefficients from the GA FRIU Renorﬁ and the
model are thus 6.1 x 107 -2 LCi-mm/m3-hr and 3.88 x 103 uCi-mm/m3-
respectively. Thus, the GA report relied upon a2 much lower (5 orders of
magnitude) permeability than the present model did in using Bquation
(ﬁ 22). This would account for a much lower iritium release value for
permeatlon through the metal. The lower permeabllity is attributed to GA's
assumption of an oxide-coated metal for use in the steam generator. This
has already been shown (in Section 2.3.4) to be an effective permeation
tarrier in steady-staie after the oxide layer has teen formed in situ by
steam' oxidation.

The second reason for the discrerancy in the effectiveness of the

metal barrier is that the GA FRM design report assumed a linear dependency
on pressure for the metal permeation rate, wnile the model assumed the ’

usual square-root power of the pressure. In the design report it was

% ’ .
Value taken from the first line of Tatle 2-1 in Ref. (11).
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stated that:

"The pressure dependence of tritium permeation can oe
approximated . o by P a DJ where y is 0.79 at 700 °c
and 1.04 at 400 °C. Since we will te extrapolating
. (the) data upward from 600 uci/m> (2.44 x 10° =5 Pa),
= 1.0 can be used as a conservative estipate.”

Their assumption is not really conservative because at pressures oelow
~ 10" -2 Pa, the pressure dependency returns to the square root (J o4 P2
for P = 1072 Pa) (37) where the defects (holes or cracks) in any surface
film (e.g., oxide coating) are rate-limiting. Only for extreme low.pres—
sures, where dissociative chemisorption is rate«limiting(ul) or from

1072

is the pressure dependency linear, Therefore, a conservative estimate of

Pa to 10O Pa where transport through the oxide film is rate-limiting,

the pressure dependency for pressures above 10_5 Pa would be to take
JM a P% as is usually done. \

With oxygen added to the helium coolant, it was shown that the trans-
port of tritium by the fluid finally becomes important. The intentional
introduction of oxygen made the tritium partial pressure drop within the
“regime of fluid-limited tramsport. Trus, it is possible that althoﬁgh the
tritium is being carried around the primary coolant loop by the helium, it
is also being prevented from diffusing out of the coolant by the favorable
transport properties provided by the helium. IF the tritium is inhibited
from ever dissolvingvinto the metal, then this brings to mind some inter-
esting consegquences. First of all, the tritium transport properties of
‘the primary coolant cannot be overlooked when the choice of coolant is
being made. Secondly, the overall Derﬂeapvor rate would be correspondingly
less than for metal permeation-based calculations at the same pressure.
Thus, it is possible that grosser pathiays for tritium leakage, e.g., via
pinholes and leaky valves, would become more important itritium release

terms than permeation losses.

4,2.2 STARFIRE-Interim Design(8)

A detailed description of the STARFIRE-Interim Reference Design is
given in ApDend1X F and also in Section 3.1 and thus will not be repeated

here, The system parameters presented in Appendix F are needed as input to
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the transport-limited model developed in Section 4.1,
4,2,2.1 Results of Steady-State Fluid/Metal-Limited Permeation Model

The STARFIRE-Interim parameters that are uéed as input to the trans-
port-limited permeation model of Section 4.1 is given in Column I of
Table 4-2., Substituting the necessary values of Table 4~2 into Equation

(4.9), the corresponding fluid-limited transport equation becomes: -

1

= 1,495 x 10 Pi(Pa) (kg/dzy) (4.23)

Iy

*
The metal permeation equation for the STARFIRE heat exchanger is given by

. |
Ty = 1.632 x 107 5% (pa) (ke/day) (4.24)

. A plot of these two tritium transport equations is given in Figure 4-3.
The pressure at which the transition between fluid-limited and metal-
limited transport occurs is calculated by equating Equations (4.23) and
(L.24), or from the intersection of the lines in Figure 4.3, The result

is:

Ppo~ o L2x 107" pa (k.25)

4,2.2.2 Comparison of Resulfs with Transient Permeation Model Steady-
State Results

The application of the transient permeation model to the STARFIRE-
Interim design has already been completed in Chapter 3. The steady-state

tritium partial pressure in the helium ccolant was found to be approxi-

* The permeability of Croloy is used instead of Incoloy 800 that was used

in Ref. (9) because the steam generator iubes are made out of Croloy.
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Table 4-2

STARFIRE-Interim Steam Generator Parzmeters

Input to
Input to Transient
Permeation Permeation
Model, Model,
Section 4.1 Section 2.4
STEAM GENERATOR TUBE MATERIAL ) (Incoloy 800)  Croloy

* 1 - -

Permeability KP (kg/mdayPaz) 3.323 x 10 10 1.0 x 10 8(c)
Heat Transfer Area A | - - - - 3.264 x 108

Thickness X : - - - - 0.2

PRIMARY COOLANT ' Helium Helium
Average Temperature (° K) _ - - 673
Pressure (atm) - - - 50
Flow Area Af (em®) - - 1.709 x 105
Equivalent ,
Diameter d  (cm) - 138.4
Mass Flux G (gn/cm®sec) - - - 1.855

*Viscosity v (gn/cm-sec) 3.35 x 107" 3.85 x 1072

*Di frusivity Dg . (cn®/sec) b.65 x 107% 1.26 x 1077

zZ

*Henry's Constant K, (kg/m® Pa) 1,07 x 107° --—-

* -
Density P (gn/cm®) : - - - 3.616 x 10 3
Reynolds Number Re . 7.66 % 10°  7.57 x 10°
Schmidt Number Sc ) 1.99 0.745

Note: a - Property values calculated from equations in Table 4-1

b - STARFIRE-Interim system parameters and property values given.
in Appendix F

¢ - Permeability of Croloy glven in STARFIRE-Interim Reference
Design

- Evaluated at T = 673 %K

*

- Total heat transfer area of all six heat exchangers for the
plant
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Figure 4-3

Tritium Transport Rates Showing Tluid-Limited (JF)

and Metal-Limited (JM) Pressure Regimes for the

STARFIRE-Interim Design Parameters
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mately 3 x lO3 torr when no effort was made to control the tritium losses
except via the "clean" metal primary containment. Even with the addition
of oxygen to the helium coolant, the resulting reduction in tritium partial
pressure is on the order of 106. From Section 3.2.4, the "corrected”
tritium partial pressure is only 3 x lO"3 torr (L x loulPa). This is still
above the transition pressure of 1.2 x 10-&k Pa calculated in the‘previous
section, implying that permeatlion through the metal is the rate-limiting
step for tritium transport in the steam generator. ,

This is in accordance with the relative magnitudes of the resistances
offered by the coolant and metal inside the heat exchanger, as calculated

in Chapter 3. From Table 3-1 these resistances are given by:

S (1.264)
F A P
and,
I XE; (4.263)
HX THX ‘ :

Substituting the input parameters derived for STARFIRE in Appendix F
into Equations (4.26A) and (4.26B):

Il

R 2.198 x 1077 sec/cm® (L,274)

F
and,
L

W

Ry 3,501 x 107 sec/cem® | (&.278)
The metal resistance 1s indeed much larger than that of the fluid, thus the
system can be expected to operate in a metal-limited mode if the firzl,
steady-state tritium partial pressure is not inappreciable. Thus, the
medium-limited model developed in this chapier is in agreement with the
steady-state results of the transient permeation model developed in
Section 2.4,

It must te pointed out that the mass itransfer coefficient h that went
into calculating the fluid-limited ‘rensport (Equation (4.9)) used ihe

- -

helium property values calculated from Tatle 4~1 (from Ref. (9)) and ihe
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following Sherwood coorelation

Sh = 0,023 Reo'8 Scl/3 (L.28)

The mass transfer coefficient used in the calculziion of the fluid res-
istance (Equation (4.26A)) was determined from the general expressions
for the helium property values given in Appendix C and the following

o~

Gilliland correlation for the mass transLe* arzlo of the Nusselt Num-

()lj

ber:

0.83  0.k&  (h29)

Sh = 0.023 Re
Substituting the property values deuerlnlned fron the Zarchy and Axtmann's
equatlons(9) (ref. Column I, Talle 4-2) into Zquation (4.28) and the
corresponding property values used in Chapter 3 and listed in Column IT
of Table 4-2, into Equation (4.29), the respective mass transfer coef-

ficients are:

0.5 cm/sec ' } (k.304)

b-I,
iy

This implies that the fluid/metal-limited permeation model is underestima-

ting the diffusive transport of tritium, with respect to the transient per-

1.4 cm/sec (ref. Equation (F.27))  (4.30B)

|

meation model of Chapter 2. The transiiion pressure of Equation (4.25) is
AAthe*eIore hlgher than the STARFIRE operating conditions would predict. To
make a more reasonable assessment of the fluid/meial-limited permeaztion
model results, the transition pressure can be 2djusted according to
Equation (4.,10):

2

P =[%ﬂ P | (L.31)

Substitution of Equations (4.30) and (L.25) inio (4.31) yields a more
=5 Pa. Again, Dboth

-3

accurate value for the transition pressure, 1,5 x 1C

1
the uncorrected and corrected (with 02 added) steady-state tritium partial
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pressures determined by the transient permeation model of Chapter 2 fall

above this value of the transition pressure.

Although the tritium permeation through the metal is the rate-limiting

step to tritium transport inside the steam generztor when the operating

=t

tritium partial pressure is kept above 1.5 x 1072 pa (1.1 x 1077 torr),
the hindrance to tritium transport offered oy the coolant may be of some
merit. This would require proper adjustment of the flow parameters and
system temperature in order to optimize (i.e., minimize) the transport
properties of the coolant. Only after significant changes to these var-
jables (D, d, Re and Sc) will the fluid resistance become as equally
important as the metal resistance. However, optimization of the tritium
control aspects of a fusion reactor design could interfere with other
Just as critical design choices regarding heat transfer and plant

reliability concerns.




CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

5.1.1 Transient Permeation lodel

A transient permeation medel of tritium transport within z concep-
tual fusion reactor was developed in this study as 2 first step in
assessing tritium flows through criticzl reactor components. The model
attempts to predict tritium concentrations in these system components as
they evolve in time from reactor start-up. (Initial tritium concentra-
tions are set equal to zero.) This transient permeation model is verhaps
the first attempt in following the unintentional transport of tritium
in a fusion plant until steady-state operating ccnditions and concentra-

.

tions are obtained. Most investigations into tritium coantrol have focused
on the steady-state mode and thus, while admitting this is the nore con-
servative approach, do not know when it is reached and may indeed e
overly conservative. This transient model has provided the mechanism for
estimating the tlme to reach steady-state tritium concentrations in various
components throughout the plant, and thus provide tasic infor-ation used
in the design of the systems that are mosi affected {notably, the tritium
recovery and refuelling system, and the heat transfer loop).

