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Abstract

The tritium management system performs seven functions.(1) tritium

gas removal from the blast chamber, (2) tritiumremoval from the Flibe, (3)

. tritium removal from helium sweep gas, (4) tritium removal from room air, (5)

hydrogen isotopeseparation,(6) releaseof non-hazardousgases through the

• stack, (7) fixation and disposalof hazardouseffluents.

About 2 TBq/s (5 MCi/day) of tritium is bred in the Flibe (LizBeF4)

molten salt coolant by neutron absorption. Tritium removal is accomplishedby

a two-stagevacuum disengager in each of three steam generator loops. Each

stage consists of a spray of 0.4 mm diameter,hot Flibe droplets into a vacuum

chamber 4 m in diameter and 7 m tall. As droplets fall downward into the

vacuum, most of the tritium diffusesout and is pumped away. A fraction

• = 10"s of the tritiumremains in the Flibe as it leaves the second stage of

the vacuum disengager,and about 24% of the remainingtritium penetrates

through the steam generatortubes, per pass, so the net leakage into the steam

system is about 4.7 MBq/s (11 Ci/day). The requiredFlibe pumping power for

the vacuum disengager system is 6.6MW. With Flibe primary coolant and a

vacuum disengager,an intermediatecoolant loop is not needed to prevent

tritium from leaking into the steam system. An experiment is needed to

demonstratevacuum disengageroperationwith Flibe. A secondarycontainment

shell with helium sweep gas capturesthe tritium permeatingout of the Flibe

ducts, limiting leaks there to about I Ci/day. The tritium inventoryin the

reactor is about 190 g, residing mostly in the large Flibe recirculationduct

walls. The total cost of the tritiummanagement system is 92 MS, of which the

vacuum disengagerscost -56%, the blast chambervacuum system - 15%, the

cryogenic plant - 9%, the emergencyair cleanupand waste treatment systems

each - 6%, the protiumremoval system- 3%, and the fuel storagesystem and

inert gas system each- 2%.
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Introduction

The HYLIFE-II inertialconfinementfusion reactoruses 5-MJ heavy ion

beams to compress and ignite fuel pelletsyielding 350 MJ per pulse, at a

. repetition rate of 8.1 Hz in a single blast chamber.l,2 Falling jets of Flibe

(Li2BeF4)molten salt protectthe blast chamberwall. The use of Flibe

affords some safety and environmentaladvantages,providedthat tritium loss

through the steam system can be limitedto < 17 MBq/s (40 Ci/day)._ The blasz

chamber vacuum pumping system can remove most of the tritium remaining

unburned from fuel pellets, but practicallynone of the tritium present in the

Flibe. Tritium is removedfrom the Flibe coolantby sprayingtiny Flibe

droplets into a vacuum in a "vacuumdisengager."4,s

In the absenceof a tritium managementsystem,the dominant pathway of

tritium to the atmosphereis through the steam generatorinto the steam

system. HYLIFE-IIwill have three steam generator(SG) loops, with a two-

stage vacuum disengager in each loop.(;

Tritium permeationrates through heat exchangertubes are estimated

using an analogy betweenturbulentmass transportand heat transport.7 A

secondarycontainmentshell with a helium sweep gas is used around Flibe ducts

where the tritium leakageis significant. This report describesthe tritium

management system,the tritium inventoriesof each component,the tritium leak

rates through variouspathways,and the estimatedcost of the system.

Tritium Flow Rates

The original HYLIFE-IIdesign had both primaryand intermediatecoolant loops,

as illustratedin Figure 1. The followingparameterdefinitionswill be

used:2

B = tritium breeding ratio = 1.16

C - tritium consumptionrate by fusion reactions(atoms/s)

F = rate of tritium injectionin fuel pellets(atoms/s)

fb = pellet burnup fraction = 0.35



Vacuum IntermediateLoop
Disengager DetritiationSystem

Figure1. OriginalHYLIFE-IIdesignwith an intermediatecoolantloop.

(Inpresentdesignsthe intermediateloop is omitted.)
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fe = fraction of tritium atoms leaking into the steam generator per pass of
intermediatecoolant

fi " fraction of tritium atomsremovedby intermediateloopdetritiation
system

fv " fraction of unburnedfuel pellet tritium atoms (F-C) removedby blast

chambervacuumsystem

, fs = fractionof tritiumatomsremovedby vacuumdisengager

fx = fractionof tritiumatomsleakingintothe intermediateloopper passof

the primarycoolantthroughthe intermediateheatexchanger(IHX)

n - tritiumconcentrationin primarycoolantleavingthe blastchamber(m"3)

n' - tritiumconcentrationin secondarycoolantleavingthe IHX (m"3)

P - fusionpower

Q - primarycoolantvolumetricflowrate (m3/s)- 85.2m3/s

Q' - intermediatecoolantvolumetricflowrate (m3/s)

W - energyreleasedper fusion- 2.818x10"12J

£ - fractionof primarycoolantpassingthroughthe vacuumdisengager

= tritiumdecayconstant- 1.787xi0-9 s"I.

The tritiumconsumptionrate andtritiumfuel injectionrate are foundfrom

the equations

C - fbF - PIW . (1)

Assuminga yieldof 350 MJ at 8.1 Hz withfb " 0.35,the fusionpowerP - 2835

MWth,C = 1.01x1021atoms/s,and F - 2.87xi021atoms/s. The activityof the

tritiumbred in the Flibeis

AB" L B C t (2)

wheret - time of operation.Thereis a slightamountof tritiumintroduced

intothe Flibefromthe unburnedfuelnot removedby the blastchambervacuum

system,but it is negligiblein comparisonwiththe tritiumbred in the Flibe

by neutrons.

Fromconservationof tritiumatoms,theirflowrate in the Flibeleaving

the blastchamberis foundto be

3
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BC+ (1-fv)(F-C)
nO- . (3)

_[1- (1-fs)(1-fx)]

4

Similarly,the tritiumflowrate in the intermediatecoolantleavingthe IHX

is v
E fx (l-fs)

n'O'- nO . (4)

fe + fi(1"fe)

The tritiumlossrate intothe steamgeneratorsystemis then

fefx(1-fi)(1-fs)[BC+ (1-fv)(F-C)]

L m fe(1-fi)n,O,. (5)

[fe + fi(1-fe)][1- (1-fs)(1-fx)]

Varioustritiumremovalstrategieshave beenconsidered:

• all tritiumremovalin the primaryloop,

• all tritiumremovalin the intermediateloop,

• tritiumremovalin both loops.

It is preferableto removethe tritiumeffectivelyin the primaryloop,

becausethis permitssingle-walltubingto be usedin the intermediateloop,

with substantialsavingsin designsimplicityandcost. lt is mosteffective

to removetritiumonly in the primarycoolantFlibeflowingto a heat

exchanger,and not in the recirculationpathor just belowthe blastchamber.

Witheffectivetritiumremovalby a vacuumdisengagerin the primaryloop

(l-fs)<< I, tritiumremovalin the intermediatecoolantloopis unnecessary,

so fi can be set equalto zero. Then Equations(3) and (5)reduceto

Y

nQ - [BC+ (1-fv)(F-C)]/c (6)

L - EnQ fx (l-fs). (7)

4
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In view of the low solubility of tritium in Flibe, it is assumed that

fv =O.9g. Then n(l = 9.80x10 Z1 atoms/s - 40.9 MCi/day. This flow rate is

higher than the tritium production rate (S MCi/day), because most of the Flibe

recirculates through the blast chamber several times, on the average, before

it flows through the steam generator loops, where tritium is removed. With a

- two-stage vacuum dtsengager, it is found that (1-fs)= 10-5 can be attained.

Therefore, the intermediate coolant loop is not necessary for tritium control.

If there i_ _,o intermediate loop, fx in Equation (7) represents the fraction

of tritium permeating through the steam generator (SG) tubes, per pass. It is
e_timated that fx - 0.22, so the leak rate L - 11 [;i/day. (About 1 C!/day is

also lost through Flibe duct walls.) Typical tritium flow parameters are

summarized in Table 2. Figure 2 shows the present design of the Flibe coolant

loops, with no intermediate loop.

Table 2. Typical tritium parameters in HYLIFE-IIwith no intermediate

coolant loop.

E - fraction of Flibe flow going through vacuum disengagers- 0.121

fv - fraction of unburnedfuel tritiumremovedby vacuum system = 0.99

fx - fraction of tritium in Flibe permeatingthrough SG tubes = 0.24

(l-fs) - fraction of tritium not removedby vacuum disengager

= I0-s (calculatedbelow for a two-stagevacuum disengager)

nQ - tritium flow rate leavingblast chamber

- 9.80xi021atoms/s- 40.9 MCi/day.

EnQ - rate of tritium introductioninto Flibe (from breeding+ fuel)

- tritium flow rate into steam generatorloops

- I.19xi021atoms/s- 4.95 MCi/day

Q - total Flibe flow rate - 85.2 m3/s

n - averagetritium concentrationin Flibe leavingblast chamber

- 1.15xi02oatoms/m3

- L - tritium leak rate into steam generator= 4.7 MBq/s - 11 Ci/day.

