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An initiaqve to develop a time-dependent Fuel Cycle systems code
ABSTRACT is now underway. I have developed a set of models that describe

various component_ of the fuel cycle, and which should ultimately

The tritium inventory in a D-T fusion experiment, like ITEK, may be/part of a stand-alone Tritium Systems Code and a module of
be the major hazard onsite, This tritium is distributed throughout thh SUPERCODE, a tokamak systems code, The models are safety

various systems and componerJts, A major thrust of safety work oriented, with the aim of better understanding systems into, actions
has been aimed at reducing these tritium inventories, or at least at and interdependencies. A self-consistent'picture will describe the

minimizing the amount of tritium that could be mobilized, global impact of parameter changes on tritium inventories. This
will provide a better understanding of how inventories_ particularly

I have developed models for a time-dependent fuel cycle systems those in vulnerable locations, are influenced by various systems

code, which will aid in directing designers towards safer, lower in- parameters. A "systems" type of approach is appropriate, where

ventory designs. The code will provide a self-consistent picture of the impact of a wide range of parameter values on the system
system interactions and system interdependencies, and provide a as a whole can be studied. A systems analysis can be used to

better understanding of how tritium inventories are influenced. A scope out relevant regions of parameter space in a nell-consistent
"systems" approach is valuable in that a wide range of parameters way, making the trade-offs evident, Ultimately, we in the fusion
can be studied, and more promising regions of parameter space community will be able to use this information to arrive at a design
can be identified. Ultimately, designers can use this information to with minimum tritium inventory, given various constraints. Or, if

specify a machine with minimum tritium inventory, given various the user specifies mobility fractions for the various locations of
constraints, tritium, the analysis will lead to the design with the minimum

mobilizable tritium inventory,

. Here, I discuss the models that describe tritium inventory in vari-

ous components as a function of system parameters, and the unique Figure 1 depicts the tritium or fuel cycle systems for a tokamak
capabilities of a code that will implement them. The models are fusion machine. Individual components have been studied in detail
time dependent and reflect a level of detail consistent with a sys- and the tritium inventory in components as a function of their

terns type of analysis, own design parameters is fairly well understood.[2 - 10] This is
true, with the exception perhaps of the pin.stun facing components,

, The models support both a stand-alone Tritium Systems Code, wheie researchers have not yet established much of a data base for

'and a module for rh,: SUPEKCODE, a time-dependent tokamak materials such as tungsten and beryllium. Despite the depth of

systems code. Through both versions, we should gain a better knowledge about most of the tritium systems components, we do
understanding of the interactions among the various components not understand interactions amoIlg the various components of the

of the fuel cycle systems. '_ystem as a whole very weil. lt is this gap in knowledge that I hope
can be breached with the present wor!:.

The models are described in more detail in Reference [11]. The

1 Introduction implementation of these models into code will be underway in the
near future. This code (both the stand-alone and SUPERCODE

versions) will be unique in that it will provide a complete picture

One of the major hazards at the site of a fusion experiment, such (complete in the systems sense, i.e. ali major components are in,
as ITER _, is likely to be tritium. The ITER team has estimated elt, ded) of the tritium systems, and it also will provide the capabil-
the inventory of tritium in the various systems and components of !ity to vary many systems parameters. In this way, the designer has
this machine to be several kilograms.li] Safety work in the ,)ast a _;reat range of flexibility for examining system behavior. Other
has focused on reducing these inve._orms, or reducing the s .pile codes exist, which describe components of the fuel cycle systen_ in

fraction of these inventories. Future safety work should continue in detail, but these are too cumbersome for use as part of a systems
this direction, This paper describes a new tool that can be applied code, Existing systems codes do not allow for study of the param-
to that end.' eters we think are important for safety. For example, the work of
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Figure 1: Tritium systems flowdiagram

A'bdou et al., [12]focused on the required Tritium Breeding Ratio tions, Species tracked in addition to tritium include deuterium,
for self-sufficiency. Instead, the present work is aimed at better protium (normal hydrogen) and helium.
.understanding how we can reduce tritium inventories in fusion ma-
chines. Table 1 lists some existing codes and the reasons why the)'
are unsuitable for present purposes. 2.1 Plasma Facing Components