The criteria for the applicabiliiy of the transient perrceation model
to the fusion reactor designs proposed by other authors (e.g., those at
ANL, ORNL, GA, U. of Wisconsin and INTOR) are not oo str

the reactor designs must include a solid treeder, a (neli:

fﬁ
R
Is]
5
1)
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o
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sweeping the breeder and a helium primary coolant. From ther—al hydraulic
and heat transfer considerations, the helium purze zas and coolant must
necessarily be operating at low and high pressures, respectively, Although

this model assumes a helium/steam generator as the primery loss mechanism

e

for tritium release to the envircnment, this could te used as an inter-

[

.

mediate heat exchanger if a design proposes a secondary coolant loop.
Losses through the model's steam zenerator can thern e used as a source
term for another differential equation descriding iritium build-up in the

secondary coolant. Other possible changss {i.e,, izprovements) to the




155

existing model are given in Section 5.2.1.

The model as it stands is a "quasi" siteady-state representation of
the system dynamics with respect to tritium {ransport. Assuming that the
tritium behavior ih each reactor éomponent is correctly described, the
fusion plant dynamics, when modelled as a hierarchy of consecutlve
differential equations, was found to be very "stiff". The relatively fast
dynamics of the breeder and purge gas system necessitated the de-coupling
of that part of the system from the rest of the plant. However, time-
dependent solutions for the tritium concentrations in vérious reactor
components were retalned by making several assiduous assumptions in the
model formulation which capitalized on the inherent disparity in response
times.

The inclusion in this model's formulation of both diffusion and solu-
bility effects on the'build—up of tritium in the solid breeder deserves
special mention. Since both the diffusive hold-up and solubility of

s . (17, 2%)
tritium in the lithium compound are known

to te two of the major
contributors to the breeder tritium inventory, 1t was important to include
toth effects. The model treats the build-up of itritium from both effects
concurrently in order fto obtain an effective tire to reach a steady-state
btreeder concentration. This is just a first attempt at modelling the time
evolution of the breeder concentration when btoth diffusion and solubility
are taken into account; most analyses compare the two inventories (which
were determined separately) only at steady-state. Obviously the time to
reach a steady-state breeder concentration is of interest for both radio-
logical hazards and réfuélling‘6ohsiderations. The inclusion of solubility
effects necessarily lengthens this time if calculated from diffusive hold-
up times alone.

Although tritium permeatioh through the heat exchanger into the steam
cycle is by far the most important tritium loss mechénism for release to
the environment, and as such was included in the model, the medel also pro-
vided the means to calculate the losses to the secondéry containment
(reactor building). This can be used as an estimate of the amount of
tritium gas escaping from the helium coolant piping into the building
atmosphere, and as such, the operating load that a continuous air detri-

tiation system has to contend with. Since other tritium-containing devices
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and piping runs (e.g., processing and injection systems) were not included
in this model and would otherwise contribute significantly to the tritium ‘
leakage into the secondary contaimment, this amount is necessarily a bare
minimum, The detritiation system would be sized from more information

than 1s provided by this mecdel.
5.1.2 STARFIRE Case Study

The transient tritium permeation nmodel was successfully applied to
the STARFIRE-Interim Reference Design(a) and the resulis given in Chapterx
3. A brief summary of the major conclusions drawn from that case study
will be given here.

The transient behavior of the system components in the STARFIRE
design was characterized by the time to reazch a steady-state tritium con-
centration in the breeder and purge gas (~ 18 days) and in the coolant
system (an additional 118 days). This has numerous implications for the
design of the tritium processing and storage systems and in the tritium
releases from the plant. As a rough estimate, the (maximum) steady—state
releases will noﬁ occur until 120 days after reactor start~up, consider-
ably longer than the "worst-case" estimate of almost instantaneous tritium
leakage, yet within the time frame of a fusion reactor operating cycle
(eleven months per year).

Although a more complete reference design description would have

gilven more accurate results, there are several important results of this -

‘case study which are true even if soms of the input paremeters used in

the model (ref. Appendix F) were only "best" values, Firsi, the breeder
concentration in solution with that in the purze zas dominated the *ritium
inventory in the breeding blanket. It was also the cause for a much-
delayed time to reach steady-state (18 days vs ~ 7 hours for a diffusive
hold-up time). The relatively low equilibrium fritium pressure for the.
treeder, LiZO, hence a high tritium solubility, accounts for the large
solubllity-determined inventory (breeder inventory due to solubility
effects ~ 4,47 kg vs inventory due to diffusior. effects ~ 7 ens).
Increasing the purge gas flow rate Q__ if possible from thermal-hydraulic

g
considerations, would serve to reduce the purge zas tritium concentration.
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In so doing, the total breeder inventory would be decreased substantially
since it is heavily dependent on the solubility-determined concentration
whiéh in turn depends on the purge gas concentration. In the other direc-
tion, a reduced stead-state purge gas concentration would mean less
tritium diffusing into the coolant and thus less tritium leeking into the
steam cycle and eventually, the environment. It is interesting to note
this possibility of reduced breeder inventory and tritium releases result-
ing from a change in one variable, ng. Wnether this can in fact be
implemented, can be determined from a detailed assessment of the advan~
tages mentioned previously versus the increased pumping and processing
requirements resulting from an increased flow rate and decreassd tritium
purge gas concentration.

The last major conclusion of this case study was that, after all the
effort was made {o properly characterize the helium film coefficient, the
fluid resistance was found to be almost negligible in comparison with
that offered by the metal (ref. Table 3-1). For this conceptual design
at least, control of tritium transport must come from a proper choice of
metal structural materials (those exhibiting a very low tritium pefmea*
bility), the use of special permeation barriers (e.g., oxide films,
surface coatings; bonded-metal composites) and/or the introduction of
oxygen into the main helium coolant loop in order to reduce the driving
T2 pressure. All of these or some combination of them, will have to be
used to some extent in all currently proposed fusion reactor designs
since, on the basis of this case study on the STARFIRE design, the helium

coolant cannot be expected to seriously impede the transport of tritium.
5.1.3 Steady-State Fluid/Metal - Limited Permeation Model

The permeation model presented in Chapter 4 was developed with the
intent of characterizing the regimes in which transport through the
coolant and permeation through the metal are rate-limiting. For purposes
of this model, the reactor is operating in a steady-state mcde and the
conditions of interest are those inside the main steam generator where
losses to the environment are assumed to originate. The main considera-

tion given to this model is that it rscognizes the possibility of the
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fluid resistance being significant, and it provides the means to calculate
the tritium partial pressure at the transition from fluld-limited to metal-
limited tritium transport. Since transport through a fluid is linearly
dependent on the pressure and permeation through z metal is assumed to
have a square root pressure dependence, this means the fluld would be
rate-limiting over some range of low pressures.

The addition of oxygen to the helium coolant could reduce the tritium
gas (TZ) pressure to within this fluid-limited regime of tritium trans-
port. This was shown to be true for the case of the GA Field-Reversed
Mirror Fusion Reactor(li). However, because a very low tritium permea-
bility for the steam generator tube metal was chosen in the design report,
the permeation loss through the metal calculated by GA was less than the
tritium transported by the fluid as determined from the model. For the
STARFIRE-Interim refererice design, the operating tritium partial pressure
in the helium coolant was found to be higher than the corresponding trans-
ition pressure with and without oxygen present iz the helium. Sinée this
means that the steam generator 1s operating in 2 metal-limited +tritium
transport regime, it is consistent with the resuits from the transient
permeation model of Chapter 2, that of a very low mass transfer co-
efficient evaluated for the helium flowing through the heat exchanger.

} The main conclusion from this model's application, even though it
did not always result in a fluid-limited transport prediction, is that
the tritium transport properties of a candidate cooclant for potential

use in fusion reactors should be evaluated along with its heat transfer

and thermal hydraulic properties. For fuslon plant primary coolant

systems designed to operate at a low tritium partial pressure, these
coolant transport properties become significant. A closer examination
of the helium flow characteristics and temperature distridbution in the
steam generator, as well as a more accurate appraisal of the tritium
diffusivity in helium 1s required before further znalyses based on these
results can proceed. (The temperature dependence of DG is different for
those expressions given in Ref. (9) and in Apperdix C.) Thus, the impli-
cations of fluld-limited tritium transport on the choice of‘coolant are
cbvious. What this means with respect to tritiim release to the environ-
ment 1s not so clear; although lezks under normzl

ing conditions and

(o]
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during regular maintenance procedures could become the major loss mechan-
ism, quantifying those losses is very difficult to do since the details
of the piping and vessel structure are usually not well specified in

the reference designs ).
5.2 Recommendations
5.2.1 Improvements to Transient Permeation lModel

The tritium behavior in the various reactor components is assumed to
be well described by the various temperature dependent property values
(diffusivity, solubility, permeability) and also the equations used in
the model (Fick's diffusion equation, Sieverts' Law, Richardson's
Equation). Any results calculated from the model are only as good as
the data that were used to calculate them. There is considerable uncer-
tainty in the data base for most materials when dealing with tritium,
thus their use gives rise to an error in the results that is unavoidable
until better data are available. DMore specific suggestions for what
improvements in the data base are necessary is given in Section 5.2.2.

