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1.0. INTRODUCTION

This report details the research carried out under the second year of the

United States Department of Energy grant DE-FGO6-88ER52152to the Department of

Nuclear Engineering at Oregon State University.

2.0. TRITIUM BREEDING RATIO CONTROL AND INVENTORY MANAGEMENT

The requirement for tritium self-sufficiency in a DT fusion reactor system

has been analyzed in detail by a number of investigators I'2'3'4. These studies

have focused on the calculation of the minimum initial tritium inventory required

to maintain a sufficient supply of tritium for the reactor during the startup of

the system, and on the length of time required to double the initial tritium

inventory. Such analysis has centered on the evaluation of the minimum tritium

breeding ratio needed to maintain the tritium supply in the system, and on the

analysis of the dynamics of the initial startup of the reactor system including

variations of the time constants used to describe the flow of tritium through the

blanket, coolant processing, and plasma impurity processing subsystems. The

previous analysis usually was terminated once the minimum external inventory of

tritium was passed and the blanket processing system produces e_,eugh tritium to

compensate for those tritium atoms burned in the plasma, lost by decay, or lost

during processing. During the subsequent time periods the total storage

inventory was typically allowed to increase. Consideration was then given to

developing the relationships necessary to determine the doubling time, or the

time that is needed to have sufficient tritium available in order to start up

another fusion reactor plant.

The assumption that each reactor is responsible for producing the iniLial

fuel supply for other reactors automatically puts any electric utility which

operates a OT fusion based power reactor in the tritium fuel supply business.

With the inconveniences involved in containing and transporting tritium, and the

obvious environmental concerns surrounding its use, transportation, and storage

in large quantities, an individual electric utility may decide that the supply

of fuel for other reactor systems may not be worth the costs over the long run.

Alternatively, a DT fusion power plant may be operal;ed such that there is no net

increase in stored tritium for a number of years, and then operated in such a
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mode to produce adequate tritium supplies for the startup of one additional

reactor system. In this way, the system wouId be operated initially in a tritium

recycling mode, and then converted to run for a limited period of time in a

tritium production mode. Also, in a mature fusion industry, it may be

advantageous to limit the amount of excess tritium for safety and environmental

reasons. Thus, the control of the tritium supply in the fusion reactor system,

to limit the amount of excess tritium handled on site, and maintained in the

tritium storage system, may be considered to be important.

The control of the tritium breeding ratio (TBR) in a DT fusion reactor

system is the one area of the tritium cycle which the design engineer has any

control over the amount of tritium produced. By varying the TBR. the reactor

systems design engineer can determine the rate at which tritium is produced.

Should excess tritium be needed for the startup of additional plants, then the

TBR can be increased, or should the need for replacement tritium (to replace that

lost by decay and processing losses) satisfy the needs of the utility, then the

TBR can be reduced to a level sufficient to provide the required makeup.

Analysis has been developed to address two basic questions:

I. How must the tritium breeding ratio of the reactor blanket be

adjusted during operation to reduce the amount of excess tritium to

be stored?

2. What effects on the overall tritium handling system, and

consequently the operation of the plant, are observed due to

i transients (failures) in various components of the tritium
!

processing system?

The present analysis includes an asses._.ment of the variations in the

tritium breeding ratio necessary to reduce the amount of excess tritium needing

storage. The first question above deals with modifications that need to be made

in a fusion reactor blanket to either reduce or increase the tritium breeding

ratio in the blanket to compensate for too much or too little tritium production.

The insertion or withdrawal of small amounts of parasitic neutron absorbers in
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the blanket could be used to accomplish this task, however this may add

considerable complexity to some blanket designs. In a self-cooled blanket

configuration in which the coolant is also used as the tritium breeding material,

the addition and dilution of neutron absorbers in the coolant/breeding material

can be readily achieved. However, for other configurations, such as those using

solid breeding materials, this may not be possible. Poison concentrations can

be varied in thecoolants of such systems if such additions are compatible with

blanket structural components.

An alternative to such an active TBR control is possible, s.nce there is

typically a significant storage capacity designed into each tritium processing

system. Instead of the active control mechanisms stated above, it would be

possible to change_the characteristic TBRof the overall blanket system each time

the reactor is shut down and blanket segments are replaced. For example if

additional tritium would be needed for the startup of additional reactor plants,

then an increase in the average TBR could be accomplished by adding blanket

segments with TBR values considerably greater than Unity. These considerations

will require further study.