In the body of this paper, I discuss models that describe tritium
inventories and flows for various components as a function of system The Plasma Fa¢i:LgComponents (PFC) model allows the build-ul)
parameters, I do not specifically give the models here. Instead, 1 of tritium in plasma facing r_aterials to be followed in a systems
discuss their characteristics and refer the reader to Reference [11}, analysis, lt is important that we understand how we can reduce
which is the more detailed report on this topic. 1 also discuss this inventory, as it may dominate the total tritium inventory, and
applications of this work, plans for implementing the models into it is one of the most vulnerable inventories, Three plasma facing
code, and future work to complete this undertaking, materials can be investigated with this model: carbon, beryllium,

and tungsten. '.

The inventory in the plasma facing materials consists of three com-

2 Tritium Systems Models ponents: bulk inventory, codeposited inventor)', and inventory in
dust. Bulk inventory is estimated by the use of look-up tables,
Some information is already available from computer calculations

The components I have exaqained are: plasma facing components,' and I have assembled this into an initial data base,f11] More sire-
vacuum system, fuel clean-up :'.,stem, buff"r tank, isotope sepa:a- ulations are needed to expand the library, especially for beryllium
ties system, fueling components tgas puffers, pellet injectors, and and tungsten, Values not specifically listed in the data library can
neutral beams), and storage, Figure 1 illustrates the interactions be obtaived by interpolation. Because of the different conditions
among these components, I have n.ot il_cluded the blanket, blanket to which they are exposed, the first wall and divertor are treated
processing and coolaa_t_-lean-up systems in the discussion of rood- separately, lt is possible to take surface temperature variations and
eis here. The TETRA systems code effort provided steady state thermal gradients into account. Currently, the data base is limited
models for these components.f14] Time dependent versions of thes*, in its range o! temperatures and edge conditions (tritium pressure
models could be d_veloped in the future and used with my time or flux), so the user will have to assume values for which there are,
dependent models to form a complete set. data, or provide more data. Ultimately, it should be possible to use

the library with information from a plasma facing component ther-'

The models in Pa_ference"ii i] compute both a total' and a mobile mal model and a plasma edge model, which would provide direct
tritium inventory, Presently, the user must specify the mobility input on component temperatures and edge conditions. I evaluate
fraction for specific component inventories. In the future, further the codeposited and dust inventories from simple algorithms based
d.evelo,pment can. al!ew for internal computation of mobility frac- on user specified material and temperature dependent c0deposition
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Table 1: Summary of Existing Codes for Tritium Systems

--C,ode Name, hi'stitUtion, or'AutJi'or Application P_'asons' why not su'iiable ........

for Fuel Cycle systems studies
]-T_I¢/NET Fuel Cycie Unit ' ali fuel cycle - s'tead)Tstate on]), '

uses CHEMCAD ta components - IBMPC compatible

- not transportable to creys, MAC,
SUN workstation

i.e, not easily linked to SUPERCODE

- does not optimize

TETlrLA 1_', USDOE/FEDC/LLNL some fuel cycle - steady state only--
tokamak systems code components - some models too simple, some too

complex

"-T--S-_'Als'2_ ....... some fuel Cycle - no model for complete loop -
components - steady state models for catalytic

reactors, pipe flows
," - stand-alone dynamic model for ISS

- monte carlo model for cryopump
- either too detailed or require too
much time

- no optiraization

":31F-FUSElV: Sandia' TMAPlS: INEL .... plas'i'na facing "" - time requirements too large

com.p.onents - do not optimize .
FLOSHEETIg: OnteJ"r'i0 Hydro isotope separation - too complex for present needs and

system may require too much computer time

- no optimization
Work of Abdou et all 'l'_ ' main"fue] cycle - c'ontain insufficient details for _''

components components of interest
, - objective was to determine required

tritium breeding ratio
- no optimization

an-d erosion rates. In the future, more detailed models of these in- focused only on tile stream from the plasma, as it contains the '

ventories could be developed, with perhaps a direct linkage to the 'most tritium azld most impurities, Since neither the stand-alone
plasma edge model, which would provide erosion and codeposition Tritium Systems Code nor the plasma model of the SUPERCODE
rates, accounts for impurities, the user must provide a suitable impurity ,

composition, The model redistributes the hydrogens in the plasma

exhaust as the various species corresponding to the impurity levels.