A modest deéign change to the modelling of the blanket section of
the simplified fusion reactor design could be implemented to more accur-
ately describe the tritium transport in a blanket scheme such as that
proposed in the final STARFIRE design and depicted in Figure 5-1., That
design was developed under the assumption that enhancement of the diffu-
sion of tritium in solid breeders is nade possible by a special prepara- .
tion of the breeder such that the purzge gas channel is formed within the
packed bed. Tritium that diffuses to the edge of the pellet can still
be carried away by the purge gas it comes in contact with. But for those
pellets resting against the tube wall (assuming the pellets are not sus-
pended in the helium gas stream which would contradict the notion of a
packed bed), the tritium might be able to permeate.through the tube metal
and directly into the helium coolant, foregoing the previous intermediate
step of being part of the purge gas. ‘

t would be improper to state whether the total tritium inventory in

the coolant would be greater for this model than in +the blanket design

'
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PURGE GAS

Figure 5-1

Schematic Diagram of STARFIRE Rlarket Concept

Showing Tritium Removal Scheme

(Figure taken from Ref. (17))
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used in the original model because there are iwoc relevant aspects which
have differing effects on the amount of tritium reaching the coolant.
. They are:
(1) a significantly higher tritium concentration in the
pellet than in the surrounding purge gas, thus giving
rise to a greater permeation rate for those pellets

in contact with the tube wall,

and (2) a lower purge gas concentration near the wall surface

than the "average" value calculated for the channel,

since only the tritium diffusing into the purge gas

from the pellets next to the tube wall contributes

to this concentration. | ‘
It would be a formidable task to estimate the breeder tube surface area
covered by pellets and therefore, the area exposed to a low purge gas
concentration. The effect on the coolant inventory is unclear, and the
average purge gas concentration may or may not increase depending on
the relative magnitudes of the reduction in the effective tritium source
and permeation loss. Therefore the complications arising from this design
change should be weighed against the benefits of a more realistic repre-
sentation of the breeder and tritium recovery scheme.

The transient model could be modified to permit a non-zero initial
tritium concentration in all parts of the plant as a specified input.
The motivation for this improvement is to te able to model off-normal
 operating conditions and their effect on tritium transport and distri-
‘vbution. of parﬁicular interest is a sudden bver-power condiﬁion which
results in a rapid rise in the temperature of the breeder pellets. The
proper initial tritium concentrations to te used as input for this case
would be the steady-state values calculated previously. The relevant
guestion to ask for this particular transient would be if the tritium
gets out of the pellets at the same rate as before, assuming the tritium
generated rafe is unaffected by the temperature spike. (This assumption
is valid over short times, if the cross-section of the reaction Li(n,p)T

is weakly dependent on temperature over the range of interest.)
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It is possitle to speculate on the immediate effects of this transient
assuming all property values (diffusivity, solubility) respond instantan-
eously to the temperature. Because of its Arrhenius dependence on femper-
ature, the diffusivity Db would necessarily increase with increasing
temperature. This translates into a faster diffusion rate out of the
pellet, " But the solubility effects must also be considered. Since *he
pufge gas concentration C_ _ is weakly dependent on the diffusivity (zref.
Equations (2.29) and (2.34)), then for the purposes of this brief analySLS,
CPg is assumed constant. -There is ev1dence(29> that Ior leo at least the
solubility is approximately constant at 100 wppm @ 10 Pa over a wide
temperature range, 600 - 1000 k. However, most other lithium compounds
experience an enhanced solubility for a temperature increase (ref., Adpendix
A.3). Thus a potential increase in the solubility-determined inventory
in the breeder could offset the reduction in the diffusive inventory.
However, more information about the solid breeder properties is required
before any gquantitative decision can be made.

A third possible addition to the transient permeation model would be
‘the inclusion of a means to calculate the tritium solubility in 21l the
modelled reactor components. This requires a more extended data tase
than that given in Appendix B because the solubility (or Sieverts'
Constant) of tritium in metals is the proportionality factor needed in thé
calculation. The other part of the equation (Sieverts' law) demands know-
ledge of the tritium partial pressure in contact with the metal., This can
te calculated from the permeatlion model as it now stands, and the resulis
from this additional work would increase the overall plant.inventory.

But, there would ve much better insight into the radiological hazard
that personnel would be exposed to during a mainterance operation, once
the amount of tritium dissolved in the metal is known.

The last and perhaps the most easily implemented improvement Lo the
present permeation model would be to include a variation in the tempera-
ture profile across the breeder zone for use in the tritium inventory cal-
culations, The temperature gradient could result from two causes: a
radial dependence (from the center of the %torus) away from the plasma,

and an angular dependence (arourd the tlanket torus) between coolant
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tubes. Since the two major contributors to the btreeder tritiunm inventory
(diffusivity and solubility) are not linearly dependent on the tempera-
ture, calculations btased on a single average temperature would misrepre~
sent the true breeder inventory. Those pellets operating in the coldest
regions in the blanket would, in fact, have a larger iritium inventory
that more than offsets the decreased inventory calculated for regions
Ooperating atove- e

b,avg’

Since one pellet operating at T may not give a good indication

b,avg
of the true breeder tritium inventory’(ig fact, may seriously underestim-
ate it), a more detailed account of the number of pellets operating at
various temperatures would yield a more accurate value. Greater confi-
dence in the final value for the inventory would be gained when more
temperature zones are used. Of course, the accuracy of any such inven-
tory calculation is only as good as its input: breeder volume per temp-
erature zone description and the diffusivity and solubility data, |
Presently, the lack of reliable data for solid lithium compounds under
fusion reactor conditions is the major weakness in the design calcula-

tigns. This probtlem is addressed in the next section.
5,2.2 Ixtension of Data Rase

Three broad areas of investigation can be identified as belng

particularly important to fusion reactor design:

1 - Advances of tasic data: influence of alloying elements and
of tulk and surface impurities on the solubility, diffusivity
and permeability with emphasis on low tritium concentrations

in the temperature range 800 - 1000 “c.

2 - Simulations of reactor effects; studies of the influence of
fusion reactor conditions (neutron irradiation, thermal
gradients, transients) on the concentration and movement of
tritium in the breeder.

3 - Permeation-reistant films: development of stable oxide

nheat exchanger.
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Area #2 can be expanded to include the effecis of neutron darzage on iri-

tium dissolution in, and permeation through, rmstals and on the int e;rlty
of permeation rarriers. The recommended approzch to a better understand-
ing of tritium migration through 211l fusion rezctor materials, and for a

definitive verification of permeation tarrier vexformance in particular,

is to conduct studies with tritium under realisiic reactor condiiiorns,

.

BExtension of the data tase specific to the

ck
ol

nsilent permeation model
and its application would involve studies on the solubility (K ) and
2

vium solid breede*s.

(l‘

diffusion coefficients <Db> for the candidate 1i:
Experimental data on tritium solubility in most lithium compounds are
limited as was demonstrated in Chapter 3. Determiration of the Sieverts'
Constant for each of the lithium compounds instead of making an analogy
with the solubility data from Zn0 would ve crucial for any further consi-
deration of thelr being used as breeders, Although more data exists for
the tritium diffusivity in lithium solids, it should be extended over a
broader temperature range and for many more tartiicle sizes and distribu-
tion of particle sizes. The effect of the sweep gas flow rate and pro-

tium partial pressure on the extraction cherzcieristics for the llthlum

compounds should be adequately quantirfied so that design optimization of

(&3

the sweep gas processing methods can ultimately o2 completed., Consider-
able experimental work clearly remains to be done, requiring at a mini-
mum the confirmation of tritium release chaxzcteristics of candidate
so0lid breeder materials with an emphasis on the sstablishment of diffusion

and solubility parameters, and the investigaition of the behavior of these

‘materials under intense neutron irradiztion. Sventually, in-reactor

testing of candidate solid breeder materials under realistic conditions
(including simultaneous breeding ard iritium extraction) should be made,

as proposed for the ANL TEPR(7u>
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APPENDIX A

A.l Thermodynamic Data for Several Lithium Compounds

Lithium
Compound

LiAl

LiAl0,

: Lizo
Li7Pb2

L125103

‘LIQSiOQ-'

]

ay

s b
iven
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PHYSTICAL FROPERTY DATA:

Molecular
Weight

33.92%

65.91%

29.88%
463.0%

89.94%

150.1

Note:

a
b
c
d
e

he specific heat for Li

wor: (77) |
¢, (3/mol) = 75.24 + 9.95 x 10757 - 25.05 x 10

3

Melting
Point

SOLID LIT=IUM COMPOUNDS

Table A-1

Thermodynamic Data

Density

£

(%) (en/cnd)

718

1610 a-
. Y-

1697°
7263

1200

1250

Ref. (75)
Ref. (23)
Ref. (76)
Ref. (17)
Ref. (8)

1.76°
3.80%
2,562

2.01%

4, 59¢

2. 524

2.5

Lithiwm

Atom

Density
(&n/cn”)

Trerzal
Corductivity

k.

(W/EGK)

c

30

e

: (est)

Specific

Heat

c
P

(3/enK)

1.84°

1.6%

*1u7°

0.59

1.91%
(est)

2.26%

“(est)

Thermal
Diffusivity
u:k/fcp

(cmz/sec)

$.3 x 1072

5.5 x 1070
7.3 x 1072

1.0 x 1072

7.4 x 1072

6.2 x 1073

5.3 % 107

2O, as'a function of temperature, is also

5 2
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A.2 Tritium Diffusion Coefficients For Several Lithium Compounds
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1230 1I22Q B0 700 63D 3D A 200
T T {

2X10~ 8 rorr T | I T S N Jey T =
o Li=21
108 ¢ -
s 3
4 » LI21010-22885M) .
L ]
- ’LlTPS-z |
~ 1077 ¢ L) alizPoy 3
o : ]
3 -
b4 o
S~ - wLIA{5-K0MISH] <
e 1 »LiA{10-28825M) 1
£ eliypry
= 1078 - » 2-tigmc, -
o 3 ali;pry E
E r eLizPny h
) 3 -
™ <
oy -0 L A \—'o a
w1077 Gaia-o \ 3
O < RE3H) 4
o . \<§\ :
=2 L .
(o] \
D 101 Li,0% AN _
8 10Tk 2% 1m0 \7,\3, 3
i £ o to e E
ke (fﬁ 3
Q Lizoe TONN s d
101 .
. LAz VaLE » LIA0{T3-iCOMESH) ]
23%19° "“" (5] i SH)
2 1 1]
lo 12 1 L

06 08 10 12 14 15 18 20
RECIPROCAL TEMPERATUZZ, 103/7(°K)
Pigure A-1

Arrhenius Form for Experimentally-determined Diffusion Coefficients

for Tritium in Seven Lithium Solid Breeders

(Fizure taken from Ref. (28); key to above figure on next page)




Marker Symbol

#
1

(95

3 O

(9]

10
11
12
13
14
15
16

Key

LiAl:

Li,8i0,:

LiAl0,:
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Table A-2

for Figure A-~1

Material Description

crushed and sieved solidified melts
midpoint of mesh interval used

sieved powder fractions
mesh midpoint used

sieved powder fractions
mesh midpoint used

crushed and sieved solidified melts
mesh midpoint used

i
' x %" pellets
sieved powder fractions

crushed and sieved solidifed melts
mesh midpoint used

powders

fused samples

powders

ground solidified melts
. . 6o,

wafers, enriched in "Li
. . 6o,

wafers, enriched in “Li

a

powders

; .

powders

. a
powders

midpoint of 0.05 - 0.15 mm interval used

Reference

(22,23)

(22,23)

(22,23)

(22)

(21)
(21)
(21)

(78)
(79)
(79)
(80)
(81)
(81)
(82)
(82)
(82)

Crosses (4 ) are 95, 75, 50 and 20 % fractional release
points from curves given in refesrence.