5
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Figure2. HYLIFE-IIFlibesystemwith no intermediatecoolantloop.
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Bastc System Functions

Figure3 showsthe main elementsof the HYLIFE-IItritiummanagement

system. This systemhas sevenprincipalfunctions:

" I. Removeunburnedtritiumcomingfromthe blastchamber.

el

2. Removetritium from the Flibe upstream of the steam generators.

3. Processthe gas in the secondarycontainmentshellto removetritium.

4. Removetritiumfromroom air in the reactorhall in the eventof a spill

and processany residuefromFlibeleakage.

5. Separatehydrogenisotopesfromothereffluents.Removeprotiumand

returnanalyzedD-T mix to fuel storagesystem.

6. Releasenon-hazardousgasesto the stack.

7. Providefor fixationand disposalof hazardouseffluentsprocessedin the

tritiummanagementsystem.

Each of thesewill be discussedin order.
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Blast Chamber VacuumPumping

The matn reactor vessel wtll require considerable pumping to remove

unburned fuel, helium ash, and miscellaneous debris. Assuming a DT fusion

yteld Y - 350 MJ/pulse and an energy release Wf - 2.818x10 "12 J per fusion,

there are NHe" Y/Wf - 1.242 xlO20 atoms of heltum produced per pulse. The

• number of unburned tritium atoms released into the blast chamber per pulse

NT " NHe(1-fb)/fb,

where fb = the fuel burnup fr action. If fb = 0.35, then NT = NO=

2.31x10 ZO atoms/pulse, and the total number of (He+D+T) atoms added to the
chamber per pulse is AN- 5.86x1020.

For ion beam propagation the required gas density n < 3x1019 m"3, which at

923 K corresponds to a pressure of 0.38 Pa.8 Approximating the blast chamber

by a cyltnder with radius 3.5 m and height 12 m, its volume V - 462 m3.

Assuming that about 20% of this volume is occupied by structure and Flibe, the

free volume to be pumpedis V - 370 m3. The (D+T+He) gas pressure added to

the chamber per pulse is

z_p - AN kT/V - 0.020 Pa per" pulse.

which is much less than the required pressure. At a repetition rate of 8.1 Hz

the flow rates of D, T, and He are

He - 1.01x1021 atoms/s - 6.71 mg/s

D - 1.87x1021 atoms/s - 6.24 mg/s

T - 1.87x1021 atoms/s. - 9.37 mg/s

Total dN/dt - 4.75xi021atoms/s.

There is about 219 mg of Ta per target, or 1774 mg/s. Normally the Ta metal

would condense into the Flibe. If all the Ta became fluorinated,the TaF5

(boiling point 504 K) would add 5.83xi021molecules/sto the gas pumping load.

There will also be small quantitiesof Li, H, HF, DF, TF, LiH, LiT, LiD, LiF,



2eF2, F2 and possibly other gases that come from the dissociation and

outgassing of the Flibe or the targets.

There are six potential sources of protium:

(1) target debrts. This source can be practically eliminated by using

targets that do not contain hydrogen. Then only (n,p) reactions in the

targets contribute to this source term.

(2) protium diffusion through structural components from the air. The

permeation rate of diatomic gases through metals may be estimated from the

equation

Qp - Kp(p21/2 - Pll/2)A/d

where Kp - permeation coefficient, P2 " external pressure - 0.0507 Pa for H2

in air, Pl " internal pressure, A - surface area of piping, d - tube

thickness. For steel at 900 K, Kp = 2x10-7 n_Pal/2/s. 9 Assuming Pl << P2, A=

1000 sz , and d = 0.01 m, the permeation rate is found to be

Qp = 0.0045 Pa-m3/s = 3.6x1017 atoms/s.

The double-wall containment around part of the Flibe system will further

reduce protium inflow from the air.

(3) There will also be some hydrogen produced by dissociationof water vapor

in the air on hot stainlesssteel pipes. The partial pressure of water in air

is about 720 Pa. A fractionof it dissociatingand entering the pipes could

substantiallyincreasethe H2 sourceterm. However, a balance between the

reaction rates for dissociation,recombination,absorption,and diffusion in

the presence of an intact or partiallydepleted oxide film is beyond the scope

of the present work. This is a potentialsource of protium which should be

studiedfurther in the future.

(4) protium diffusion through the steam generator from the water and steam.

Like protium from water in the air, this source term could be significant,but

is left for future study.



(5) protium from (n,p) reactions in the Flibe and in the blast chamber

walls. Hydrogen production in the Hastelloy N blast chamber walls is

estimated to be 4305 appmafter 30 y irradiation, or about 144 appm/year, lo

For Hastelloy N (70% Ni, 17%Mo, )'% Cr, 5% Fe), average molecular weight -

63.8 g/mole, and p = 8710 kg/m3 at 923 K. The chamber wall area is estimated

to be about 480 _. Assuming an effective wall thickness of 0.03 m, the

chamber wall mass M- 125 tonnes, containing about 1.2x103o atoms of metal.

The protium production rate in the blast chamber walls is estimated to be

5.4x1018 atoms/s.

In the Flibe 19F(n,p) and (n,n'p) reactions are estimated to produce about

0.0034 protons per D-T reaction. Assuming that reactions in Li and Be produce

a comparable amount, about 0.007 protons/DT reaction is estimated to be

produced in the Flibe. At a fusion power level of 2835 MW, this would yield

7x1018 atoms/s of protium.

(6) protium produced by D(d,p) fusion reactions. At burn temperatures of

10-20 keV, the D(d,p) fusion reaction rate is a factor of 170 + 10 lower than

the DT fusion reaction rate producinghelium. Therefore,the protium

production rate by fusion reaction.,;= 6xi0IB atoms/s.

The total protium inflowrate calculatedhere is about 1.9x1019atoms/s,which

is much lower than the flow rates of D, T, and He, so it may be ignored.

(This situationcould change if protium influxfrom water and water vapor

turns out to be significant.) The partialpressureof He in the air is about

0.53 ?a, so in principleit could Ipermeateinto the vacuum system. However,

accordingto Roth, "The permeationof atmosphericgases through metal walls

does not includethe rare gases (He, A, Ne, Kr, Xe) since no rare gas diffuses

throughmetals at any temperatureunder purely thermal activation.'II

The molecular mean free path L=k I /p, where kÂ - 0.0141Pa-m for H2. (The

symbol _ is used for both decay constant and mean free path, with distinction

to be deduced from context.) For a duct with D = 1 m at a chamber pressure -

" 0.38 Pa, _/D - 0.04, and the flow is in the transition regime. In the

transition region the conductanceis nearlythe sum of the viscous and

molecular conductances.12 A cooled surfaceor baffle at T-770 K will be

located near the vacuum pumoing duct entranceto condense Flibe vapor. For

JI
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the baffles only the molecular flow conductance is used:

CB = A(kT/2_m)l/Z Tb

where A = area (m2) of the port occupied by baffles, k = Boltzmann constant,

m= molecular weight of T2 - 1.001x10"26 kg, and Tb = transmission probability

through the baffle. For a we11-designed chevron baffle, Tb =0.20.13 For

tritium molecules at about 770 K the conductance of the baffle is

IF

CB- 82A = 82 (_D2/4) m3/s.

where D = diameter of tho duct and baffle. If D = 1 m then CB - 64 m3/s, and

if D - 1.5 m, then CB- 115 m3/s. The average duct temperature is assumed to

be 600 K. The corresponding total gas throughput is

Q- kT (dN/dt) - 39.3 Pa-m3/s.

According to the March 26, 1992 layout of HYLIFE-II,the blast chamber vacuum

pumping ducts have length L = 13 m, D - 1 m, and two 45 degree bends. For

bends less than 90 degrees,the tube conductancein the molecular flow regime

is roughly equal to that of a straighttube with the same axial length. The

conductancesof a circular duct for hydrogen isotopesat 600 K in the

molecular and viscous flow regimes are12

Cm m 122 (29/5)I/2(600/293)I/2D3/(L + 1.333D) - 420 D3/(L + 1.333D)

Cv = 1430 (170.5/83.5)(293/600)I/2D4 Pav/L -2040 D4 Pav/L

where (29/5) -mass ratio (air/DT),(600/293)- temperatureratio,

(170.5/83.8)- viscosityratio (air/hydrogen),and Pay = average pressure in

the duct. In the transitionregime,the conductanceCI of a tube is roughly

the sum of the molecular and viscousconductances. These conductancesfor

ducts with L - 13 m, Pav-0.2 Pa, are estimatedfor two values of diameter"

D-1.5m

Cm - 29 95 m3/s

Cv - 31 159



C1 -Cm + Cv " 60 254

CB - 64 115

C -(CB"1 + C1"1)'1 m 31 79
o

Here C - total conductance of the ducts between the chamber and the pumps.

, Let S - total pumping speed of the pumps. The values of S and C can be
estimated from

SC/(S+C) - OJp.