2.2 Vacuum System The time dependence of the different' species and total hydrogen
isotopes on the molecular sieve bedz during ali three modes is fol-
lowed, as are the flows in and out of the beds. I model tile flow

The vacuum system model describes the build-up of tri'.ium oa
cryogenic primary vacuum pumps and the regeneration of these to the palladium membrane reactor during regeneration, and the
pumps. Because of the potential safety benefits of continuous re- . inventory in the reactor itself. 1describe the flow out of the palls-

generation of cryopumps, I have included two advanced schemes dium membrane reactor by a simple time constant.
for continuous regeneration, in addition to batch regeneration. Fu-
ture work should include development of models for turbomolecular '/'he code will allow for optimization of the FCU in terms of bed'
puxJ_ps as primary vaccum pumps, and models for backing pumps, size and cycling time, Future work should include the development

of models for different fuel clean-up schemes, This would allow

as they may contain significant inventory, comparison of the relative safety merits of different approaches to
fuel clean-up.

2.3 Fuel Clean-up System

The model I describe for the Fuel Clean-Up (FCU) system is based 2.4 Buffer Tank
on the reference fuel clean-up system for ITER..[20] This system

consists of molecular sieve beds and a palladium membrane reactor. I provide for the use of a buffe_ tank upstream of the Isotope Sep-
I include three sets of molecular sieve beds, each consisting of one station System (ISS), The ISS is se.nsitive to flow variations. If the
ambient and one cryogenic bed. At any time, one set of beds will flow is greater than what the ISS is design for, a stream is directed

be purif, ing, one will be in standby mode, and the other will be. to the buffer tank; if the flow is less than what the ISS is designed:
regenerating, for, a stream is drawn from the buffer tank. The user will be able

to study the behavior of the tritium inventory in the buffer tank, as.
Although the clean-up system will receive feed streams from the' this component interacts with flows from various other components

plasma, neutral beams, pellet injectors, and breeder blanket, I have xnd the operation of the ISS. It will.be imp.ortant to understand
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how we can alter system parameter values in such away as to keel) 2,7 Pellet Injectors
the inventory in the buffer tank as low as possible, considering the

function it must perform, Future work should explore the need I have developed models for two types of pellet injectors; a rood-
for buffer tanks _t other locations, and if these are determined as
necessary, additional models should be included in the code. erate velocity (1 - 1,5 k-i_) single stage injector for shallow core

km_ two stage injector for deepfueling, and a high velocity (4 - 5 "7"
core injecttmt, For continuous fueling, I consider two extruders per

injector, I have modeled the change of inventory in the extruders,
', 2,5 Isotope Separation System as one is depleted by providing feed to the plasma, and as the other

fill,_up and forms DT ice. Feed to the extruders is provided from

The separation of hydrogen isotopes is a complex process, which storage, from the ISS, and from the FCU, The direc!, feed to the
requires a complicated model for accurate description. In the model fuelers from the FCU0 without first purifying the isotopes in the

I developed in Reference [11], I have made many simplifications, ISS, is a new concept, This has the benefit of reducing demands on
The model is based on a simple mass balance around the entire the ISS, and therefore its inventory, lt will be interesting to study'

ISS, This approach was taken in the past by Abdou et al. [12], 'the imt_act of this scheme on plasma and component performance,
However, they only followed one component (tritium), and they
did not have multiple exit streams of varying concentrations, In Propellant requirements are based on a fixed number of moles of
my model, I follow ali three hydrogen isotopes, and in addition to protium per pellet (user specified), A different value can be used
.flow variations, I am able to examine the impact of different stream for the two types of injectors, Contamination of the propellant

compositions and product purities, gas'by eroded pellet is monitored, although it does not imp,_ct the
effectiveness of propelling the projectile. The two stage injector

The ISS can receive feed from the FCI.), the neutral beam, the pel- has two propellaJ_t strean-_, one for each stage. For both of these,
let injectors, the blanket proce_ing system, and the coolant sys- and also for the single stage propellant, some fraction is directed
terns. The user must completely specify the product composition, to the ISS after propelling the projectile. The remainder is mixed
Three product st"eaans are provided, each rich in either tritium, with purified protium and recycled for use as propellant again.