(=]
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Table A-3

Tabulated Experimental Diffusion Parameters from References Cited in

Marker Lithium

#

10

11

12

13

L1210,

Coapound

LiAx

LLZSIO

LiA10

L17Pb2

L17Pb2

2

y-L1A10,

a~L15AlOu

5-L15A104 high %emp phase

LLZO
E-LisAlou
LiAl

L1-3AP

Condition

5-10 mesh

10-20 mesh

70~100 mesh

70-100 mesh

80-120 mesh

20-40 mesh

pellets

powders

20-30 nmesh

:powdefs'

fused

low temp phase

(Transition temperzture

powders

nelts

wafers

wafers

Table A-2
Average Tenmperature
e %
P
(en) (°c) (en?/sec)
1.11 x 107t 50 7.0 x 1070
600 3.0 x 1078
5.55 x 1072 400 2.0 x 1072
500 3.0 x 10-7
9.0 x 107 50 1.0 x 10710
9.0 x 1072 500 3.0 x 10712
600 3.8 x 10710
7.6 x 1070 . &% 1.1 x 107
2.78 x 1072 Lso 5.5 x 1077
5% 1.4 x 1077
3.5 x 1075 620 2.3 x 10”1
(est.)
1.39 x 1072 %0 4.5 x 10712
9.0 x 10 600 2.0 x 107
7.88 x 10~ 650 5.0 x t0” Lt
31 x10% ko 3.8 x 107
Lo 1.5 x 10.8
00 7.0 x 1072
550 1.5 x 1077

3.5 x 12077 1o

T ~ 650 11 900
T, Sk n(z7)
750 - 860°C)
- Al o
T N Su 1..(_1:2, =
1.0 x 1070 ()
Ta
7.5 x 1073 600
- - - - 450

"

1
1

A

-

1
Ty

7.5 x :LC)-'3

T

=(9000 ¢ 120

-8

l.ix10 7 -

1.5 x 1076

5= -(2.875 + 0.068)x 107
T

-

- P

= 1500
T

= 043

= 13.9 hrs

500  hrs
3.9 hrs
hr

n
-

= 3.3 hrs
= 1.3 hrs

= 8 hrs
= 0.75 hrs
= 0.23 hrs
= 5.5 bhrs
= 2.6 hrs

= 0,29 hrs
= 0.13 hrs

- {5.43 x 0.07)

o oo & 720) (1.13 £ 0.18)

0L . (4.06 £ 0.13)
- ;’J"_"'S?r_i_z:’_vl - (2.L‘3 + 0'12)

19.€3mkcal )

R

o

b
GHe

(10%)
(zm/cn?sec)

1.03
1.03

1.03
1.03

1.03

1.03
1.03

1.03

1.03
1.03

1.03

1.03
1.03

0.086
0.086

0.086
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Table A-3
(continued)

Time constant used to calculate D is defired in two ways, for different references

Ty = 7"];/151.')

2
Ta = rP / wD
Heliuz sweep sas flowrate over lithii= compound sanmples durdng tritium extraction
experiments
Argon sweep gas used, at a flowrate of 20 cc (S7P)/zin

Preheated argon flushes the released tritiim at a flow rate of 2 l/ain
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Figure A-J
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Removal of Tritium From Lial of 10-20 mesh
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(Marker #L in Tadle A-Z2)
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100

l.C)t T T TTTTT] T T TTTTT] T
O0.10 =
B 500°C -
0.0l by vyt L ool L1 1oyt
c.0l 0.10 1.0
TIME, h

-

Figure A-5

" Removal of Tritiim from LiA102 of

(Maxker #3 in Tatle A-2)

70-100 mesh
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| |
0.0l O.l 10
' TIME, h

B Figure A-5
Removal of Tritium from Li,7b, of 20-40 mesh

(Marker #2 in Takle A-2)
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igure A-8
Removal of Tritium from LiZO Powders

(Marker #6 in Table A-2)
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(Marker #7 in Table A-2)
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Figure A-10

Temperature Dependernce of Reciprocal Time
§
Constant 1/7, and Diffusion Coefficient
for Tritium in LiAlOZ Powders

(Maxker # 8 in Tatle A-2)
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700 600 300 400

10° —
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1033
TIK]

Figure A-11

Temperature Dependence of Reciprocal Time
Constant 1/ts for Tritium Relezses from

¢- and B- Li5AlOL,r

(Marker #9 in Table A-2)
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Figure A-12

Temperature Dependence of Reciprocal Time Constant

i/ts for Tritium Release from Li,0 Powders

(Marker #10 in Table A-2)
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Table A-4

Conversion Table for Interpreting Mesh Size Intervals

Used in Tritium Extraction Curves

Mesh Size Corresponding Average rp at
Particle Diameter ’ Mesh Midpoint
) (em)

5- 10 1500 - 2940 1.11 x 1071
10 - 20 750 - 1470 5.55 x 1072
20 - 30 500 - 735 3.08 x 1072
20 - 40 375 - 735 278 x 1077
70 - 100 150 - 210 E 9.0 x 1072

80 - 120 125 - 180 7.6 x 1072




A.3 Sieverts' Constants For Several Lithium Compounds

At thermodynamic,equilibrium, the partial pressure of tritium P

)
in the helium purge gas is related to the atomic concentration of e
tritium in the solid treeder particles by
P = K2 X3 (A.1)°
. L
where KS = Sleverts' Constant (torr?/atomic fraction)
XT = atom fraction of T in solid

Therefore, the tritium concentration at the pellet surface in equili-
© brium solution with that in the purge gas can be determined from the

Sieverts' Constant for the lithium compound.
A.3.1 Complex Oxides -- LiAlOQ,., LiZSLOB, Li)_‘_SiO4
The solubility of hydrogen has been measured for oﬁe oxide, Zn0,

over a range of temperatures and pressures, and was found to be quite

small(zq). The data are approximately represented by the equation

2.1 x 10° exp - {3§¢2Rk§al/m°le] (4.2)

or, -

. Y ! )/
K (em®-Ty/em3torr?) = 7.6 x 10%,eXP - [36.7R5;a;/§oleJ

L
K (em®-T;/cm2atn?)

From chemical considerations, it is predicted that the solubility of

hydrogen in an aluminate or silicate should be no greater than that in

Zn0, so that Equation (A.2) can be used as a maximum value of X_ for

s 2
5 L128103 and LiQSiOA.

The problem of relating the Sieverts' Constant for tritium in lithiwm

in LiA1O0

compounds to that given for hydrogen is addressed here. For a pure

lithium system, the deccmposition pressures in the *wo-phase region (Li-~

y Li-T) (zxef.

e

txj
’,.I

) are relazed by:

n

igure A-1




P> Pp > P | (4.3)
where
P
T2 1
= ~ 3 (4.4)
1‘2
Veleckis et al.(83> have observed that esserntizlily no isotope effects

exist for the solubilities of hydrogen azxd deuterium in lithiwm., If

it is assumed, therefore, that hydrogen and <riiium have the same sol-

ublility in solid lithium compounds, meaning Ci =G>

H where Cs denotes
(8%) -~

concentration due to solubility, then

N .
= "
Ks,Ta = 3 Ks,Hg (A.5)
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Sieverts' Constant for Tritium in
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A.3.3 Lithiwm-Aluminum Alloy -- LiAl -

Experimental measurements regarding the release of tritium from
irradiated LiAl pellets at temperatures from 30C - 600 OC, and concen-
s . . L (24 .
trations in the range of 1 appm, indlcate( ) that the Sieverts’

Constant is no larger than 2 x 107 torr/(aton fraction)?.

. 2 z, 0(“ 7 tOrI.'
SoKE (500C) = 2x10 (stom fraciion)? (4.6)

Wiswall and Wirsing(ZB)

in LiAl of:

give a value for the Sieverts' Constant for T,

1
L torr?
atom fraction

K, (500°%C) = 1.22 x 10 (4.7)

Sieverts' Constant for T; in LiAl at 500 °C was also measured by those
at ORHL(87). An averags value for Ks is quoted here:

i
L torr? ‘ .
- atom fraction (4.8) -

K, (500°%) = 1.9 (#0.1) x 10

An estimate of Ks for the'tempe;ature range ~ 380 - 550 oC, is given in
the following Figure A-18. The solubility of hydrogen in lithium and
aluninum is shown for comparison., A sinilar comparison is given in
Figure A-19, where the range of tritium solubility in LiAl(solid) is mors
well;define&(aa).’ The Sieverts' Constent fdr LiAl can also be estimated
from available data on Li and LiAl:(Bu)

*
- s P Lo |
KS! ] = i{sl - {_k (A.9)
i i i 3 _
Ty, in LiAl Ty, in Li 2l
where P, . and P . are the platezu Dressures (in two phase
Hp LiAl Hy'Li = )
region) for H, in LiAl and Li. Ks‘T sn Ly IS given as a function of
2 -t En .
temperature by Maroni(85> in Table A-5. The plateau pressure for hydro-

* - o v .(853)
gen in lithium ( PH ILi ) is also presenied by Maroni' 2/ 4n Figure A-20. -
2

P




189

K, (atmm/gm*atom ratio of D to alloy)

-
p—
pa—
-

—Eutectic——

1071 [y J
X /1
S 477°C .~ 8
10 o 5
=
w
10_3 S BTN R A B H 1
0 20 40 &0 380 100
Atom % Pb in Pb-Li
Figure A-17
Sieverts'! Constant for Deuterium in

Li - Py
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Table A-5

Estimated Sieverts' Constants for Dilute Solutions

of Tritium in Lithium

Temperature Sieverts' Constant
| (%) ) (torr%/atom fraction)
1000 243
900 . 157
800 93
700 - ‘ 51

The equilibrium H, pressure over 2-phase mixtures of the system
3-LiA1-H, is quoted from Owen et al.:(59)

In P (torr) = 20.46 - %%f%%% (a.10)