Analysis has been conducted to explore a variety of reactor system

operational parameters and modes including:

I. Verification of computer program operation.

2. The ef'fects of varying the tritium breeding ratio on the tritium

inventory throughout the plant.

3. Varying the TBR to achieve a constant storage inventory after a

period of operation to restore the initial, or start up, inventory.

4. The effects of actual operational cycles including an annual shut

down for blanket replacement and routine maintenance.

5. The effects of failures of various components within the tritium

processing stream.



4

6. Scenarios for the generation of start up tritium for additional

plants.

Thus, the principal objective of this investigation is to examine some of

the potential operational modes of the tritium handling system i_i a DT based

fusion power plant, and to identify some of the areas that will be important to

the development of electrical energy producing fusion power plants.

3. O. MODELDEVELOPMENT

Abdou, et al 4 have developed the differential equations and time dependent

analytical solutions for a 9 component tritium breeding and processing system,

and have analyzed the tritium breeding and system requirements for a number of

specific cases. The present effort has used the same organization and equations

to develop a computer model (TBRCON)to numerically analyze the questions posed

above.

Figure I shows schematically how the various components of the tritium

processing system considered in this analysis are connected to each other.

Table I lists the resulting first order linear differential equations which are

developed for this organization of the tritium processing system of a generic

fusion' reactor. Table 2 defines the variables used in the equations and lists

some of the parameters used in the following analysis, and Table 3

lists the tritium system components considered in the analysis. Table 4 shows

many of the parameters used in the following calculations. The organization,

equations, and input data values are very similar to those used in reference 4,

thus the assumptions from the original development of the system of equations are

also applicable here.

In general, the equations of Table I can be combined into a matrix notation

of the form

. al(t) .-A(t)T(t)+_(t) (I)
at
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Table I. Tritium inventory equations for each system component.

I. Blanket System

l+e 1
dll "AN- t +>, 11
dt TI

2. Breeder Processing System

3. Blanket Coolant Processinq. System

di3 -ft - _ +)' I3
dt #_ T3

4. Fuel Cleanup and Isotope SeDaration Systems

dl 4 12 13 i 6 17 18 i + E4 ]- +_+_+--+--+i 9- +X 14]dt Te T3 T6 T7 T8 Ta

5. Fuel Storage and Fuel inq Systems

dls 14 I(I
_ __ -_I s

dt T4 #

6. Plasma Exhaust Processina System

]
7. Limiter Coolant Processinq System

d17 -fL -'_ +x 17
dt 7-I T7L

8. First Wall Coolant Processir,q System

dI8 fF _I I + E8_ _ +_ 18
dt 7 T8

i' ,,
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Table 2. Nomenclature.

I i - Tritium inventory in component i (g)

A : Tritium breeding ratio

= Tritium burnup rate (g/s)

Ti - Mean residence time in component I (s)

>, : radioactive decay constant (1.5436 x 10.4 sI)

E_ = Non-radioactive loss fraction from component i

# = Tritium burn fraction in plasma

i 9 = Tritium returned from reactor hall cleanup system (g/s)

fL = Tritium leakage fraction from plasma to limiter coolant system

fF = Tritium leakage fraction from plasma to first wall coolant system

fc = Tritium leakage fraction from breeder material to blanket coolant system
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Table 3. Component identification.

Component
Number Component Name

i Blanket System

2 Breeder Processing System

3 Blanket Coolant Processing System

4 Fuel Cleanup and Isotope Separation Systems

5 Fuel Storage and Fueling Systems

6 Plasma Exhaust Processing System

7 Limiter Coolant Processing System

8 First Wall Coolant Processing System

9 Reactor Hall Cleanup System
L



Table 4. Data used as input to TBRCON,

Mean Residence Non-Radioactive
Component Time {days) .... Loss Factor

Blanket 10 O,C)

Breeder Processing I 0,001
L

Blanket Coolant Processing 100 0.I]I01
i

Fuel Cleanup 0.1 0,_I

Fuel Storage 0.01 0.0

Plasma Exhaust 1 0,00]