deuterium, or protium. The outflow from the ISS depends oa thc
inventory in this component, and on a residence time, The resi-
dence time ts dependent on the product composition. With a purer 2,8 Gas Puffer
product, the number of stages for separation will be greater, a_ld
hence, a longer residence time is necessary to achieve the separa-
tion. I provide a simple model for edge fueling with a gas puffer. This

consists of a reservoir, connected to the plasma chamber by a fast

The model _to.es no.t follow the initial transient behavior of.t, he acting puffing valve, Feed to the gas puffer comes from the ISS,
ISS. Instead, the ISS is given an initial inventoryj which should be storage, and direct recycle from the FCU (after impurities have

been removed), The flexibility in the gas puffer and two pellet
equivalent to that expected at steady state. The initial steady state
can be found by running the systems code in steady state first to injector models will be useful for exploring the impact of fueling

determine the required design values. The sy3tem is assumed to be different compositions to different depths in the plasma.
run in total reflux prior to start-up of the tokamak, so that colurm_
profiles are established, Once the simulation begins, perturbations

of flow and composition about the steady state design value can be 2,9 Storage
followed.

I provide three storage systems in my modeh one is tritium rich,
one is deuterium rich, and one is protium rich. As a further sub-,

2.6 ]Neutral Beams division of this, I keep separate account of what flows into storage

from the ISS (if any), as well as the pure inventory provided di-

Deuterium neutral beams are not expected to be a large contributor rectly from external sources. It is possiblc to calculate the number
to the total tritium inventory, but since this component interacts .of shipments to the site necessary'to meet the external supply. This
w_th other compontnts of the fuel cycle systems and provides some may be important when assessing the overall risk, as transportation,

amount of fueling (... 5%), I have included it. 1 do not separately of tritium to the site presents a risl.: to the public,
_count for separate modules or the ports; the calculations are for
the neutral beam system as a whole.

The neutral beams make use of large cryopumps, which may build- 3 Applications of this Work
up a tritium inventory over time. This is the primary sink for

tritium in the neutral beams; small quantities rnay accumulate on

the walls and the neutral beam dump, The model follows the build- The potential applications of the Tritium Systents Code are wide

up of species in thole three sinks. The tritium can enter the neutral ranging. I anticipate significant use of this tool during the early"
beam either as the feed to this system, or backflow from the plasma, stages of the Engineering Design Activity of ITER. In addition to

The neutral beam ft..cdis delivered from the deuterium rich stream a better understanding of established systems and systems interne-
of the ISS, deuterium storage, and from a recycle stream. The idea tions, we will be able to study the impact of some new innovative

, of recycling regenerated material from the neutral beam cryopumps ideas on tritium inventories.
is new, and lt will be interesting to examine the impact this has on

'the system, This will have the benefit of reducing demands on thel , Once coded, the Tritium Systems Code, or the SUPERCODE with
isotope separation system. ' its Tritium Systems Module, will be able to optimize the fuel cycle.

, 'syste .n.n.n.n_of a tokamak design. In optimization etudies, a figure

III
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of merit is chosen and tile objective is to minimize or maximize The fusion safety group at the University of California, Berkeley

its value, From a safety perspective, CAmfigure of merit could be plans to undertake the task of coding the models, This work will
the mobilizable tritium inventory, and the objective would be to beunderway in the near future,
minimize this, subject to other constraints oa tile design 3, The
models I have described here will quantify safety and enable safety

to be brought in as a c'onstralnt in design optimization. 5 Future Work

'Ib follow, I list a variety of studies that should be possible once

the models in this report are coded. This work has established the basis for quantification of safety in

i systems analysis, and provides the opportunity to gain a better un-

1 Study the global impact of varying isotope separation system derstanding of interactions among fuel cycle systems components,
' This effort is incomplete and there is much to be done. I surnmarize

'product purity (tritium and protium), future needs below.