*
' 3 ) 3 ﬁ‘- -
A sample of Owen's data for PHQ!LiAl is g;ven in Figure A %;i)
~ Combining the data of Maroni with that of Aronson and Salzano ;
the three variables on the right hand side of Equation (A.9) are
+ i i - +h ] -
plotted together in Figure A-22. KS'Tg in Tial C@n then te calcula

ted according to Equation (4.9).
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APPENDIX B PHYSICAL PROPERTY DATA: MNETALS

'3

B.1 Tritium Diffusiocn Coefficients for Severzl Metals:

Zxperimentally-Determined




Metal

Aluminum
Oxide
(43,0,)

Copper
(cu)

Iron
(Fe)

Inconel
625

Molybtdenum

(Mo)

Nickel
Ni)

Niobium

()

Palladium
(a-?2) -

Stainless
Steel
(ss)
304-8S

el
316-83
347-83
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Table B-1

Tritium Diffusion Coefficlenis for Iet

D =D° exp - (a4/RT)

(o]

Condition Temperatuxre D
Range
(°c) (en?/sec)

single crystal 600-1000 3.25 :?:gg

%

(cal/mole)

57200 *+ 2%00

sintered 600- 500  7.35 fg'§g7 x 1072 43800 + 2500
powder 250- 600 3.23 fg‘fg x 10 23300 £ 3000
BEST FIT 300-1000 6.4 x 1070 31500
------- 200- 40 '1.06 £0.05 x 1070 9180 60
_______ 70- 402 3.1 x 10 1100
...... - - 7.6 x 1070 11500
....... —_—e M x 1072 14700
(1 atm) Lé6- 850 *6.31 x 107 £900
850-1750 4.8 x 107 9000
(1 atn) 12€0-1700 5.9 x 1072 14700
(1 2tn) 200- 420 5.2 . x 1073 9500
....... ---- *1.8 % 1072 10000
e e cee= T215 x 1072 9370 £ £00
1077-1077 atn 25- o 4.7 x 1072 spo
0.04~0.66 ata 260- 640 *2.9 x 1073 260
-2
....... ---- 1.8 x 10 1LQ00
_______ --—- 2.3 x 1078 8153
(4 atn) 100- 300 1.24 x 1072 13600
....... - 1.8 x 1072 14000
....... e M x 1070 12500
....... 20- 222 1.80 n x 1072 1000 & 230
_______ 5%- 700 1.29 x 1072 11020

Reference

(91)
(91)
(91)
(91)

(92)
(93)
(3%)

(36)
(95)
(96)
(95)

(96)

(36)
(97)

(96)
(96)

(42)
(98)
(96)
(99)
(9%)
(:c0)
(io1)




i e o e -

Tantalum
(Ta)

Tungsten

(%)

P

- - = m wm e o=

- s e o s e -

Note:

LR AL A LA AR LA U AL ] S )

[y
O
o

Table 3-1

(continued)
e T x 107 3210 &
—e e e Th x 1072 9000
ceee Man x 1072 9000
- - - - *L;.," + 1.5 x 10.1"P 1350 =
» -4
- - - 3.5+1 x 10 1150 %=
I x 1070 1790
-78- 206 2.1 fif 8 x 10% 8500 +
149- 260 1.53 x 107> 9070

values for hydreczen diffusion in metals given
S Multiply by a2 facior of 3% for D of T, in metal

to recover isotcpic deperdence

100

(102)

(36)
(99)

(103)
(104)

(105)
(100)

(106)
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B.2 Tritium Diffusion Coefficients for Several Alloys: Determined from
the Relation D = KP/Ks

Table B-2

Tritium Diffusion Coefficients for letals:

D = KP/KSa

o]

Metal Temperature D Qd Reference
Range
(%) (cm®/sec) (cal/mole)
Croloy - == "3.05x 1070 9810 K% (94) X_: (53)
(24cr, 1Mo) | M -3 : P
L00-500 ~ 1.88 x 10 377k0 K (o4) K (84)
350 1.75 x 1078 Ki: (94) KP: (8)
Incoloy - - *2.36 x 1072 14270 Kg: (4) KP: (%)
800
- ---  L03x107° 1785t Kt (&) Ky (61)
S--- Bxi0TT w290 Ko (k) Ky (53)
Inconel ---- 2.32 x 1077 13970 k% (&) K_: (95)
600 S ?
* -4
PE-16 ---- 2,36 x 10 14270 K (4) KP: (4) .

Note: a - D = diffusivity (cm2/sec) 1
X _= permeability (cm>(STP)/cm-sec-torr?)

K§= solubility (em3(37P) /en>-torxz)

b - for 304L-SS

¢ - for Incoloy 300

values for hydrogen diffusion ir metals given
1

S Multiply a factor of 3
recover isotopic devernder

ot

-~

+

>
P

or D of tritium in metal to
ce
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APPENDIX C ©PHYSICAL PROPERTY DATA: HEZLILM
C.1 Thermodynamic Properties of Cassous Helium

For the temperature range 400 - 1500 °X and the pressure range
0.1 to 10.0 1Pali07),

Pre (g/em®) = 14.80 x 1077 Tge (c.1)

He

} .o -11
hye (g/cmsec) = 8.33 x 10 5. L,16 z 10 7 Ty = 5.30 x 10. Tge (sz)
G (3/e%) = 5.190 x 10° ‘ (c.3)
“He
1.735 x 10°T,_ + 0.8567 T2_ - 1.104 x 1077 T3_
Vie (em2/sec) = = (c.4)
PHe

Note: For the above four equations Zhe units for temperature and

Pressure are: ,
T..] = K amd [P } = Pa
[ he = L e
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C.2 Diffusion Coefficient for Tritium in Helium

The mass diffusivity of tritium gas (Te) in helium gas, D

given by an optimized Gilliland-type equation:® 00)

. 10_,3 I‘T (QK)]1.75 {_P'—I__ - -1141—

1

Do (em®/sec) =

where: M = molecular weight
M1= MT2= 3.0227672
M= M = 4,0026033
2v = diffusion volume
Zv1= ZV‘TQ = 6.40
Zvy= Zlee = 2.88
R D (cmé/sec) =

Tg in He

~

P (atm) [(

7.0856 x 1075

7.7054 x 10

Zvl)-5

I o,11.75
LTHe( K)

PHe(a.tm)

o [Te(0] 17

PHe(Pa)

(c.5)

(c.6)

(c.7)
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APPENDIX D EQUILIBRIWM CONSTANT Kr 0 (1)
2
The addition of oxygen to a high-pressure helium system which

includes a trace of tritium gas, T,, will necessarily involve the

following reacticn:

Ty + 3 05 == T30 ' (0. )
The equilibtrium constant for this reaction, KT 0! is defined by:
2

P (T50)

K = (D.2)

T20 P (T,) P2 (0g)

Although the exact value for KT o is unavailable for this report,
2
it is assumed that it can be approximated by the valus of the equili-

brium constant for the following similiar reaction:
Hy + § 0p == Hg0 ' (D.3)

whose equilibrium constant X is defined as:

Ho0

P (450)

K, (D.4)
H20 P (8;) P (0,)

If isotope and pressure effects are negigible, then Kn 0 is approximately
‘2
equal to K,_I 0! and is then only a function of temperature. A temperature-
fg

(71),

dependent expression for KH 0 is given by Maroni
2

1n[gT o} ~ 1n [Ku o] = -3.7875 + 20028 (D.5)
2 fig mf Om
- T("F)
1
where K is in toxrxr2.




APPTYDIX B SENSITIVITY STUDIES FOR STEADY-STATE APPLICATION OF
PERMEATION MODEL

Given a function of the form

F= fn(a,b,¢) ‘ (E.1)

The 1n can be takén of both sides:
InF=cg lna+a Inob+a lnc (E.2)

Recognizing that g% = 1n F, this can be reduced to the followirg:

¢, da,, &, d ~
F = %y g Ty Ty T TS (£.3)

The coefficients & are called the sensitivity coefficients because

they relate a nondimensional change in one variable (keeping all other
variables the same) to a percentage change in the function. The sens-
itivity coefficient az shall be read "the sensitivity of T to the var-
iable a", Furthermore, if the variable a is itself a function of other

variables such that

da ax ay 4z (
_— = g == 4 . 4 = E‘h
2 % Tx T YT (8.5)

Then the total sensitivity of the original function F to the specific
variable x, will necessarily be:
¥ F a
— om
a, = oa al E.5)
It is possible to examine analytically the effect of a pariicular
choice of a system parameter on certzin steady-state tritium concentra-
tion values. 3Based on the permeation medel presented in Seciion 2.4,
the steady-state values for the tritium concentration in the purge zas
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system and the helium coolant 1loop, and the tritium losses through the

heat exchanger: C_ (3S), C (SS) and J _..(SS) respectively, are given
J2ios c HXL ‘

below:
- S e
c(58) = 7= (2.6)
08
T R
S cL
c (ss) = < c_(ss) = (2.7)
¢ c Fpge 5 g Fpge ¥ Far

R R
1 . s PR cL
Jor(SS) = =—= ¢ (83) = (2.8)
HXL Br © %g Pxt Boze * Rar

Since the steady-state value for the purge gas concentration depends on

only two variables, the sensitivity analysis is simple.