Using Q-39.3 Pa-m3/s, and p - 0.38 Pa, the effective pumping speed is found
to be

SC/(S+C) - 103 m3/s,

from which S - 103 C/(C - 103). For a case with four ducts, the total

conductance Ctot - 4C, and the required pumping speed is

D-lm D-1.Sm

C - 124 316 m3/s

S - 608 153 m3/s

In what follows the following values are assumed"4 ducts, D - 1.5 m,

L-13m, S - 200 m3 /s (50m3/s per duct). For comparison, the pumping speed

required for HYLIFE-I with heavy ion beamswas 310 m3/s. 14

Cooled baffles reduce the Flibe vapor pressureto low values before the

gases reach the vacuum pumps. Turbomolecularpumps can achieveabout 5m3/s,

so the 50 m3/s load could be handledby 10 turbopumpson each duct. However,

turbopumps are vulnerableto damageby Flibe droplets,and they require

periodic replacement. Scrollpumps (Normatex)are expensiveand have limited

flow capacity. High pumping speeds (> 1000 m3/s) are availablefrom cryogenic

pumps. A set of three cryopumps(one in service,one regenerating,and one in

i3



standby) would sufftce on each duct.

Since He wtll make up about 21% of the pumpedgas stream, tt wtll be

Important to have a means of separating the He from the D/T mixture. All

spectes but He would quickly condense tn the cryopump, and the He could be

drawn off by a turbomolecular or other dry mechanical pump. Only trace

quantities of tritium would be entrained in the effluent flow. That could be

scavenged by passing the effluent stream over a getter bed such as uranium or

a La-Ni intermetallic.

Hemmerich's cryodiffusion pumpcould achieve very high pumping speeds, 35

but it is ineffective in the molecular flow regime, whi<h may occur in the

HYLIFE-II ducts, so Foster's "snail" cryopump (Figure _) is chosen instead. 16

A travelling "snail" (Figure 5) moves over the cryogenic surface, locally

heating it and driving off the condensate to a collection duct. One snail

cryopump on each duct would suffice. Since this cryopump continually

regenerates, it is not necessary to periodically valve it off and warm it up

for regeneration. Hydrogen isotopes are drawn off by the turbomolecular pump

and sent to the Protium Removal System.

A cryogenic plant producing liquid helium and liquid nitrogen is
required for the cryopumping system. The LNz will be used as a thermal buffer

for the liquid He.

ii ]4
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Trtttum Removal from F1t be

Fltbe and Trtttum Chemistry

A two-stage vacuumdtsengagerwill be neededtn each of the three heato

transfer loops. Tritium is bred by neutron absorption tn lithtum in the

. F11be. Hellum is producedin the F11beby neutron interactions in Li and Be.

There wt11 be vlrtually no deuterium in the Flibe, since it Is not produced

appreclably by nuclear reactions or dlssolved muchfrom the gas. The Fllbe
fractionation products (LIF and BeF2) producedby the blast and high

temperatures should also be absent whenthe Fllbe arrives at the vacuum
dlsengager.

The Flibe maybe passedthrough a Be screen to removeexcess fluorine,

and a dtlute buffering agent such as Ce mayalso be addedto the Flibe. Many

reactions involving fluorine or tritium will be occurring in the Fltbe, such
as:

CeF3+ F -_ CeF4 (12)

CeF3+ (1/2)F2 ---->CeF4 (13)
F + T _ TF (14)

T + T -_ TZ (15)

F + F -, FZ (16)

F2+ T2 -_ 2TF (17)

Be + 2TF _ BeFz+ TZ (18)

TF + CeF3 -_ CeF4+ (I/2)Tz. (19)

Sincethe tritiumbred in the Flibewillbe very dilute,the rate of Reaction

(15)producingT2 directlywill be low. The rateof Reaction(14) producing

TF will dependuponthe amountof free fluorineavailable,whichdependson

the ratesof the otherreactions.The equilibriumconcentrationsof TF and T2

have beencomputedas functionsof the mole fractionFe++ in the salt.17 In

general,usingsufficientBe and CeF3willtendto increasethe equilibrium

concentrationratioof Tz/TFto largevalues. Here it is assumedthat allthe

tritiumis in the TZ form. The smallfractionof tritiumin the TF form will

be more difficultto removefromthe Flibedropletsin the vacuumdisengager,

but it will alsobe much lesslikelyto permeateout of the Flibethroughthe

17
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heat exchanger tubes.

Trtttum Removal Methods

Tritium may be removed by running the F11be over baffle plates with

counterflowing gas, by bubbling inert gas through the Flibe, and by spraying

the Flibe into a vacuum or inert gas. The mass transport rate of a bubbling
o

system is better than flow over baffles, and the mass transport rate in a

spray is generally a little better than that in a bubbling system, la

Therefore, a spray system ts chosen for HYLIFE-II.

Our analysis indicates that a vacuumdJsengager (a molten salt spray

into a vacuum) can achieve the required separation. The use of a flowtng

inert gas (such as argon) tn the spray chamber has also been considered. The

gas would partially levitate the Flibe droplets, prolonging their flight time;

and Jt would induce internal circulation and oscillations of the droplets,

thus increasing the trttium removal rate from the droplets. However, a

significant amount of the gas could be carried to the blast chamber, where Jt

would interfere with condensation and beampropagation; some heat would be

lost with the gas; and a system to remove tritium from the gas would entail

additional complexity and expense. Studies of a flowing-gas spray chamber

showed no significant improvements in system size or cost; therefore, the

Flibe droplets will be sprayed into a vacuum.

Another tritium control idea, suggested by D.-K. Sze, is to maintain

the primary loop tritium in the Tritium Fluoride (TF) form by adding excess

fluortne to the Fltbe (via MoF6, for example). ;9 In the TF form trttium has a

much lower diffusivity through the Fltbe, and tt cannot dissociate to

penetrate through sometypes of tube coatings. One potential coating with a

high binding energy is TiN, which could be applted by adding nttrogen to the

Flibe to interact with Ti alloy tubes or coatings. However, a vacuum

disengager would not work well with the TF form, unless much smaller droplets
could be used.

18
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Several vacuumdisengager design probloms must be addressed:

• tritium diffusion out cf Flibe droplets

• • tritium diffusion out of the spray region

• • optimum droplet st ze

• means of spray production
)

• required chamber radius and height

• • F11be pumping power

• vacuumpumping requirements

' • attalnable trltlum removal efficiency.

These w111 be discussed in the followlng sections.

Trtttum Release from Flibe Droplets

There are two diffusion problems to be solved: the tritium diffuses

out of F11be droplets, and then the released trltlum gas diffuses out of the

spray region to the vacuumpumps.

The distribution of tritium remaining In a F11be droplet as a functlon

of time durlng the droplet's fall through a vacuumIs 111ustrated In Figure 6.
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Figure6. Hypotheticaltritiumdensityprofilesin a sphericalFlibedroplet

at varioustimesduringthe droplet'sfallthrougha vacuum.
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A constant external pressure boundarycondition is assumedtn calculating the

tritium release from Flibe droplets. In fact, as the droplets fall they move

into a region of lower external tritium pressure, so the ultimate limiting

pressure ts that at the bottom of the spray. Thts varying boundary condition

is accountedfor by calculatlng the two-dlmensional pressure distribution in
I

the spray region and using an intermediate pressure (at z - 0.67h) for theI

boundary value. Tritium in Flibe has an experimentally measuredHenry's law

solubility relating pressure to concentration. The fraction of tritium

remaining tna liquid droplet after a fall time t is given by the equation20

ao

" P_/Po + 6 (I"P_Po) _ exp(-_n2Fo)(stn_m-_cos_n)2/7_3(_m-stn_mcos_n) (20)

where Fo - DFt/aZ - Fourier number,DF " diffusion coefficient of tritium in

the liquid droplet (mZ/s), a = droplet radius, p. - tritium pressure in the
surrounding gas, Po " initial tritium pressure in the droplet, and the ;_ are

eigenvalues found from the equation

_mcot_m- 1 - Bi, (21)
Bi - ahm/DF" Biot number

andhm " mass transportcoefficientat the dropletsurfaceintothe

surroundinggas or vacuum(m/s). The effectof tritiumbackpressureoutside

the dropletentersthroughthe pooterm. The fractionof tritiumremainingin

the dropletis shownin Figure7 as a functionof Bi and Fo.
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Figure 7. 7rltlum fraction remalning In a F11be droplet as a function of

Biot and Fourier numbers,for a case wlth p._o - 0.01.



Internal recirculation and droplet oscillations, induced by flow

through an orifice and by friction with gas, could increase transport rates by

factors of 2-10.zl, 2z However, the recirculation and oscillations of ttny

" droplets may dissipate tn times shorter than the flight time, and there is no

friction wtth gas to sustain them tn a vacuum, so credit is not taken for

these potentt al enhancements.