2. Examine the global impact of relaxed protlurn requirements

(i.e, impact of increasing allowable protium in the feed to the (A) Complete a working Computer Code:
plasma), ,'

3. Determine the extent to which partial processing (by FCU 1, Provide an independent review of the models and data bases,

only) of plasma exhaust is feasible. 2. Complete coding of the models,

4. Study the effect af varying fuel composition and means of

fueling. 3, Integrate with the SUPERGOIJE.
,,

5. Examine different cryopump regeneration methods, (B) Improve Inventory Models and Data Bases:

6. Study ways cf increasing fraction burn-up in the plasma,

7, Examine schemes for FCU cycling/bed sequencing, 1, Expand the Plasma Facing Components data library,

8. Optimize use of isotope separation system buffer tank. 2, Add turbomolecular pumps as an option for primary vacuum
pumping,. .

9. Examine risks of onsite storage versus external supply of tri- 3. Add backing pumps to the vacuum system,
tium,

4, !reprove modeling of FCU System palladium membrane re-
10. Determine the extent to which recycle of neutral beam ex- actor,

haust from its cryopump is practical.
5. Add other FCU options,

' 11, Determine the extent to which recycle of pellet injector pro-

pellant is practical, 6. Develop time dependent models for the TETI-£A blanket,
,. blanket processing systems, and wate_ clean-up system,

12, Study the impacts of various operating scenarios, plasma con-
ditions, and fueling schemes on tritium inventories in plasma 7. Develop steady state equations for other components, from

facing components, tile time dependent models provided,

(C) Expand Scope:

4 Implementation of the Models
1, Add models for different pellet injector propellants.

.o.

:The models are complet, e and described in detail in Reference [11], 2, Examine models for applicability dur!ng non-DT phases of

The next task is _o implement them into a working computer code, experiments', make required additions to tlm present models,i

Ultimately, the models can be used for both a stand-alone Tritium 3. Add .costing models,
Systems Code, and for a module in the SUPER.CODE, a toka-

mak systems code. The stand-alone version will be used to gain 4, Add uptake in first wall/divertor structure and coolant loss
a better understanding of component-to-component relationships, pathway for plasma facing components.

where there would be no need to run an entire tokamak systems 5. Add models for atmospheric processing and develop models
code. We will be able to optimize the tritium systems parame- for effluents,
ters to minimize mobilizable tritium inventory. In Reference [11],

I suggest a very simple plasma chamber model, which serves to 6. Add models to describe mobility fractions,
close the loop, for the stand-alone code. The SUPERCODE has a

plasma model. This version of the Tritium System_ Module will be.
useful in gaining a better understanding of how plasma parameters,
impact tritium inventories in fuel cycle systems and how plasma

performance is impacted by variations in tritium systems parame-
ters.

aBeeause of time consideratlonl, we would probably not want to optlml_,e ai, every time =tep during the tran|lent,

•

I|
I1, II I_lrl ,lrp,,,,II=r , _l mr,..... I']1r rill I1'" Ii" _ll r'l rl" I Ill , " I_1 '



r

6 References 12, M,A, Abdou, et al,, "Deuterium-Tritiunl Fuel Self-Sufficiency
in bklsion Reactors", Fusion 'l'echnoiogy, Vol, 9,March 1986,

1, J, H.aeder, S, Pier, II,-W, Barrels, It. B6nde, S. Brereton, 13, CIiEMCAD 11, Process Flowsheet Simulator, Chemstations

et al,, "ITER Safety", ITER, Documentation Series, No, 36, Inc,, 952 Echo Lane, Suite 450, Houston TX.
International Atomic Energy Agency, Vienna, 1991.

14, R,L, Reid, Editor, "ETI_/ITER Systems Code", Oak Ftidge

2, ILH. Sherman, "Cryogenic Iiydrogen Isotope Distillation For National Laboratory, OR.NL/FEDC-87/7, April 1988.
the Fusion Fuel Cycle" ,Proceedings of the American Nuclear

Society National Topical Meeting on Tritium Technology in 15, K,S, Willms, Los Alamos National Laboratory, Tritium Sys-.
Fission, Fusion, and Isotopic Applications, Dayton, Ohio, terns Test Assembly, private communication, January- Fel_ru-
April 1985, ary, ]991.