InC_(SS) = Ins - 1
Pg( ) n 2 A,
or,
dc_(ss s dg
2! 58) - =5 - o . (E.9)
Cpg Pg

It is clear that for this case, the sensitivity coefficients are:

c_ (ss
aspg(, ) - } | ‘ - (2.104)
o) = (2.108)
g

o

meaning an x % drop in helium purze gas volumetric flow rate would cause
an x % increase in the purge-gas tritium concentraticn at steady-state,

for example.
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Similiar sensitivity analyses for the steady-state coolant concentra-
tion and tritium losses from the heat exchanger are complicated by thelr
functional dependence on additiornzl system variables. Taking the 1n of
Equations (E.7) and (E.8),

= ? - b - n - E.1
1n cc(ss) In S - 1n ng In Ry - 1o (Rpgc RCL) (B.11)
= - 1 1 - J o SR,
1n JHXL(SS) 1n S - 1n ng +In Ry - In R
- 1n-(RPgc + RCL) (B.12)
or, .
dCc(SS) - i‘_‘s_ - d'QDg - <]'RC“J.’. d(RD”c N RCL) (E.13)
c(ss)y ~ s Q R R R -13
¢ g CL DEC CL
A, (88) i as i dQ_, . R i Ry i d(RDgC + Rep) ( 1#)
J1r (S8 S ng .RCL R Rpgc + Rep,
Since d(RPgC + RCL) = d.Rch + dR.; , the above expressions become:
dcc(ss) i ds i dQDgr+' [ 1 1 ] i
cCZssi S ng LRy Rpgc + Ry | TOL
| dRDgc
"R__+R (5.15)
DgC CL
and,
dJHXL<SS) - iS- _ QQ'Dg . [ 1 1 ]cﬂ?
JHXLZSS) S og Rar Rpgc + Ry CL
124
_ Rerr, _ Bore fo iz
R R + R (2.15)




The resistances RE—*E(L and R, are related by

CL
Rer = Buypp * Ry ¥ Remp (2.17)
= + + I = 4R + dR, + 4R .
By = ARypy * Ry * Ropp) = Rypp, * By, * Rpgy, (E.18)
Substitution of this relationship into Equations (E.15) and (E. 16)
y:.elds the expanded form for the sensitivity equations:
dc (ss) i E ) aq HPL ) Rep 4R o
Cc:Ssj s O‘pg CL Rpgc B RC]'.. RHI’L
S, fa R,
: RCL i Rpgc + RGL P‘I—D{L
. Ropp [, Far Rorr,
RCL L Rpgc * RCL RCPL
Roge Foee
T R__+R R : (8.19)
pgC CL pge
U (58) &8 A, Ry [1 -t } o,
T (58T 7 8 T Q,  Bg Roze T Rer | Rump
3 R
RHXL Ppa‘c 1 ‘i & L
"R, "R__+R,. ~| R
oL Ppee TR | P
L m|, _fa e
cL Boze T Ron | Ferw
RUGC CLRD"C
- 7 R 3 = (£.20)
pgc o Bgc
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The sensitivity coefficients for the sisady-state tritium concentration
in the coolant and for the tritium loss out of the heat exchangsr are
determined from Equations (Z.19) and (E.20). These coefficients are
tabulated in Table E-1),

The resistances are themselves functions of the system parameters.
The definitions of RHPL"RHXL’ RCPL and Rpgc are taken from Section 2.4,

but are repeated here for convenience:

RHPL:AH;HP ¥ AH:g:'P (.214)
ARI-IXI.;:A}DthHX * A};D[{fm (E.218)
ez, = Ac;hcp } AcSiP (2.210)
Roge = Amlhpg * A:mDm + AmihB (E.21D)
Thesé resistances for the coolant loop are‘of’the form
woeded o em

Equation (E.22) can be used for any of the Equations (E,214-C) with the
understanding of using the proper subscripts. Rearranging Equation (E.22)

and taking its ln:

or,

=
[#1
]
{
o)
81
o=
|
=
fa s
oy

-1InD + 1n (D +xh) (2.23)
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Table -1

Sensitivity Coefficients, ¢

for cc(ss) ard J. JCL(:S)

X

PN
cc(ss) Jimr, (ss)
1 1
-1 -1
Mpn |, oo Rapn |, . R
Ber, | Bpge ™ Rov | Rer Roge * Ror
M|, fa B Poee L
Rer | Fpge * Rar | Ror Ppge * Rar
Rory |, Rer fepp |, . __for
RCL _ Rpgc * 1:?CL i RCL L Rpgc - RC’
B} -R
DEC DEC
R +R "R + R .
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Equation (E.23) can Te rewritten:

dP T = wn
_R%__Q&_@_@Jﬁ;;l (E.2L)

The total derivative of d&(D + xh) can Te written:

A Vgp & g o 2Dy
3D d x 3 h

d (D + xh) =
= dD +hdx + xdh | (E.25)

Rewriting Equation (E.24) with the help of Zguation (E.25), one obtains

ﬁ=-%_[i_ xh Ja&a [, __D
R A D+xh|a | " D+xn| D
xh dx
+ [D = xh] " (E.26)
Rearranging Equation (E.21D) and takinz its ln:
R 1 Dth N hogxth i thDm
pge Am npgDmnB
then, |
_ - Ctan o1 n A
in Rpgc ln.Am 1ln Bog = 10 o, - 1in by
+ 1n [b h,+h_xh +h D 1
m 3 Pz m 3 g
or, -
dA in Dn + )
i gc _ _ _m _ _pz _ L _3 . d[;m'B N ozxth "o mj (=.27)
R - - ;___" + 1 ! '.1"
Dgc Am hpg Dm 3 n2 npgxhnB hp Dn
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The total derivative of cl(Dnh}3 +n_xh +h Dn) can te written
! 3

pg m g

23 ) L) gy 230D g L2300
a )= 3D d"Dm " 3h__ d'npg ' Shy d"h'B ' 3% 4,
)

Pa=}

"
Py
o

+ (D +x_h )ch

h,) dD_ + (D _+x_n_) dh
B) o} (n mbj“'pg m m pg

(hpghB) dx_ (.28)

Equation (E.27) can then be written:

?EEE - - _df_f.ﬂ.. - [1 Dnﬁnsz'B) ] d'hbg
Rpgc Aa PnPg*0 pgI gt hps n | Ppg
i -i Dm(hDg hy) 1 4
- mb'B hpgxmn“‘ pgDm i Dm
_ ~1 hJS(Dm xmhna) i d'hB
) D h.B+h X b 1:’”Dm | Bbg
xmhba d'xn
- £.29)
Dth h x 1.B+hpg_l o X,
Sensitivity coe:tficients for all res-s tances, R_ KRH:' ’-“I:KL’ , and
R » with proper attention to subscript, are glven in Table *—2 . The

pge

" results from Tables E-1 and E-2 can be used to give the overall sensiti-

vity coefficients, as outlined rext in Table E-3.
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Table E-2

Sensitivity Coefficients, ¢, for X, and R
p pec

o Rpgc
- - -1
aA 1 1
- xh
ay, D+ xh 1 N.A
o (h +
o _D__ 1 J ("rz hB)
D + - Dh + h 2 h_ D
D Xh h.B PgAh.B - pg
a- <h xnnth
X D+ xh DhE + thth + hpgD
_ : B . (o + th)
ot N.A. ==
n Dh. + h_ : +h D
pe 53 P%ﬁhB g
- n, (D + xh
« .4 Dn ‘3 h x Egn D
i g T Byt Py

Note: N.A. = DYNot applicable
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Table E-3

Sensitivity Ccefficients of CC(SS) and J. (38) for the Various
- Tl

System Parameters
¥y

Total Sensitivity Coefficients for

System Paranet
y eter cc(ss) Jm(SS)
c J
s c HXL
c J
g an aqm
Pg g3
c
A c RPSG JHXL Rpgc
n U.R GA C(R Q A
Pgc n PgC m
c R
D c pge JHXL Rpgc
: PIC m PEC m
c J
[¢]
x a axPSC QRHXL q P8C
Pgc ‘n PZc m
c R
h c pge "m P3C
P8 « a4 ap Oy
pec P Pcc g
¢ Rpgc JHXL Rpgc
hy b Gp Oy
Pgc B pec B
€. R Suxy, Ryur
A Tp ap @y
HFL ‘P HPL “HP
c R J R
D wc aDHPL aRm aDH:PL
R, Dup HPL Php
o ,
- Co - Rypp Jixy Bupp
HPL *HP HPL P
4 acc R, T B
hp R0 Th, Gp Oy
: HPL “HP HPL “HP
A C. " By T R
P Ryr, Ty g Ga
| WXL . WXL CHX
| D e T P
HX "Ry 9D Cp _ Op
HXL  “HX WL CHK
N acc aRmL i B
HX R Fopeer U . &
HXL HX HXL X
N S e T B
HX Ryp I, . ap G
ML CEK W “HK
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Table E-3

(continued)




[AN]
b=
=

APPZIDIX F  STARFIRE SYSTEM PARANMETERS

The STARFIRE tokamak’reactor reference desizn system parameters, as
needed for input to the permeation model develoved in Chapter 2, were
taken from the Interim Report, Ref. (8). This appendix will include all
the necessary parameters that were expliciily specified in Ref. (8). For
those values not given in the report, the procedure for determining a
"best" value is presented from which the unspecified system parameters

were derived.
F.1 3Blanket Parameters

STARFIRE-Interim has a continuous-burnm plasma at a nominal thermal
power rating of 3800 MW , end an average breeding ratic of 1.05. The
blanket breeding material is LiZO’ which btreeds tritium at an average
rate of 498 gm/day (57.64 Ci/sec) at full power. There are 24 blanket
medules with the approximate dimensions: 1= x 0.6 m x 0.6 n. The
totel btlanket volume would therefore Te 8.84 x 106 cm®. According to
their pressurized module design, the approximate volume percentages for

the blanket are given below:

(=Y

N

Structure (HT-9 Ferritic) -
L120 ‘ -

Helium coolant and void

|

N n

~g N3¢

Ao I \N IRRNe
N

N

At an average density of 2.013 gz/cm® (see Appendix A, Table A-1), the

. . < , 5 - 2 )
Li 0 breeder has a total mass of 9.94 x 107 =, correspording to the vol-
. e

. - , . . o)
ume percentage given above for 11,0 (z.e., 750 T L.gh x 107 cm?3),
~2
Assuming 90 % of the zone marked * atove is helium, then the total

volume of helium in the blanket is 2.159 x 10~ cm®. One third of this

-

amount is part of the low pressure (1 atm) helium purge gas system, and

the rest of the helium is the high pressure {50 atm) coolant used to cool

the entire dlanket,
The Li 0 is assumed to DTe fabricalble In 20 . pellets; with uniform
rartiicle size this translates Into an averaze pellet radius of 10 o




byavg

LiAlO2 breeder in the STARFIRE-Final Design Rervort

ating temperature due to thermal effects for these solid breeders was de-

(J.O_3 cm). An average operating temperature of %50 C was chosen, as it
was within the acceptable temperature range suszested by ANL for LiZO
7 Q 2~ ~
(ref. Tatle F-1) and was close to the T (é70 ) specified for the
(17 ‘“

The minimum oper-

termined from Figure F-1 (taken from Ref. (8)) where a maximum allowable

inventory of 10 kg was assumed. Using a value cof 530 °¢ for Tb avg’ an

?
average -value for the diffusion coefficient of tritium in LiZO, Db’ de-
termined from Figure A-1 in Appendix A, is 5 x 19711 cm?/sec.