Limiter Coolant 100 0,001

First Wall Coolant 100 0.001

Breeder to Blanket Coolant Leakage Fraction 0.01

Plasma to Limiter Coolant Leakage Fraction 0.0001

Plasma to First Wa'll Coolant Leakage Fraction 0.0001
f

Tritium Burn Rate 500 g/day

Tritium Recovery from Reactor Hull 0.01 g/day
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where the tritium inventory vector is defined as

11

T(t) = 12 2)

' 18

the tritium source vector is given as

AN
0
0

/3 (3)

and the tritium transfer matrix, A(t), is a square matrix which includes the

various transfer and loss mechanisms between the components of the tritium

processing system, Note that since each component is not directly connected to

all other system members this tritium transfer matrix will be relatively sparse.

A matrix exponential solution technique s'6 has been used to solve the

resulting set of first order linear differential equations for the inventory of

tritium in each of the tritium processing components as a function of time. This

time dependent solution technique has been found to be very useful in a number

of applications in the past, including the calculation of the movement of fission
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products released into a reactor containment building, 7'8 and in the

RAPTOR9'I°'11 fusion reactor activation product transport code .

4.0. CODE DESCRIPTION

This section describes the different numerical programs which have been

used in this study. The primary calculational tool for the TBR study is a

FORTRAN77program namedTBRcoN. This program is used as a subroutine by a driver

spreadsheet in SYMPHONY.The driver spreadsheet for SYMPHONYis created by the

user from a master template worksheet. Ali of the user interaction for code

operation is performed from within SYMPHONY.

4.1. FORTRAN SUBROUTINE TBRCON

The FORTRANsubroutine TBRCONis used to solve the coupled set of ordinary

differential equations outlined above for the tritium inventory in each system

compartment as a function of time. The source code to be compiled For this

subroutine is found in the disc operating system, (DOS), file: TBR.FOR. The

executable subroutine is found in DOSfile TBR.EXE.

TI,e TBRCONsubroutine requires access to three additional, external

files. These three files must reside in the same DOSdirectory as the

executable file, not in a sub-directory or parent directory. The first DOS

file which must be accessed is TRITIUM.PRNwhich contains the initial

inventory record for each compartment of the fusion system. The second DOS

file which must be accessed is TBRINP.PRN. This file contains the operational

parameters of the fusion system. These include such items as the

non-radiative loss fractions and the mean residence time for each compartment,

along with other parameters like the tritium breeding ratio for the system and

the plasma consumption rate. Additional description of the input will be

discussed in sectIion 4.5. The third DOSfile which requires access is named

TBROUT. This file will contain the calculated tritium concentrations for each

system compartment at the end of the predetermined time step.
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None of the above described programs or files are directly called or

entered by the code user. Ali manipulation of the FORTRANsubroutine and its

attendant holding files is done by the driving macros within SYMPHONY.

4.2. SYMPHONY SPREADSHEET

As mentioned above, SYMPHONYis used to drive the entire analysis. The

SYMPHONYpackage by LOTUSis defined as an integrated software program. The

program contains a spreadsheet, word processing, graphics, database, and

communications modules. For these calculations, only the spreadsheet, graphics,

and database capabilities of the program are needed. One of the major advantages

of SYMPHONYover other spreadsheet type programs, such as LOTUS 1-2-3 and

QUATTRO,is the windows capability. This capability allows the user to see

different parts of the spreadsheet at the same time on the screen.

4.3. DATABASE

The code used in the analysis has two separate databases to represent

the fusion system. The first database, named 'INPUT', is for the oDerating

parameters of the system as a function of time; input information for the

FORTRANsubroutine are generated from this database. The second database,

named 'OUTPUT', presents the tritium concentrations in the various system

compartments as a function of time. The results of the TBRCONcalculation are

stored in this database. The graphical representation of results then uses

this database for compartment tritium data.

4.4. GRAPHICS

There are two different sets of graphics result representations. Both

sets are applied to each system compartment. The first set, called 'RECENT',

shows the compartment tritium concentrations for the past six output records

in the 'OUTPUT' database. The second set of graphical results shows the

complete time history for compartment tritium concentrations, and is found
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under the set named 'COMPLETE'. A third, menu accessible, graphics window is

available under the menu name 'GENERAL'. This window is open for any graph

use which the user would like. Ali of these graphic options are to be Found

by accessing the SYMPHONYALT D menu.