Diffusion and Mass Transport Coefficients

For the case of TF in Flibe at T - 923 K, the experimentally measured

dlffusion coefflclent is DF - 6.3xi0 "9 m2/s.z3 Accordlng to H. Horiyama

(Kyoto Unlverslty), the HT or T2 form has a dlffuslvity 10 times higher than

the TF form, as expected by analogy from the measured mass transport
coefficients, so tt ts assumed that DF = 6.3x10 "8 m2/s. Further experimental

work ts needed to clartfy the value of thts key parameter'.

The mass transport coefficient hmfor release of tritium at the Flibe

droplet surface enters only tnto computation of the Btot number. The value of

hm can be tnferred from experimental data of 0tsht et al, Z3 but the

experimental technique tends to.underestimate 1ts value. There are three

potential resistances to trtttum flow near a droplet surface:

(1) a diffusion layer just instde the liquid surface. Thts effect is

accounted for separately by the diffusion terms in Equation (20).

(2) a surface barrier. Zn the absence of chemtcal reactions or surface

bindtng, there ts no barrier. Thts effect ts expected to be negligible for

trittum leaving the Flibe, unless Impurities cause chemical btndtng.

(3) a diffusion layer through gas just outside the droplet surface, as

illustrated in Figure 8. In a vacuum system with very low pressures

• surrounding the droplet, this flow resistance is small.

23
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Figure 8. Distribution of tritium pressure and Flibe vapor pressure near a

Flibe droplet.

The value of the surfacemass transportcoefficientcan be estimated

by analogywith the surface iilm convectiveheat transfer coefficienth,

replacingthe Prandtl Number Pr with the Schmidt Number Sc. For the case of

spherical Flibe droplets fallingat a velocityv, the appropriatecorrelation

may be that for convective heat transferto a fluid flowing past a sphere.

Setting hm" kx/cf in Eq.(21.2-25)of Bird, Stewart, and Lightfoot (BSL),24
3

the result is

hm" (DAB/D)(2.0 + 0.060 Rel/2Sci/3)

where
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Re - Reynolds Number - Dvp/l_

Sc - Schmidt Number-I_/pDAI_

D - sphere diameter- 4xlO"4 m

v - velocity of vapor relative to sphere - 6 m/s
p -mass density of vapor surrounding the sphere

I_ - viscosity of vapor surrounding the sphere

_, DAB- diffusion coefficient of tritium in vapor surrounding the sphere.

, Both Flibe vapor and low-pressuretritiumcomprisethe vapor surroundingthe
J

droplet. The tritium pressure at the outsideof the droplet in the first

. stage of the vacuum disengageris estimatedto be on the order of I Pa. (The

internal pressure is initially2go Pa). The mass densitiesand viscosities

, are estimatedto be

I p = 0.7gx10"6 kg/m3 for tritiumat I Pa, 923 K

. - 2.9xi0"6 kg/m3 for saturatedFlibe vapor at 923 K

I_- 3.3xi0"5 kg/m-s for tritium at 1 Pa, 923 K

= 5xi0-s kg/m-s for Flibe vapor at 923 K.t

The diffusivitiesof tritium in Flibe vapor and in tritium gas are

estimated from Eq.(16.4-12)of BSL"

DAB - 2.26XI0"5 [T(I/MA+ 1/MB)]I/Z/aABZ_DABC

where

DAB - diffusivity(cm2/s)

c = molar concentrationof the vapor (gm-mole/cm3)

- 1.32xi0"I0gm--mole/cm3 (tritiumgas)

- 8.8xi0-11gm-mo;e/cm3 (Flibe vapor)

T - temperature- 923 K

MA - molecularweight nf the tritium- 6 g/mole

• MB - molecularweight of the other species

= 33 gm/gm-molefor Flibe vapor

= 6 gm/gm-molefor tritium gas

OAB = 2.9 Angstrom units for hydrogen (used to representtritium)

= 3.3 Angstrom units for Flibe (averagefor hydrogen+ fluorine).

EN3/k= 65.2 kelvin for tritium in Flibe vapor (used to find _AB)

25



- 112 kelvin for tritium tn tritium gas

- 0.55 for tritium in Flibe vapor at 923 K

- 0.65 for tritium in tritium gas at g23 K.

The resulting values of diffusivity are

DABa 5.8X10s cm2/s , 58 mZ/s (in Flibe vapor)

= 5.5x105 cmZ/s = 54 mZ/s (in tritium gas).

Approximate composite values of density, viscosity and diffusivity for the two
vapors (Flibe and tritium gas) are

p - 3.7x10-6 kg/m3 (sum)

I_ -- 4.6x10 "B kg/m-s (mass-weighted average)

DAB- 28 mZ/s (rec'_rocal sum).

The resulting Reynolds and Schmidt Numbersare

Re- 1.9x10 -4

Sc - 0.44

from which

hm " 1.5x10B m/s.

This value exceeds the tritium molecularspeed u - 1820 m/s, so it is probably

unphysicallylarge. Its large value indicatesthat tritium penetration

through the surface vapor film is probablynot a rate-limitingprocess. In

numericalcomputationsa value hm - 100 m/s was used. For all hm > I m/s the

Biot number is effectivelyinfinite,and the predictedvalue of ¢ is

insensitiveto the value of hm.



Diffusion of Trtttun Gas out of Fltbe Sprly

Hollow-cone or swirl-chamber nozzles are often used for spraying liquids tnto

gases, but the spray diverges, and the average droplet size Increases as the

• gas pressure decreases, z5 If the Fltbe sprays dtverge, as tn Figure 9, then

droplets will tend to coalesce, and trttium diffusion wtll be impeded.

Therefore, orifice plates are chosen to produce parallel Jet sprays. For flow

into a vacuum, the droplet size will typically be about twice the orifice hole

size, as illustrated tn Figure 10. z6

Figure 9. Overlappingof nonparallelsprays.
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If the Flibe droplets in the spray are close together, then a

substantial tritium backpressure can build up, which limits the tritium

release rate from the droplets via the p. terms in Equation (20). In the

coordinate system of Figure 11, the droplets are falling in the z direction,

and the tritium gas diffuses through the spray in the radial direction to

" reach the vacuumpumps.

The spray will be produced by pumpingthe Flibe through orifice plates

containingmillions of tiny holes in a triangulararray, as in Figure 12. Let

P - pitch - distancebetween hole centers,do - hole diameter, and

sv(_)- fraction of the spray volume occupiedby Flibe droplets at position z.

The fraction of surface area occupied by holes is

fh l _1_(lO 2/2( 3)1/2p2, (22 )

Droplets with radii of 10 - 500 l_mcan readilybe produced with a variety of

liquids (water, alcohol, acetone,oxygen,ether, molten salts, etc.). An

orifice p_ate containing300 50-1_mdiameterholes has demonstratedproduction

of multiple parallel streamsof droplets.27 Accordingto C. D. Hendricks

(LawrenceLivermoreNational Laboratory),the minimumpractical ratio of

dropletpitch/diameteris about 1.5, in order to prevent droplet coalescence,

so the minimum ratio of P/do for the holes is about 3. The corresponding

value of fh " 0_I0. At the orificeplate exit Ev(O) - fh. As the droplets

are acceleratedby gravity,their local volume fractiondecreases, since they

spread apart as they fall. From the continuityequation

Ev(Z)V(Z)- constant- Ev(O)vo (23)

where z is the distancethe droplethas fallen,v(z) - Vo(1 + 2gZ/Vo2)I/2 ,

g-acceleration of gravity, and Vo - initial velocity through the orifice.
,p
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Figure 12. A triangular array of Flibe droplets (circles) emerging from

holes (dashed clrcles) In a Flibe spray orifice plate.



The droplets form wtthtn a few mmof the ortftce plate, _htch ts a negligible

dtstance comparedto the spray hetght. Thus, the volum fractton at any

posttton z ts gtven by

Sv(Z) - lh/13 (24)

I_ u (1 + 2gZ/Vo2)l/2,

o

as Illustrated tn Figure 13. For the case with Vo - 5 m/s, ev(Z) decreases

from 0.1 (at z - O) to 0.045 (at z - h).