The solubility of gaseous tritium in selid Li O was approximated by

using the data from Ref. (16). At 800 % (assuzed edge temperature of the

11,0 treeder), a tritium concentration of 1 wprm of tritium in Liy0 is in

-8
equilibrium with a TZO vapor pressure of 10 torr. At 300 wppm, the TZO

equilibrium pressure is increased to 10-j torr. Assuming the T, gas in

2
the helium purge gas stream acts similarly, an equatlon relating surface

concentration to purge gas tritium concentration is deduced:

for Li,0: wppm = 299/5 [8.017 + log sz(torr) } (F.1)

The partial pressure of tritium in the purge gas is directily related to

the concentration, cpg‘
1/6 x 10-4 c

P Y
] Vog

v . RT ’
Ds D g (.—. 2)‘

. ‘ -4 ' A :

where 1/6 x 10 c gvpp is the number of gm-moles of TZ gas in the purge
(=] .

gas. Therefore the surface concentratlion due ito solubility effects, is

determined by:

. om3) =  woom Sl
Coop (Ci/en®) = wpom —5
| 10
r G_ BT
- £2 -——229 5.017 + log| & 22 (sor) (7.3)
0~ - -4 x 107




Table F-1

Temperature Limits for Solid 3reeders

Breeder Melting Point Thermal Effects Radiation Effects
(°c) (°0) (°c)
1 )
. A C NN C R ¢ B O
———— m nin max min nax
LiZO 1700 L10 1000 Léo 910
LiAlO2 1610 500 1000 550 850
L128103 1200 420 900 470 610 ~
LiAl 700 300 500 350 380
Li7Pb2 726 320 530 370 390
*
Note: Table taken from Ref. (8), p. 89.

(1) Set by diffusion-limited tritium inventory considerations
(ref. Figure F-1) for the desizn criterion that the blanket
inventory does not exceed 1 kg/GW+

(2) Thermal sintering

(3) Radlatlon induced trapping (factor of 10 degradation in tritium
release estimated)

(4) Radiation-enhanced sintering limit
erial melting temperature, Tr (0.

elative to the btreeder mat-
for oxides and 0.57 T

L
for other corp0Lnds), leading to _.creased diffusion paths




TRITIUM INVENTORY, g/GW'h

T/°C .
5 100 900 700 500 300
10 l T r T
T
MIN
o —— 2
10> b—
102 —
10—
N
0.8 1.0 1.2 1.4 1.6 1.8
0% k/T
Figure F-1

Predicted Tritium Inventory in Candidate Solid Breeding
Materials (20 Mesh) as a Function of Temperature. Solu-

bility Effects not Included.

(Figure taken from Ref. (3))

MEAN RESIDENCE TIME /hr
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It is particularly striking that LiZO has a very high solubility for

(25)

0 may bve very difficult to do. The more complex oxides

tritium. From previous experimental work , m2intaining low ppm levels
of tritium in Li2
(LiAlOB, LiZSiOB)
(ref. Appendix A.3).

appear to have comparatively low tritium solubilities

The parameters for the purge gas and coolart systems will be dis-
cussed next. The length of the coolant tubes i the blanket ranged from
1.1 m to 2.3 n depending on the position in the dlanket. An average
tube length of 170 cm was used in the ensuing calculations. (For simpli-
city, the length of the purge gas channel is the same as for a ccolant
tube.) The inside diameter of the cooclant tube ranged from 1.27 cm to
0.8 cm for increasing raidal distance from the first wall. An average
coolant tube inside diameter is £ (1.27 +0.8) ca = 1.035 cm. Since
the diameter for the purge gas channel was not specified, the final
STARFIRE design value was used: dﬁg = 0.2 cm. The number of coolant tubes

and purge gas channels are respectively:

Yoy % 2.169 x 10° 3
N = —pt— = = — = 1.01 x 10 Pl
c wal . 7 (1.035)° 170 * (F.4)
v 1/5 2.169 x 10°

= 1.35 x 10°  (7.5)

_ g
T oimdc L

1
v (0.2)% 170
=S . sw (0.2)2 17

The helium coolant enters the blanket at 3C0 oC and exits at 500 OC.
Anfaverage%caoianﬁftemperat‘feainsideutheublanket%is therefore 400 %G, -
Being in direct contact with the breeding materizl, the average purge gas
temperature is necéssarily higher than that for the coolant, but not so
high as the treeder edge temperature (apvroximazely 525 °C). A value
of 425 °C was chosen for the purge gas temperaiture, Glven the following
values for the pressure and temperazture of the nelium purge gas ard helium

coolant:

(@]

=1 atm T = 425 © (F.6)

P =
He,pg DE,avE
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. ) .
Phe,c = 30 3t | To,max =00 €

= 4oo ¢
c,avg

T = 300 °¢ (7.7)

cylow

* the helium property values were obtained from the formulas presented in

Appendix C. The results are tabulated in Table F-2.

The STARFIRE-Interim Report stated a "low mass flow rate” for the
purge gas system without specifying any vital parameters. A maximum flow
rate of 1 ft/sec (30.48 cm/sec) for such a small channel was set, giving
a total mass flow rate for the purge gas of

=N ty 32 = 9.00 F.8
“og = "pg frg Ypg 7T “ps 9.005 gn/sec (F.8)

This corresponds to a total volumetric flow rate for the purge gas of:
P burge

Q = iy a2 1.293 x 107 cm®/sec - (F.9)

N__u 3w
PE g P8 DS
The total helium coolant mass flow into the blanket was given as 1900 kg/
sec. From this, a value of'uB, the blanket helium coolant velocity, was
determined:

w3

ug = T

£38,ave Yo

1.9 x 10° z/sec
)
3,616 x 10 7 g/em® 1.01 x 10

& £~ (1.035¢cm)?

6.183 % 10& cm/sec (F.10)

i

)

The Reynold's Number (Re) for the purge gas system and the helium coolant

inside the blanket are respeciively:
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Table F-2

Helium Property Values

=

PURGE GAS COCL

T
il

¢

@T=45% | erT @T=240°% erT=1300 °

i
B8
(o]
Q

(gn/cn®)

(em2/sec)

(cm®/sec)

6.965 x 1077 | 3.366 x 10770 3.616 x 1072 4.247 x 1072

1 2 2

4,993 1.185 x 10~ 9.382 x 10~ 7.164 x 10°

1

6.716 1.61 x 1077 1.2 x107% 9.5 x 10”
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u 4 .
Re . = —Rf——-?ﬁ = 1.221 (7.11)
& o3
up dp 5 -
ReB,avg = = = 6.82 x 10 (F.12)

o et g s

Because the purge gas flow is laminar, and the coolant flow is turbulent
within the blanket two different correlations for the Nusselt Number (and

4
hence, the mass transfer coefficient for helium gas) must be-used(ou):

for laminar flow (uniform surface concentration):

hd ‘
Nq” = 3= = 3.66 - (F.13)
G
for turbulent flow:
Yu = %—@ = 0.023 Re¥+83 g0 B (F.14)
. . G
v
where Sc =z — .
DG

Using the helium property values from Table F-2 and the aforementioned
system parameters, the mass transfer coefficients for the purge gas and

Jhelium. coolant in the blanket axre respectively,

h 122, cm/sec (F.15)
vg 9 o/ - )

R

5]

N

ON
Ny

170.7 cm/sec (

F.2 Coolant Loop Parameters

There are six primary coolant loops leading out of the blanket, each
one siean generator and one helium circulator. A total
1

i25 m per

o0op was given, as well as a typical pipe diame-
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ter of 1.25 m. It was assumed that the pipe lengths‘for the "hot" and
"cold" legs were equal (i.e., Loy = LCP = 2.5 m) and the dia-

meter was the same for both the "hot" pipe and "cold" pipe. The helium

wj
'..A.
N

n
=
1]

mass flow rate per loop is necessarily 317 kg/sec (wB/é), with a corres-
ponding helium velocity of 100 m/sec. The temperature of the "hot" leg
segrent of the cooclant is 500 °C and that for the "cold" leg is 300 °c.
The average temperature of the helium coolant flowing through the steam
generator is therefore 400 °C. '
A typical steam generator is the basic shell and tube heat exchanger,

with the hot helium flowing in the shell side, and hizh pressure (1800

o
. = u27<8§).

Preliminary sizing for the heat exchanger done in the Interim Report

psiz) water/steam flowing on the tube side (Tir = 20t ¢, Tou

has deduced an overall height of 9.2 m and overall diameter of 4.7 m.
The total tube heat transfer area is 5840 m® consisting of 375 tubes
(I.D. of 2.54 cm) carrying the water. The tubes have 2 2.0 mn thickness,
and an average wall temperature of 350 %,

The rest of the helium coolant parameters for the heat transport
- loop are calculated based on the above information. The volum of helium

in the "hot" and "cold" pipes (for one loop) are the same, and equal to:
- - 1 2 — Z 7 S ™

\ = Vv, = iwdL, = 7.87x10" cm F.17)
The Reyndlds and Schmidt Numbers for the helium in the “hot" and "cold"

Pipe segments of the coolant loop are determined with the assistance of

the property values presented in Tzble F-2,.

S dy - ~
ReHP = il = 1.055 x 10' (7.18)
\jH_D o
“ 'Tr=500"C
s = X 6 19)
Cup = D = 0.73 (F.19)
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Regp = uf %p = 1745 x 107 (F.20)
' CP o300
v _ -
ScCP Dy y = 0.753 (r.21)
7=300°C

These flow parameters are then used in Equation (F.14) for determining

the mass transfer coefficient in a turbulent flow regime.

byp

h

17.473  cm/sec (F.22)

P 15.833 cm/sec (r.23)

Next, the helium flow parameters ﬁnside the steam generator are calculated.