4.5. CODE OPERATIONS

The operation of this code is fairly straightforward. The first thing one

needs to do is to retrieve the source worksheet. This worksheet name is

'TEMPLATE.WRI'. After r_trieving the source worksheet, an autoexecutable macro

should have attached the DOSapplication and moved to the 'INPUT' database. Now

it is necessary For the user to generate input deck records for the TBRCON

routine. This is done by editing the individual fields of the 'INPUT' database.

Once a record is finished, this record needs to be placed into the rJatabase.

this is done by pressing the insert button on the keyboard. After pressing the

insert button, a new record sheet will be presented on the screen for editing.

Note: make sure that the identification number of the record corresponds to the

numerical order in which the records are to be to be processed. Any integer

number may be used to begin the identification numbering. However, the numbering

of the records to be processed must be in sequential order.

i

Once the 'INPUT' database is filled in, to user needs to go to the command

menu for operating the code. This is done by pressing ALT M, and then choosing

the 'OUTPUT' commandwhich takes the user to the 'OUTPUT' database. The First

record of this database must De filled with the initial tritium source inventory

in each compartment. Use the insert button on the keyboard to enter the record

into the database.

Return to the 'INPUT' database by choosing the 'INPUT' command from the

menu. The source file must now be initialized for the TBRCONroutine. This is

done by choosing the 'SOURCE'commandfrom the menuoptions. After initializing

the source, the user needs to set up the system parameter file. This is done by

choosing the 'PREPARE' command from the menu options.



14

The code is now ready to run. Select the 'GO' commandfrom the menu and

answer the prompted questions. The code will ask for the numerical identifi-

cation number of the starting and finishing input record. If it is desired to

run just one record, then the starting and finishing number are the same.

5.0. RESULTS

This section presents the results of the different numerical experiments

whichwere run to test the operation of the code. These range from verification

of the numerical method by comparison with the analytical results presented by

Abdou, et al to _ystem breakdown and failures, and excess production of tritium

for the startup of additional reactor systems.

5.1. REFERENCE VERIFICATION

The purpose of this section is to show that the solution of the governing

differential equations for the system is the identical to the analytical

solutions presented in reference 4. In particular, the goal of the code

verification studies is based upon the ability to reproduce Figures 2 and 3

presented by Abdou, et al. These two figures p_'esent the mass of tritium as a

function of time for several different sub-systems. These figures show the

differing requirements on the tritium system as a function of the plasma burnup

fraction.

The comparable results from the numerical solution of the governing

equations for a plasma beta value of 0.05 is given in Figure 2. lt can be shown

that a comparison of these results with those of the analytical solution provides

excellent agreement. Figure 3 shows the results of the numerical calculations

for a plasma beta of 0.I0. A comparison of these results with the analytical

solution of reference 4 also shows excellent agreement.

Based upon the agreement between the verification calculations, it can be

concluded that the solution method employed by this study to solve the governing

differential equations produces results which are identical to those of the
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analytical solutions given by Abdou et al,

5.2. TRITIUM STORAGE STABILIZATION

A series of parametric studies was performed to observe the effects of

variations of the TBR upon the system storage requirements. The TBRwas varied

from the reference case values between +10% and -30% for both values of the

plasma burnup fraction presented above. The purpose of this study was to

identify the value of TBRwhich would hold the tritium concentration constant in

the storage compartment.

Figure 4 shows the effects upon the storage requirements for a 10%increase

in TBR over the reference value of 1.08 for a reactor system with a plasma beta

of 0.05. Figure 5 presents the effect upon tile storage requirements for a 30%

decrease in TBR below the reference value for the same reactor system. These

results show the sensitivity of the system to different TBR values, lt also

shows that the TBR must be slightly greater than 1.00 in order to recover the

initial tritium stockpile.

Figure 6 shows the effects on the tritium storage requirements for a 10%

increase in TBR over the reference value of 1.03 for a reactor system with a

plasma burnup fraction of 0.10, and Figure 7 demonstrates the effects on the

storage requirements for a 30%decrease in TBRbelow the reference value, Aqain,

these results show the sensitivity of the system to different TBR values.