Trtttum gas molecules tnteract wtth Fltbe droplets and with Fltbe

vapor in the spray region. The diffusion coefficient of tritium gas out of

the spray region was estimated from

Ds" vt),/3 (25)

;_ m (1/_1 + l/;_f + l/).t )-I

- a/3ev
;_ - 1/(ornl)

l/(otnt)

where vt - tritium molecular speed- 1820 m/s at 923 K, _ - man free path of
tritium molecules amongthe Flibe spray droplets, ;Lr -mean free path of

tritium molecules tn F11bevapor, Xt " meanfree path of trtttum molecules

interacting wtth other trtttum molecules, a - droplet radtus, nf -Fltbe vapor

density in spray region - 5.2x10lg m"3 at 923 K, nt - trtttum gas molecular
density < 6x1020m"3 (at 923 K and 7 Pa, an estimated maximumpressure), of -

cross section for interaction of trttJum moleculeswtth LtF or BeF2molecules

" 3x10"19 m2 (Based on knownmeanfree paths for simtlar stzed moleculesZ8; and

on measuredcross sections for He+with He and for Ne+with Ne extrapolated to
low energtesZg), andot - cross section for interaction of tritium molecules

with other tritium molecules " 10-20 m2 (the approximate size of the hydrogen
molecule). Fromthese values ;_f" 64 mmand ;_t > 110 mm. If a-0.2 mmand

Sv " 0.1 to 0.045 (varies wtth vertical position), then ;_d" 0.7 mmto 1.5 mm.
Thus, ;_-_d and Ds- vt a/9_v, whtch varies vertically from 0.4 mZ/s (top) to

0.9 m2/s (bottom).
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Ftgure 13. Variation of ev wtth dtstance z the droplets have fallen.
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If nTo- concentration of tritium in the Flibe at spray chamber inlet,

then the source term of tritium gas released from the droplets ts found to be

S " " £vnTo/)4)/a_;

exp( -)_n2 Fo)(stn_m-_os)_l) 2

S - (6fhnToOF/mZp)(1-P_/Po) e

m=O _(;_- sin)_cos_)

*eXp[ -)_ZDFVo(1-13)/azg ] (26)

which is roughly proportional to exp(-constant*z;/Z).

The diffusion equation for the tritium gas is

Ds[_n/_)r 2 + (1/r)(an/_)r) + _)2n/az2] + (;_Ds/;)z)(an/;)z) + S - O, (27)

The following boundary conditions are assumed:

• Symmetryexistsat the centerline

_)n/_)r=Oat r - O.

• The tritiumpressureis maintainedat a valuePw at the chamberedgeby

vacuumpumps

n(R,z) - pw/kT

• Tritiumpermeationintothe top and bottomplatesis negligible:

_)n/_)z-Oat z-O and at z-h.

The diffusioncoefficientand sourceterm are both nonlinear.The

diffusionequationhas been solvedusinga simultaneousoverrelaxation

techniquewith a finitedifferenceapproximation.30 The resultingtwo-

dimensionalprofilesof tritiumgas pressureare shownin Figure14.
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Figure14. Two-dimensionaldistributionof tritiumgas pressurein Flibe

spray region, assumingPo mm Z94 Pa, pw " 0.0003 Po, R = 2 m, h = 5 m.



For comartson, a one-dimensional diffusion equatton was solved anm1_Ically

at each z position, with the result

n(r,z) = [S(z)R2/21)](I * rZ/R Z) + pw/kT. (28)

Although the one-dlmenslonal and two-dlmnslonal solutlons have the same

general magnltudes, the one dlmnslonal solutlon falls sharply with z, whlle

the two-dlmnslonal soIutlon Is smoothed out by axial dlffusJon. Thus, a one-

dlmenslonal solutlon would not sufflce for deslgn of the vacuum dlsengager.

AssumtngP/do = 3, the pressure proftles were computed for a variety of

droplet radii and spray hetghts, Jn order 1;o del;ermine the boundary conditions

for Equa%ton (20). The resul%s are shown tn F%gure 15. Greater accuracy

could be at%atned by a numerical solu%Jon of 1;he trt%tum diffusion equa%ton Jn

a Flibe drople% ustng %tme-dependen%boundary conditions (instead of a
constant value of P,/Po).

The %%rt%Jumback pressure tnstde tthe spray region and a%%%%atnable
values of • can be further reduced by Including flow channels free of spray

drople%%s(Ftgure 16), as suggested by R. W. Mott. Since 1;hree-dtmensJonal

calculal;tons for flow channels have not been done, credtt for thts effect ts

not assumedhere.
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VacuumDtsengager Parameters

Th,, volumetric flow rate of Flibe in the three steam generator loops
sQ-10.3 m3 /s. Each of the three two-stage vacuumdisengagers handles

• one-third of this amount, or Qs " 3.5 m3/s.

Either downward sprays or upward sprayscould be used, as illustrated

in Figure 17. Although the upward sprayswould have much lower chamber height

and pumping power, the jets would overlapand coalesce, unless the velocities

were carefullytailored, so a downwardspray is chosen for the vacuum

disengagers. If the droplets are sprayeddownwardwith an initial velocity

Vo, then the _.._eta fall a distancez - h is

t - (13-1)Vo/g (29)

where 13- (1+2gZ/Vo2)I/2.For the referencedesignVo - 5 m/s, h - 5 m, and

t- 0.62 s

The required spray region volumeVs can be estimatedfrom the equation

Vs - Qst/<Ev> (30)

where <Ev> - the averagefraction of chambervolume occupied by the Flibe

droplets = 0.06. (The variationof Ev with z was shown in Figure 8.) Thus,

Vs=36m 3 . The total orifice plate area

A - 1.2 Qs/fhvo (31)

where the factor 1.2 provides additionalarea for extra plates and for

• structuresupportingthe plates. If Vo - 5 m/s, then A-8.3m 2 , from which

the spray radius R = 1.6 m . To allow for inlet and outlet pipes at the top
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Figure17. Downwardand upwardspraysof Flibedroplets•

40



and bottom, the total spray chamber height

H m h + 2Dr, (32)
• ,

where h m spray height and Dt m Flibe tube diameter.

Assuming a constant P/do m 3, there is an optimum droplet size at each

spray chamber height, as shown in Figure 18. If the droplet is smaller than

optimum, then Ds is low, the tritium gas diffusion out of the spray region is

slow, and backpressure inhibits tritium release from the droplets. If the

droplet is larger than optimum, then diffusion within the droplet becomes the

limiting process. Two stages are needed to satisfy vacuum pumping

requirements at reasonable cost. For a two-stage vacuum disengager, it is
desirable to achieve 4) - 0.003 for each stage. A spray height h m 3 m is

inadequate (Figure 18), and h - 7 m is unnecessary. Therefore, h -5 m and

a-0.2 mmare choseli for the present design. This combination theoretically

achieves 4)- 0.0015 per stage, which gives us a safety factor of 2 relative

the design goal per stage, to compensate for uncertainties of material

parameters, three dimensional flow, etc. The spray chamber parameters are
listed in Table 3.
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Figure18. Tritiumfractionremainingin dropletas a functionof droplet

radiusfor varioussprayheights. The operatingpointis

denotedby an asterisk.
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Table 3. Spray chamberparameters.

F11be flow rate per vacuum
• dtsengager (b - 3.5 m3/s

Trttium flow rate per vacuum
" dtsengager snOJ3 - 4.0x1020 trtttum molecules/s

- 1.65 MCt/day,
Chamberradius R - 2 m

Spray height h - 5 m
Droplet radius a - 0.2 mm

Droplet velocity through Vo - 5 m/s

orifice plate
Hole fraction of orifice plate fh - 0.10

Flibe temperature T - 923 K

Tritium diffusion coefficient DF " 6.3x10"8 mZ/s
in Flibe at 923 K

Tritium gas diffusion coefficient
amongspray droplets Ds - 0.4 - 0.9 m2/s

Henry's Law Tritium solubility
in Flibe 31 S - 2.Sx101gexp(-3534/T) (atoms/m3Pa)
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There will be a two-stage vacuumdtsengager achieving _ - (1 - fs) " 1O'S in

each of the three heat exchanger loops.

Fltbe PumptngPower

The requtred pumptngpower per vacuumdtsengager stage is

P - gravity head + friction in pipe + friction in orifice + surfacetension + kineticenergy

P- [ pgz + fLpu2/2Dt + foLopvo2/2do + 3a/a + pro2/2 ]Qs/_ (33)

where f l frJctton factor in Flibe tube, L-total Flibe tube length
(including equivalent lengths of 20Dt for each right angle bend),

fo-frtction factor in orifices, and the other relevant parameters are

defined in Table 4. (Additional Flibe pumpingpower is required for the blast

chamberand steam generators.)
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Table 4. Flibe pumpingparameters

Fllbe temperature T - 923 K
Flibe surface tenslon3z a = 0.185 O/m2 at 923 K

F11bemassdenslty p - 1970 kg/m3

" F11be spectftc heat Cp = 2.38 O/g-K
Fltbe viscosity M " 0.0068 Pa-s.

Orifice plate hole diameter do - 0.2 mm

Orifice plate thickness Lo " 2 mm
Pumpefficiency 11 " 0.8

Flibe tube diameter l)t - 1.0 m

Flibe tube length L - 75 m per heat exchanger loop
(35 m + 2 elbows)

F11be volumetric flow rate Cls " 3.5 m3/s

Flibe velocity in tube u - 4.46 m/s

Flibe velocity through
orificeplate Vo " 5 m/s

Approximatepumpinghead z - 8 m

Pumpingpowerper stage P - 1.09 MW

TotalFlibepumpingpower P - 6.6 MW
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VacuumPumptng

At equlllbrlum the trltlum removal rate by the vacuumdlsengagers w111 equal
the trltlum Introductlon rate Into the F11be:

dN/_ - _nO - 1.19x1021 atoms/s - 4.95 Met/day.

At T = 923 K, the total throughput Is

Q - kT(dN/dt) - 15.2 Pa-m3/s.