3. M, Kinoshita, "An Efficient Simulation Procedure Especially 16, R. Sherman, Los Alamos National Laboratory, Tr'itium Sys.
Developed for Hydrogen Isotope Distillation Columns", Fu- terns Test Assembly, private communication, Janua'v 19!_1.
sion Technology, Vol, 6, p. 574-583, 1984. /

17. M,I, Baskes, DIFFUSE 83, Sandia National Laboratory,
4, C,P,C. Wong, et al,, '_ritium Control in Helium-Cooled Blan- SAND83-8231,

kets", Proceedings of the American Nuclear Society National

Topical Meeting on Tritium Technology in Fission, Fusion, 18, B,J, Merrill, et al., "TMAP/MOD1 "_itiurn Migration Anal-
and Isotopic Applications, Dayton, Ohio, April 1985. )'sis Program Description and Users' Manual", EG&G Idaho

Inc., EGG-EP- 7407, April 1988.
5. R,-D. Penzh0rn, et al,, "A Catalytic Plasma Exhaust Pu-

rification System", Proceedings of the American Nuclear So- 19. A. Busigin and S. Sood, "FLOSttEET - A Computer Pro-

elety Third 'Topical Meeting on Tritium Technology in Fis- gram for Simulating Hydrogen Isotope Separation Systems",
sion, Fusion, and Isotopic Applications, Toronto, Canada, Proceedings of the Third Topical Meeting on Tritium Tecti-
May'1988, published in Fusion Technology, Vol. 14, No, 2,p, nolog} in Fission, Fusion, and Isotopic Applications, pub-
450, September 1988, lished in Fusion Technology, Vol, 14, No. 2, p. 529, Septem-

ber 1988.

6, Drazen Perinic m_d August Mack, "Experimental Invest, iga-
tlons into Cryo- sorption Pumping of Plasma Exhaust: Status 20, D.l._eger, P, I. inner, et al., "ITEI_. Fuel Cycle", ITER Docu.
Report", Proceedings of the American Nuclear Society Third mentation Series, No, 31: International Atomic Energy Agency,

'/bpical Meeting or, Tritium Technology in Fission, Fusion, Vienna, 1991.
and isotopic Application% Toronto, Canada, May 1988, pub-

lished in Fusion Technology, Vol, 14, No. 2, p. 541, Septem-
ber 1988,

7. K, Ashibe et al., "Code Development for Analysis of TSTA
Compound Cryopumps", Proceedings of the American Nu-

clear' Society Third Topical Meeting on .Tritium Technology in
Fission, Fusion,and Isotopic Applications, _Ibronto, Canada,
May 1988, published in Fusion Technology, Vol. 14, No, 2,

p. 546, September 1988.

8. J,L Ilernmerich, et al., "The Impurity Processing Loop for the
JET Active Gas Handling Plant", Proceedings of the Ameri-

can Nu.clear Society Third Topical Meeting on Tritium Tech-
nology in Fission, Fusion, and Isotopic Applications, _ibronto,

Canada, May 1988, published in Fusion Technology, Vol. 14,
No, 2, p, 557, September 1988.

9. P. Schira and E. Hutter, "Tritium Clean-up on Hot Uranimaa '

Powder", Proceedings of the American Nuclear Society Third

Topical Meeting on Tritium Technology in Fission, Fusion,
and Isotopic Applications, Toronto, Canada, May 1988, pub-.
lished in Fusion Technology, Vol, 14, No. 2, p. 608, Septem-
ber 1988.

10. G, Pierini, et al., "Plasma Exhaust Purification and Itydro-

gen Isotope Separation Using Modified Zeolites", Proceed-

ings of the American Nuclear Society Third Topical Meeting
on Tritium Technology in Fission, Fusion, and Isotopic Ap-

plications, Toronto, Canada, May 1988, published in Fusion
Technology, Vol. 14, No. 2, p. 619, September 1988.

11, S.J, Brereton, "Tritium Systems Interactions for Systems Code

Applications and Safety Analysis", EGb. G Idaho, Inc., EGG- '
FSP-9628, April 1991.

ro!li
i +4 "t P irs 'II'' PI "pl1' ''p'l '"' ' ..... _"""' '+l'ni' '"' ilS '" ' ll_i 'II "" p'.... II021 ii 'lp I_1"IF '+ I_I'"' 'll '"ll"llllriFilll5 T rl, ,, ',lip '



q

| ,