Using the parametric variation results for the system, the next step was

to determine the TBR which produces a stable tritium inventory in the storage

compartment. After a trial and error search for stable TBR values it was found

that a TBR value of 1.036 is required to maintain a constant tritium storage

inventory for a reactor system operating with a plasma burnup fraction of 0,05.

Additional searches show that the TBR required to hold the storage inventory

constant for a reactor system with a plasma burnup fraction of O.IO is

approximately 1.0195.
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Once a reasonable estimate of the stable TBR is has been found, it can be

used to stabilize the tritium inventory in the storage system after the initial

inventory has been recovered. Figures 8 and 9 present the time dependence of

the tritium breeding ratio which is required to first recover the initial startup

inventory of tritium in the storage component of the system and then to hold the

storage inventory at the startup level.

The initial storage inventory is achieved after approximately 650 days of

full power operation for a reactor system operating with aplasma burnup fraction

of 0.05 and a TBR of 1.08 as s_en in Figure 8. At this point in time the TBR is

reduced to 1.036 and held roughly constant. The resulting time dependence of the

inventories i_ various system compoiJents can be seen in Figure I_. lt can be

seen that after the change in the TBR the storage inventory dcas indeed reach a

stable value, lt can be seen that slight adjustments in the equilibrium

inventories in the other system components _Iso occurs,

Similar results are seen in Figure 11 for a reactor system with a plasma

burnup fraction of 0.I0 and an initial TBR of 1.03. Once the initial tritium

storage inventory is achieved after approximately 1900 days of full power

operation the TBR is reduced to 1.0195. Again there are slight changes in the

equilibrium inventories of the other tritium system components as the storage

inventory levels off.

5.3. DOWN TIME CYCLE

C

The first bit of realism that will be introduced 'to the analysis is the

addition of an annual maintenance and blanket replacement shutdown. This means

that the system is simulated to operate at full power for 11 months and then be

shut down for I month to perform routine maintenance and to replace used blanket

segments. Figures 12 and 13 show the tritium inventory in the storage system as

a function of time for reactors with plasma burnu p fractions of 0.05 and 0,10

respectively. These figures compare the inventory concentraLions for a

continuous operation mode to an operational cycle that includes an annual one

month shutdown. The results show that the inventory values follow the same
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general trend for both operation modes, as would be expected. However, the cycle

mode with the annual shutdown exhibits a storage inventory which is slightly

lower than the continuous operations mode. This is to be expected because of the

loss of I month of breeding time in the annual sh'tdown cycle. Note also that

there is a considerable increase in the storage inventory during shutdown as the

other components in the tritium flow stream continue to process tritium.

Figures 14 and 15 are extensions of the previous two figures including the

effects of reducing the TBR to stabilize the tritium storage at the initial

storage inventory. An important conclusion to be drawn from this analysis is

that different TBR values are needed to achieve a stable storage tritium

inventory depending upon the mode of operation of the reactor system. In

particular, the stable TBR values from section 5.2 were based on the continuous

operation mode of the system. As can be seen in Figures 14 and 15 the values

found previously will be insufficient to maintain the tritium inventory in

storage if the system is on a more realistic operation cycle over the life of the

plant. Fortunately, the difference does not require a large adjustment in the

TBR to attain an equilibrium storage inventory, or depress the inventory to a

large degree.

5.4. COMPONENTFAILURE

The next phase of potential actual system operation is to evaluate the

failure of various components in the tritium handling system. The key questions

to answer here are:

• How is the tritium inventory in the storage system affected by the loss of

a processing system elsewhere in the plant?

and

• Is it at all possible / to continue operations if certain tritium systems

need to be removed from service while the plant continues to operate?
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Again, it is instructive to look at the two reference cases of plasma burnup

fraction of 0.05 and 0.I0, For the purpose of illustration, component failures

which occur 30 days after startup were evaluated. This time was chosen because

the systems which were evaluated in the previt_us sections typically had their

lowest storage inventory at about 30 days after startup.