Thus, each of the three vacuumdtsengagers should be able to remove at least

5.1Pa-m 3/s of trtttum. Assumtng a wall pressure of 0.09 Pa tna vacuum

dtsengager ftrst stage, the required effective pumptng speed tn the ftrst

stage of one disengager ts

SC/(S+C) = q/p = 57 m3/s.

For the second stage the throughput and pumping pressure are each reduced by a

factor of about 0.003, so OJp remains about the same. Thus, the total vacuum

pumping requirement of three two-stage vacuumdisengagers -342 m3 /s is

greater than that of the blast chamber (155 m3/s).

Each spray chamber will be pumped by four vacuum ports, as illustratedin

Figure 19.
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Conductance

A representative pumping duct is illustrated in Figure 20. Each duct will

contain two baffles and a gate valve. The first baffle will operate near

773K, to condense and drain ltqutd Fltbe. This baffle must be well above the

freezing temperature of Flibe, to avoid buildup of frozen Flibe. A second

baffle wtll cool the gases to about 400 K, which reduces the required pumping

speed.

The T2 flow rate per heat exchanger loop (dN/_)1 - 2xO20 molecules/s. At

400K duct temperature, the required throughput

(I - kT(dN/dT)l - 1.1 Pa-m3/s.

The trtttum molecule mean free path at the port entrance may be estimated from

Equation (25) without the _d term, since the port is outstde the spray region.

Thus

;L- (nfe + ntot)"] (34)

where nf - Flibe vapor density near the baffle " 1019 m"3,nt - tritium

molecule density near the baffle - Bx1018m"3(at p " 0.1 Pa), af " 3xi0"19m2,

and at " 10.20m2. Since L/Dp - 0.17, the flow is in the transition region

between viscous and molecular flow. For the bafflesonly the molecular flow

conductance is used:

C - A(kT/2_m)I/2Tb (35)

where A - area (m2) of the port occupied by baffles, k - Boltzmann constant,

m- molecular weight of T2 - 1.001xi0"26kg, and Tb " transmissionprobability

through the baffle- 0.20. For tritium moleculesat about B48 K (the average

of the inlet and exit temperatures),the conductanceof the first baffle

Cl - 86A - 6B m3/s.

For the second baffle at an averagetemperatureof 587 K, the conductance

C2 - 72 A - 56 m3/s.
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Figure 20. Arrangement of one vacuum dfsengager vacuum duct.
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Eachduct his L - 20 m, D- 1 m, Pay - 0.2 Pa. In the transition regime, the

conductanceC1 of a tube is roughly the sumof the molecular and viscous
conductances. The conductanceof the vacuumduct is estimated from

Cm- 122 (29/5);/2 (400/293)1/z D3/(L + 1.333D) - 16 m3/s
Q

Cvo 1430 (170.5/83.5) (293/400)1/2 04 Pav/L - 25 m3/s

CL - Ca+ Cv - 41 m3/s

where (29/5) -mass ratto (atr/DT), (400/293) - t_erature ratio,
(170.5/83.8) - viscosity ratio (atr/hydrogen), and Pay " average pressure in
the duct - 0.2 Pa. The net conductanceof the duct and baffles is

C m (1/C 1 -_- 1/Cz-J- 1/CL)-! . 17 m3/s.

Cryogenic Pumps and Turbomolecular Pumps

The required first stage chancieredge pressure Pw " 0.09 Pa. Using snail

cryopumpsrated at S l 50 m3/s, the maximumattainable throughput is

q - pwSC/(S+C)l 1.1 Pa-m3/s,

which matches the required throughput. Two-dimensionalcalculations are

neededto determine whether azimuthal pressure asymmetrywill be a problem

whenusing only two ducts at each level.

It ts assumedthat p(cryopump) - 0.1 Pw" 0.009 Pa. The pressure inside the

heated snail is chosento be p(snatl) - lOOp(cryopump)- 0.9 Pa. This

pressure is determined by the rate at which the snail heats the surface and by

the snail velocity across the surface. If the snail operated at higher

pressures, more gas would leak around the snail edges back into the cryopump,

and if the snail operated at muchlower pressures, the gas would be removed

more slowly from the cryopumpsurface, which would reduce its effective
pumpingspeed. It is assumedthat p(turbopumpinlet) - p(snail)/3 - 0.3 Pa.

At 300 K turbopumptemperature, the throughput Q - 0.83 Pa-m3/s per pump.
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The required turbopump speed S - Ojp - 2.8 m3/s, k11tch ts available

con_wrctally for tritium service.

Ortflce Plates
m

Individual 0.1 x 0.1 xO.OO2m orifice plates wt11 be suspended from a

stainless steel lattice 11ke suspendedcetltng panels. The orifice pla_e

assembly wtll have excess panels to compensate for holes that may become

clogged or enlarged.

The orlflce plates will have hole dlmeters of 0.2 mi (half the

droplet diameter), lt will be necessary to run the Flibe through a cleanup

system initially to remove all the particulates larger than the hole dtmeter.
!

A Fltbe side stream wtll be processed to matntatn its chemlcal composition and )

to remove particulates that may arise during operation. Since the orifice

plates are in a hot part of the loop, mass transport and deposition there will

probably not be a problem. Corrosion may erode away someof the holes and

enlarge them, with transport of the corrosion products to cooler surfaces.

The dissolution rates of metals such as Cr depend upon their diffusion rates

to the surface. Since NJ is htghly corrosion resistant in Fltbe, stainless

steel or nickel alloy orifice plates should endure well.

Need for Intermediate Coolant Loop

Since the vacuumdtsengager appears to provide good tritium control in

the Flibe primary coolant, it may be possible to eliminate the intermediate

coolant loop. A double-wall steam generator wtll be used to tsolate the Fltbe

" primary coolant loop from the steam system, without the need for an

intermediate loop. The use of double-wall tubes greatly increases the steam

generator reliability. Although the double-wall steam generator will cost

more than an ordinary steam generator, elimination of the intermediate coolant

loop will result in substantial net savings.
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Secondary Containment System
]

The primary loop will have a double-wall containment of tritium. The

inner wall will be the vacuumboundary, and the outer wall will be a 2 mm

thick welded stainless steel shell,with a helium sweep gas flowing in the

annulusbetween the walls, as illustratedin Figure 21. With the sweep gas

pressure slightly subatmospheric,leaks in the systemwill tend to r6sult in

an influx of air into the system rather than the escape of tritium. Silica

aerogel insulation(k = 0,02 W/m-K) 0.1 m thick around the inner Flibe duct

will reduce the outside temperatureto about 350 K, with a heat loss of 0.52

MW, assumingthat it can operate at T " go0 K. If not, a layer of other high-w

tempe,-atureinsula":,ionwould be required insidethe aerogel.

Components downstreamof the vacuum disengagers,such as the steam

generators Lnd their return ducts, will not require secondarytritium

| containment,and neitherwill the vacuum pumping ducts of the blast chamber

i and vacuum disengagers.

I Tritium may be removedfrom the helium sweep gas by use of palladium

windows or by oxidationand trapping on a catalystbed. There will be

removable insulatic_and shells around flangesof the Flibe duct, as shown in

Figure 22, and a mechanical guard over any parts of the shell that are likely

to be bumped by people or manipulators. The tritium leak rate via the sweep

gas will be calculated in a later section.
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HYLIFE-II Secondary Tritium Containment

Outer Sh;l/as
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Figure 21. An insulatedFlibe duct
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Figure22. Thermalinsulationand stainlesssteeloutershellarounda
flange. Sweepgasportsare not shown.
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The inert gas cleanup system is illustrated in Figure 23. The inert gas

will flow through an array of tritium getter beds prior to recycle. Tritium

and deuterium will be reversibly absorbedby these beds. Reactive gas

impurities such as nitrogen or oxygenwill react irreversibly with the getter

material. If the gas stream contains more complexmolecules such as methane

" or water, those molecules will be cracked and the hydrogen absorbedand other
constituents combinedwith the bedmetal. The beds will require periodic

replacement. Bed life is extendedby operating the first getter bed at a
sufficiently high temperature (" 500 °C) that hydrogenwill not be absorbed,

but reactive gases will be scavenged. After removal of other gases by the

getter beds, the helium sweepgas will be recycled to the secondary
containment system.
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HYLIFE-II Inert Gas Cleanup System

oae en_-sle I
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IGetterbed containment eymamTo protium

D: removelsystem

Figure 23. Inert Gas Cleanup System.
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When a getter bed has absorbed between 1/2 and 3/4 of its capactty for

hydrogen, the bed would be taken off line and heated to return the purified

hydrogen isotopes to the fuel storage system. An analyzing station would

determine the D-T mix as well as the H content enroute. If the H content were

too high, it would be necessary to send the gas through an isotopic separation

system.

These gases may be handled and processed at nearly atmospheric pressure.

Because tritium contamination levels will be relatively low, pumping may be

done with diaphragm pumps, dry piston pumps, or roots blowers. Any gas

surviving processing in this way will be inert, D/T free, and suitable for

return to the secondary containment system.