The flow area for the helium flowing past a2 tark of tubes is:

A, = Age - (# of tubes) Ayire
- X 2 - 2 :
= 3 n»[ a2, Nt(OD)t] (F.24)
where dSG = 470 cm
N, = 375
op, = I+ 2 (‘thickness) "= (2.54 +2(0.2)) cm

" The wetted périmeter is just v(dsc + NtOD&). The hydraulic diameter

for helium flow within the steam generator {or, heat exchanger) is

ip = e . & (1,709 x 109 ca?
LR 4,940 x 107 cm

1.384 x 10% _cm ] (F.25)

]

13
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W}D(‘

T 5.130 x 102 cm/sec (F.26)
Pax “f

Y T .
T=400°C

where the mass velocity is the same as before for flow around one loop

(317 kg/sec). The average Reynolds and Schmidt Numbers for the helium

are thus
Reyy = —UT—%EE— ] = 7.568 x 107 (F.27)
E Yoo
Vix
Seuy = 5—‘ = 0.7446 (F.28)
G lpano0®c

Again, substituting these values into the turtulent coorelation for the
Nusselt Number, one obtains the averagé mass transfer coefficient for the

helium inside the heat exchanger:

hy = 1.39% cm/sec (F.29)

The volume of helium inside one heat exchanger is V = V., =V -

c HX H,O
v This can be written: i 2

tubes’ '
RIS RGO
8 3
= 1.572 x 10 cn ‘ (F.230)
The volume of helium in one loop is therefore V + Vv + v =
‘w»  %mx  %ep

8 . " . . .
3.104 x 10~ cm®. The total amount of helium coolant ir this refersnce

design is six times V + ¥ e
S *== Ye,lo0p ‘c,blarket

calculated previously, the %ctal helium.coolant volume is

Using the value for

Vc,blanket

v, = 1.865x 107  com® - (F.31)
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F.3 System Structure Parameters

The system parameters for the metal composing the breeder tube wall,
the "hot" and "cold" pipes and that for the heat transfer surface wall
will now %te considered. The btreeder tube wall metal was chosen to be a
ferritic steel. For 2 stainless stell operating at a2 maximum structure
temperature of 560'00, the tritium diffusion ccefficient from Appendix B
is  3.82 x 10-6 cm?/sec. The thickness of the blanket metal wall was
not specified in the Interim Report, so the value designated by the STAR-
FIRE Final Design was used: X = 0.15 cm. The area available for tri-
tium permeation from the treeding zone into the blanket coolant is cal-
culated from

o
1]

Nc‘w <dB - me) Lcoolant tube

7.201 x 106 cm?

(F.32)

The volume of breeder tube metal is just Vm = Am xm , or 1.080 x 106 em®,
The metal for the helium coolant piping system was assumed to be

the same for both the "hot" and "cold" legs: 347-SS. Assuming that in

steady-state, the pipe metal operates at a temperature approaching that

of the fluid being carried within it, then

T = Toyp = 50 °C (7.33)
<~ - Oﬁ F 1
Top = Teycp 300 "¢ : (F.34)

Using the tritium diffusivity data for 347-SS presented in Appendix B,
the corresponding diffusion coefficients for the "hot" and "cold" pipe

metals are respectively:

D = 1,40 x 107° cn?/sac (F.35)
HP

“8 e { = 4
D = 5.79 x 10 en®/sec (7.36)

~CP




The inside surface area of both the "hot" and "cold" legs are equlvalent,

and equal to:
- - - 6 2 ) ™
AHP,l = ACP,l =wdp Ly = 2.454 x 100 cm (7.37)

Assuming a typical metal thickness of 4 inches (10.16 cm) for such a large
diameter pipe (125 cm) carrying high pressure gas (50 atm), the volume of

metal for one segment is:

- - - QL - 107 3
VHP’l = VCP’l = AHP,l Xp = 2.494 x 107 cm (F.38)

Since there are six primary coolant loops, the total areas and volumes

represented in the STARFIRE-Interim Design are:

1.472 x 107 ‘em® (F.39)
8

Ap Aap 6 (2.454 x 106) cm 2

Vyp Vop

1]
]

1.496 x 10

6 (2.494 x 107) cm® cm* (F.50)

The steam generator is constructed of Croloy (Fe-2iCr-ilMo). At
the designated average tube temperature of 350 °C, the value for the
tritium diffusion.coefficient calculated from Appendix B, is DHX = 1.75
X 10_'6 cm?®/sec. With a tube heat transfer area of 5.440 x 107 cn® and
tube thickness of 0.2 cm, the volume of Croloy metal per heat exchanger
is equal to 1.088 x 107 em®. Again, because there are a total of six
helium/water heat exchangers for the plant, the values used in the permea-

tion model for the heat transfer area and metal volume are

A

Vi

I,
1}

6 (5.440 x 107) cm® = 3.264 x 10% cn2z | (F.b1)

6 (1.088 x 107) cm® 6.528 x 107 on? (F.L2)

]
"

A summary of the system parameters for the STARFIRE-Interim Refer-
ence Design is given in Tables F-3 through F-5 for easy reference. Scme
of these values are required for input to the permeation mcdel developed
in Chapter 2. | ’
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Table F-3
STARFIRE-Interim Design System Parameters:

Plasma and Breeding Zone

PLASIA
continuous burn *
nominal power level 3800 th*
BREEDTNG ZONE
treeder 14,0"
breediﬁg ratio 1.05*
S 57,64 Ci/sec *
£y 2.013 gn/cm®
Vy L9k x 10° c?
my 9.94 x 106 am
s, = S/7, 1.167 x 1072 Ci/en®sec
Ty, ave 650 °c
Tedge 525 OC
Db  5% 10 ! cm?/sec
lrb . 1.0 x 15_3 cm
N‘ = 3v1/w; 1.8 x 1030
*

denctes parameters that were explicitly specified in Ref, (8)
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Table F-5

STAR®IRE-Interim Design System Parameters:

Metal Structure Property Values

Breeder Tube "Hot" Pipe B "Cold" Pipe
Type Ferritic 34758 Croloy 347-SS
Steel*
o) .+ *
avg ("e) 560 500 350 300
- . _/ - -
D (em?/sec)| 3.82 x 10 610 x10°1.75 21070 579 x 107
A (cm2) 7.201 x 106 1.472 x 107 3.264 x 108* 1.472 x 107
* .
X (em) 0.15 10.16 0.2 10.16
v (em®) 1,080 x}106 1.496 X 108 £.528 x 107" 1.495 x 108
L (cm) - - - 6.25 x 100 - - - 6.25 x 10°
loop ‘ -
Note: denotes parameters that were explicitly specified in Ref. (8)

T maximum metal temperaturs
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APPENDIX G GA FRM - SYSTEM PARAMETERS

The reference design reported in Ref. (11) is a preliminary conceptual
design of a small (~ 100 Mwe) pilot plant fusion reactor tased on & beam-
sustained field-reversed mirror confinement scheme., General Atomic Company
had responsibility for the blanket, shield and power conversion system
design as reported in Ref., (11) for the joint (G4/LLL/PGLE) project on the
Definition and Conceptual Design of a Small Fusion Reactor.

Since this design was chosen for application of the steady-state
fluid/metal- limited tritium permeation model presented in Section 4.1,
only those system parameters of use in the model's eguations will be
presented here. A summary of these parameters is given in Table G-1.

Since the model concentrates on the operating conditions within the stean
generator, those parameters are used to calculate the flow parameters.

Hot helium flows to the steanm generator through a single lower duct
and flows up through the central steam generator duct (ID ~ 61 cm). The
gas turns 180° and flows across a flow distribtution screen and then down-
~ward over the helical coil EES* bundle in cross-counterflow to the stean
and water. The cold helium then exits the steam generator through a lower
single return duct. This arrangement is depicted in Figure G-1.

The helium flow area in the main steam generator is calculated acc-
ording to the following:

A =

OE

i

T{T.OD% - 12 - v, [1, + Zt]z_i ’ - (G.1)

- T -

The wetted perimeter experienced by the helium inside the steam generator

is given by
o= 0w [onb + ID, + N, [ID._u + Ztﬂ . -~ (g.2)

The equivalent diameter 4 is defined by the following equation:

*

«

S is the acronym for the economlzer-evaporaior-superheater.

—led
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Table G-1

System Parameters for the GA F

PRIMARY COCLANT LOOP
Coolant Volume

Average Temperature

MAIN STEAM GENERATOR

Shell Side (Helium)
Flow rate
Temperature
Pressure

Tube Side (Water/Steam)
Flow rate |
Temperature:
Pressure

Tubes

7 Number of tubes
_Tube sizé
Tube bundle IDb _
Tube bundle oD,
Tube bundle height

Heat transfer surface area

Overall Height

()
(In/Out)

(In/Out)

(x,)

(%)

(1)

(Aege)

Helium
16 m3

710 K

Incoloy 8@0

26.3 kg/sec

558 %k / 853 %k
5.58 MPa (55 atm)

15.5 kg/sec
wis % /755 %k

5.96 MPa (59 atm)

50

2.54 cm % 0.38 en

61 cm

142 cm
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STEAM QUT
f 482°9¢

L L—_‘ N WATER 1N

N P
He OUT . , "~ - 1729¢
e
285 9C
He IN _ _}
585 0C
Figure G-1

A11) . 4.
GA FRM( ) itain Steam Generator

(Figure teken from Ref. (11))
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5 (G.3)

G = = , (G.4)

The dimensionless flow parameters, Reynolds Number and Schmidti Number,

are given by the following relationships:

G 4. ~
Re = =3~ (G.5)
n
Sc =
7 Dg

The helium property values are functions of the temperature and pressure.

However only the fun~tioral dependence on temperature is retained for the

(9)

which are evaluated at 5? §tm.
9

‘equations given by Zarchy and Axtmann
Repeating those helium property equations from Zarchy and Axtmann for
the viscosity u, the tritium diffusivity D., and the Henry's Constant

k" 4

KH’ and from Appendix C for the density F:

0 (50 atm,T) = 113+ 0.3 %K) 107  (an/em-sec) - (G.6)
» o, 1.5
Dy (50 atm,T) = 0.012 T2?3A (cn®/sec) (G.7)
5,21 x 107" 4
K. (50 atm,T) = L——-— (xz/m>-Pa) (c.8)
& j T (°%)
p (50 atm,1) = EEE (g2/cn®) (2.9)

7 (°%)
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Substitution of the system parameters in Table G-1 into Equations (G.1)
through (G.10) yielijthe parameters of interest for use as input to the

* model descrived in Section 4.1, The results are summarized in Table G-2.

“




Input Parameters for GA FRM

As (cm?®) 1.249 x 101"
a (em) 43.22,.

x (em) 0.38

Cye (gm/cm?-sec) 2.106

u (710%) (gn/cm-sec) 3.473 x 107
D,(710%%) (en?/sec) 5.033 x 107%
P (7iO°K) (gn/cm®) 3.1}2 x 1073
KH('FIOOK) (kg/m3-Pa) 1.015 x 1070
Re | 2.62 x 105
Se 2.02
;«:P(710°K)(a> (kg/m-day-l?a%) 6.23 x 1070

Note: a - Expression for the tritiun permeability in Incoloy 800

(5)

is that given by Zarchy and Axtmann
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