The systems which have been allowed to fail include the Blanket, Breeder,

Fuel Cleanup, and Plasma Exhaust Systems. Figure 16 shows the results of the

failure of these systems on the storage inventory for the case of plasma burnup

fraction equal to 0.05, and Figure 17 shows the effects of components system

failures on the storage inventory for the case of plasma burnup fraction eq_al

to 0.10. In both cases, it was discovered that the tritium inventories in

storage are drastically changed. Both cases show that continued operation after

a system failure is not possible for an extended period of time. This is

especially true in the case of the failure of either the Fuel C!eanup or Plasma

Exhaust systems. Only short term operation (a few hours at most) is possible

with either of these components taken out of service because of their large

tritium throughput. If repairs to these components can be effected in less _-han

a few hours it may be possible to continue to operate the reactor, however it is

more likely that the reactor operator would shutdown the entire reactor should

one of these systems need repair or replacement. This analysis also points out

the need for complete backup systems held in standby should these important

systems suffer a failure. The addition of standby backup systems would increase

the overall plant availability. Lxtended plant operation (five to ten days) with

a failure in either the Blanket Tritium System or the Breeder Processing system

may be allowable if these systems can be readily repaired or replaced since their

effect onthe reduction of the storage tritium inventory is considerably smaller.

Another important result of component failure is what happens to the

inventory in the various system components if the plant continues to operate

while on line repairs are made. In addition to a drop in the storage inventory,

there will be a buildup of tritium in the failed system. Figure 18 shows the

tritium biJildup in the failed component in comparison to the reference case of

no failure for a reactor system with a plasma burnup fraction 0.05. This figLare

shows that there is a dramatic increase in the tritium inventory in the failed
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system under continued operation, The inventory increase is particularly large

for a failure of the Fuel Cleanup System, where the system inventory increases

by more than an order of magnitude in just 2 days and over 2 orders of magniLude

within 2 weeks, Figure 19 presents a similar analysis for a reactor with a

plasma burnup fraction of 0.10. This figure also shows the same trends in

tritium buildup in a failed component,

5.5. STARTUP PRODUCTION

One possible reason that a fusion power plant operator would want to

produce excessive amounts of tritium is to provide the initial startup material

for a new plant, Figure 20 shows the time dependence of the storage Lritium

inventory in a reactor with a plasma burnup fraction of 0,05 which is driven to

produce a doubling of the storage tritium inventory over the period of one and

two cycles. In this case the TBR has been increased to 1.1725 to achieve a

doubling of the storage tritium inventory in a single cycle, and to 1,105 to

double the storage inventory over two cycles for use at a new power plant,

Figure 21 shows the results for a similar analysis for a reactor with a

plasma burnup fraction of 0.10. In this case the TBR which is needed to double

the storage tritium inventory in one cycle is 1.0825, and over two cycles it is

approximately 1.053, lt is obvious that the changes in tritium production which

are needed to achieve the short term doubling of the storage tritium invenLory

are much easier to accomplish for a reactor which operates with as high a plasma

burnup fraction as possible.

6.0. CONCLUSIONS

This investigation has identified a number of useful applications of the

analysis of the tracking and management of the tritium inventory in the various

subsystems and components in a DT fusion reactor system. Due to the large

amounts of tritium that will need to be circulated within such a plant, and the

hazards of dealing with the tritium an electricity generating utility may not

wish to also be in the tritium production and supply business on a full time
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basis. Possible scenarios for system operation have been presented, including

options with zero net increase in tritium inventory, annual maintenance and

blanket replacement, rapid increases in tritium creation for the production of

additional tritium supplies for new plant startup, and failures in certain system

components.

lt has been found that the value of the tritium breeding ratio required to

stabilize the storage inventory depends strongly on the value and nature of other

system characteristics. The real operation of a DT fusion reactor power plant

will include maintenance and blanket replacement shutdowns which will affect Lhe

operation of the tritium handling system, lt was also found that only modest

increases in the tritium breeding ratio are needed in order to produce sufficient

extra tritium for the startup of new reactors in less than two years. Thus, the

continuous operation of a reactor system with a high tritium breeding ratio in

order to have sufficient supplies for other plants is not necessary. Lastly, the

overall operation and reliability of the power plant is greatly affected by

failures in the fuel cleanup and plasma exhaust systems. Failures in these

systems will require the shutdown of the plant. The continued operation of the

reactor after the failure of the blanket tritium system or the breeder processing

system for up to five to ten days may be possible if repairs can be affected

within that length of time.
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