Each bed's capacity for hydrogen isotopes can be periodically measured

by connecting the active bed with a standard volume of deuterium whose

temperature and pressure are known. This process is repeated until the bed

will hold no more deuterium. The amount of gas absorbed is a measure of its

capacity. The bed is then regenerated to make it ready for service.

Deuterium is chosen as the calibration gas because of the desire to avoid

tritium (to minimize tritium inventory)and protium (a nonfuel gas).

The calibrationdeuteriumis stored on a larger getter bed, which can be

heated to generatethe gas and fill the standardvolume. Then, it can be

cooled to retrieve the deuteriumwhen the active bed is regenerated.

Hydrogen Isotopes Separation

" It is necessaryto determinethe isotopiccompositionof the hydrogenic

mixture recovered from the vacuum systemsand sweep gas system, in order to

ensure that protium (H) levels are low enough (< 0.3%), and to determinehow

much deuteriumneeds to be added to bring the mixtureto the desired D/T

compositionfor new targets.
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Hydrogen isotopic separation may be done most readtly wtth cryogenic

distillation columns. Such columns typically produce very htgh purity

effluent streams, >gg%pure of the various hydrogen Isotopes. This system

should maintain the H content of the return gas stream below 0.3%, tn order to

avoid reduction of the target energy gain. Since the protium source term

estimated above is only about 0.3% of the tritium flow rate in the blast

chamber vacuum system, it might be unnecessary to provide a hydrogen isotopes

separation system. However, more thorough calculations would be required to

justify its omission.

Inputs to the isotope separationsystem includethe effluent streams

from the blast chamber vacuum systems,the acceleratorvacuum system,the

vacuum disengager vacuum system,and the inert gas cleanup system.

A two-column system is anticipated,as illustratedin Figure 24. The

feed stream enters the first column, where the H2 comes out and is released to

the stack. Heavier isotopicmolecules includingHD, HT, D2, DT, and T2 (in

order of descending volatility)come from the reboiler end of the column and

pass through a catalyst bed equilibrator. This causes the reformation of H2

molecules from the HD and HT and a generalredistributionof the mole

fractionsof the other molecules. That becomesthe feed for the second column

in which H2, HD, and HT are taken out at the top and D2, DT, and T2 are taken

from the bottom of the column and returnedto the fuel storage system. The

lightermolecules are again passed through a catalystbed equilibratorto

inducethe formation of D2, DT, and T2 molecules, and the stream reenters the

first column. The second column adds only about 10% to the cost of the

system. It provides a much more complete removalof protium from the fuel

return stream and a greatlyreducedtritium fraction in the gas steam released

through the stack.
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Figure24. Cryodistillationsystemfor separationof hydrogenisotopes.
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Mass spectrometers or gas chromatographs wtll be used to determine the

isotopic composition of the effluent. The power requirements for the tritium

managementsystem are estimated to be: Fltbe pumping - 6.6 MW, cryogenic

system - 1 MW, sum (helium sweep gas system + air cleanup system + hydrogen

tsotope system) < 1 MW.

Trlttum Removal from Containment Butldtng Atr

With the exception of the secondary heat transfer loop in which water is

boiled to drive the turbines, the HYLIFE-II system wtll be water free. Hence,

seepage of tritiated water (the prime pathway for tritium loss from fission

reactors) wtll not be a problem. The vacuumdisengager system should prevent

tritium escape to the secondarycoolant,but it is conceivablethat it could

fail, resulting in tritiationof the steam loop. Continuousmeasurement of

the tritium content in the secondaryloop water will give an early indication

of any such occurrence and allow shutdownbefore any significantinventoryof

tritium can accumulate in the water.

The prospect of a Flibe duct rupture with release of tritium and Flibe

contaminantssuch as berylliumcompoundsto the reactor hall must also be

anticipated. In the case of such a spill, an emergencyair cleanup system

would be needed to purify the reactorhall air before releasingit to the

environment . Air cleanup systemsare usuallybased on removal of

contaminantsthat may injure a catalyst bed, followed by catalyzed oxidation

of hydrogenousmolecules and collectionof the water thus formed on molecular

sieve beds or alternativedriers. In this case, only ambient air moisture

would be expected to become tritiated. The Flibe and its dissociation

products should condense at ambienttemperatures. Thus, the main tritium load

in the room air would be T2 coming out of the Flibe. Unless there is an

ignition source,this should not react substantiallybefore being processed.

TF coming from the Flibe may react to producemetallic fluoride salts and T20

or HTO, but there would be very littleTF present in the Flibe, because Be
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buffers are used to keep most of the tritium in the T2 form. The emergency

air cleanup system consists of a set of bag-filters followed by HEPAfilters,

a cata]yst bed, and a drier bed, as illustrated in Figure 25. This system is

sized to allow processing of the entire reactor hall volume in 8 hours.

• The ttny amountof tritiated water normally collected by this system

could be fixed in concrete for burtal as radioactive waste. However, if a

substantial mount of tritium were collected, then the tritiated water could

be removed from the drier bed, electrolyzed, andprocessedby the isotope

separation system.

HYLIFE-II Emergency Air CleanupSystem
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Figure25. HYLIFE-IIairdetritiationsystem.
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Release of Non-Hazardous (;ases through the Stack

Protium isolated from the fuel return stream and certain other gases not

hazardous to the environment will be released through the plant stack. Helium

ash collected by the blast chamber vacuum system will be sent to the inert gas

cleanup system that processes secondary enclosure gas. This additional helium

wtll help compensate for helium losses from the sweep gas and cryogenic

systems.

Protium from the isotopic separation column in the fuel return stream

and other gases generated during the regeneration of the cryopumps wlll be

released through the stack. Cryopump warming wlll be done gradually, so that

the hydrogen isotopes come off before the other species. Because the higher-

temperature condensates will contain sometritiated molecules (such as

methane), tt wtll be necessary to pass that stream over getter beds to crack

those molecules and then to separate the hydrogen isotopes. An alternative

Beans of hydrogen separation, use of a palladium-silver diffuser, is not

chosen, because

(1) carbon and other elements that may be cracked from the higher-temperature

condensate tend to poison the diffuser, and

(2) hydrogen isotopes passing through the diffuser are purified, but the

filtrate on the upstream side would not necessarily be sufficiently low in

tritium to release through the stack.

Dtsposal of Hazardous Effluents

Solid wastes produced by the tritiummanagement system will include

consumed getter bed material and tritiatedcompounds. Liquid wastes will be

containerizedand hence fall under the same regulationsas solid wastes for

disposal. All of these must be consideredradioactivewaste. Additionally,

dependingon what material is used for the getter beds, they may also be

classified as hazardouswaste. The latterclassificationis far less likely

if the material has been processedto take it to its state of lowest chemical

energy, thus removing the flammableor reactivecharacteristicclassification.
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The remaining problem would be characteristic toxicity, which may require

encapsulation or calcining to a form where the leach test used to establish

toxicity potential would fail to determine toxicity. At the least, a factlity

Ntll be neededfor packaging suchwastes. Becausethese will probably be

radioactive from the low neutron fields that may be present at their service

• locations, tt may be necessary to do this work in a remote handling facility.
Sucha facility will probably be neededfor maintenancefunctions as well.

s

Hetal getter beds used for gas purification and separation can be

reacted to completlon with air, closed up and sealed, and disposed of as

radioactive waste. If waste minimization is an issue, or if there is

uncertaintyaboutthe abilityto ensurethat the reactivecharacteristicsof

the gettermaterialhavebeen fullyremoved,the bedsmay be disassembledand

refilledwith new gettermaterial. Thatwillrequirespecialconsiderations

in bed design.



Trlttum Inventory

To assess the tritium inventory we need to constder parts of the HYLIFE-II

system beyond the tritium managementsystem. These are now discussed.

Blast Chamber

The current design for the blast chamber is summarized by HotrZ and

House.33 It is essentially a cylindrical chamber about 3 m in radius and 14m

high with a domedtop closure and a flat bottom. Three Flibe circuits enter

the upper part of the blast chamber, and the liquid fall distance is about
8m.

)

The first circuit is the Flibe flow to provide the shield for the blast.

This flow is divided into a large number of Jets, many of which are

mechanically oscillated to provide a cavity within which the explosion takes

place. The volumetric flow rate of Fltbe through this channel is 57.1 m3/s.

Flow paths inside the blast chamber are complex. An average vertical velocity

of 16 m/s is estimated. All of this Flibe comesfrom the catch assembly at

the bottom of the blast chamber (legs 6 and 9 in Figure 2). The volume of

Flibe from this circuit in the blast chamber at any time is about SOm3, and

it is assumed to be isothermal at 9231( outside the blast chamber.

The second major Flibe circuit feeds several tnternal paths Including the

shielding tray, horizontal and vertical beam shielding flow, shell 1 tubes,
and channels between the shells 1 and 2 of the main enclosure, with a total

flow rate of 17.8 m3/s. This flow also comesfrom the main recirculattng flow

(leg 7 in Figure 2), and is assumedto be at 923 K outside the blast chamber.

The pool at the bottom of the reactor contains Fltbe from 3 shots, so adding

the one in progress, this flow's contribution to the volume of Fltbe in the

blast chamber at any time is 8.8 m3.

The third Flibe circuit is a condensing spray that is injected into the

outer part of the central chamberto acceleratecondensationof Flibe

vaporizedby the explosion. The flow in that channel is 9.7 m3/s, and it

I 64



comes from the cold stde of the heat exchanger loop (leg 8 tn Figure 2). Xt

also provtdes 0.6 m3/s of F11be for cooltng the space between shells 2 and 3.

Hence, the total flow through this channel is 10.3 m3/s, the sm as the flow

through the three heat exchanger loops. The temperature at which tt enters

the blast chamber ts 857 K. The volume of Fltbe tn the blast chmber from

' thts stream ts 5.1 m3.

Trtttum left over from the fusion explosion ts htghly unllkely to enter

the Fltbe in any quantity, because of the large Fltbe droplet stzes expected

from the blast. 34 The chemtcal potentials favor evolution of trtttum bred tn

the Fltbe to the gas phase. That tritium wtll becomemixed wtth the

contributions from all Fltbe flows in the collection pool and wt11 be pumped

with the Fltbe throughout the plant. Since the main avenue of escape for this

tritium from the Fltbe is through the vacuumdtsengager, it wtll rise in

concentration untt l the removal rate in that system equals the production rate

in the blast chamber. The tritium concentration in the Fltbe leavtng the

blast chamber is 1.15x10zO atoms/m3 (Table 2).

With clean, cool Fltbe providing cooling at the outside of the blast

chamber,35 only shell 2 and the structures interior to that will be htghly
tritium contaminated. It is assumedfor tritium loss rate and inventory

calculations that the contaminated metal consists of the volume of a shell

25mm thick over the entire surface of the blast chamber
!

Dratn Tanks

A number of drain tanks will be needed to receive the Flibe during system

maintenance or during an accident. These drain tanks must be capable of

heating the Flibe well into the liquidus, and they should accommodateFlibe

• expansions and contractions without damage. The tanks serving the blast

chamber and recirculation loop will become loaded with tritium from the hot
4

Flibe. However, only the tritium carried by the Flibe into the tanks wtll be

able to reach the tank walls. The solubilityof tritium in the tank materlals

will greatlyexceed its solubilityin Flibe, so it is assumedfor conservatism

that all the tritium from the drainedFlibe enters the tank walls. The
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maximumtritium inventory in the tanks would be that corresponding to the

number of times the tanks are filled, which is assumedto be ten.

!
0 It is assumedthat 4 drain tanks serve the blast chamber and the main

recirculation loop. Taking 10 times the inventory of the tritium in the Flibe

,_ that would go to those tanks, a tritium inventory in the tanks of 5 g is '
i

estimated. The drain tanks serving vacuumdisengager/steam generator loops

will be filled with Flibe that is essentiallyfree of tritium, so the

inventorythere is negligible.

Vacuum Dtsengagers

These devices are nominallyright-circularcylindersof radius 2.5 m and

height 9 m. A shell thicknessof 3 cm is assumed. Internally,2% of the

z volume is assumed to be taken up by structure. At any instant4.4 m3 of Flibe

is assumed to be present in the chamber. The chambers are assumedto be well

insulated so that the Flibe does not lose thermalenergy during the vacuum

separationof tritium from the Flibe. Since solutionof tritium in Flibe is

endothermic,wnen the tritium emergesthe sensibleheat recovered is about
=

(0.3 eV/molecule)(1021molecules/s)(1.6x10"19 J/eV) - 48 W, which is

negligible.

I
Two vacuum disengagersare provided for each of the three heat transfer

loops. Each is assumedto remove 99.7% of the tritium from the Flibe entering

it. Hence, the tritium in the seconddisengagerwould be only 0.3% of that in

the first and may be neglectedfor inventoryaccountancypurposes here. The

averagetritium content of Flibe in the disengageris assumedto be half that

with which it entered. Becausemost of the chamber is exposed to a vacuum,

there will be littletritium uptake in most of the structure. Only that

structure in the first stage upper plenum and orificeplates, assumed to be 2%

of the total disengagerchambervolume, would become significantly

contaminated. It would containtritium in equilibriumwith Flibe at the

incomingtritium concentration,assuming surface-limitedkinetics.
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Inventory Quantities

A list of Flibe ducts and estimated tritium inventories is shown in Table

6, based on the layout diagram of March 26, 1992.36 The main base collector

" manifolds have been reduced to three separate ducts each. The dominant

inventory is in the duct walls (140.8 g). The total inventory of tritium in

the FZfbe in the various ducts is 0.475 g. The inventory in the blast chamber

Flibe is 0.074 g, and in the blast chamber structure, 0.195 g. In the vacuum

disengagers, the estimated inventory is 0.92 mg of trittum in the structure,

with negligible tritium in the Flibe. Hence, for the enttre HYLIFE-II

facility, other than the tritium processing system, the inventory is estimated

to be approximately 141.5 g, mostly _n the Flibe recirculation duct walls.
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Table 6. Estlmatesof trltlumcontentsIn HYLIFE-IIF11beducts.
i i

R_ Descrlptlon N L R Thick Q v Flibe Structure

(m) (m) (m) m3/s (m/s) T_K) Trlt(g) Trlt(g)Ill

1 Base Collector 3 30 0.8 0.03 3.43 1.71 g23 O.1024 13.17

Manifold

Pumpto Vac Dis 1 3 25 0.5 0.02 3.43 4.37 923 0.0333 6.13 .,

2 Vac Dts 1 to 3 28 0.5 0.02 3.43 4.37 g23 0.0001 4.4E-04

VacDts 2i

3 Vac Dis 2 to 3 23 0.5 0.02 3.43 4.37 g23 2.8E-07 2.3E-08

Superheater

4 Superheater to 3 7.5 0.5 0.02 3.43 4.37 896 8.4E-08 4.7E-09

PumE.....
Pumpto Evaporator 6 6 0.35 0.02 1.72 4.38 896 5.7E-08 5.7E-09

iii i= i, i

5 Evaporator to 6 2 0.35 0.02 1.72 4.38 857 2.1E-08 1.1E-09

Header Junction
i i

6 BaseCollector 9 30 0.8 0.03 8.32 4.14 g23 0.3073 50.31

Manifold

Pumpto Junction 9 10 0.8 0.03 8.32 4.14 923 0.0113 20.12

m=

7 Junctionto Side 9 12 0.4 0.02 1.98 3.94 923 0.0034 5.87

Header

8 Junctionto Spray 3 60 0.5 0.02 3.43 4.37 857 2.IE-07 2.IE-08

Header ,, ml

9 Junctionto Top 9 20 0.7 0.03 5.74 3.73 923 0.0174 34.21

Header
i i i.



The inventory in the tritiummanagement systemwill depend on the details

of the design, which have not yet been determined. The inventoriesof the

vacuum systems, sweep gas channels,and room air cleanup system wil_ be small.

The inventoriesof the sweep gas getter beds and hydrogen isotopes systemwill

be appreciable,but not large. The dominant inventorywill be about one day's

supply in the tritium fuel storagebeds and target factory. At a given time,

about one fourth of that amount could be in the processing system. The

tritiummass in one days fuel supply is

M - mtPt/Wfb- 1.24 kg

where P- 2.835x109W, t -86400 s, mt - 5.01xi0"27 kg, W- 2.818xi0-12J, and

fb " 0.35.

Hence, the total tritium inventorywould be about 1.4 kg, of which most

would be in isolated storagebeds.
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Trltlum Loss Rate

Loss through the Steam Generators

To optimize the thermal efficiency,the heat exchangerswill have very

large surface areas, thin walls, and the highesttemperaturestolerable by the
¢

materials. These featuresmake them highly permeableto tritium. Tritium

transport through the Flibe to the heat exchangertube walls is duminated by

turbulent flow, with slow diffusionof tritiumthrough the boundary layer, and

the Reynolds analogy betweenheat and mass transfer may be applied.24

Calculationswith a tungsten barrieron the tubes showed only a slight effect

on fx. The flow resistance of the Flibe boundary layer is greater than that

of the tungsten. Since the tritiumconcentrationat the tube wall is much

less than the radial averageconcentration,the equationspreviously derived7

may be simplifiedto estimate the fraction of tritium permeatingthrough a

heat exchanger,with the result

1

fx - I - exp[ -(0.1989H/R) _ dy / Rel/B cf+ ]
0

where y- z/H, z is the distance along the tube, R is the tube radius, H is the tube

length, Re is the tube Reynolds number, and cf+ is a radial average of a

dimensionlesstritium concentrationgiven by

1

cf+- 2 fdx x c+(x)
0

with

_(1-x) ds

c+(x) - _ if _(1-x) < 26, •

0 (I/Sc) + 0.0154 vs[ I - exp(-O.0154vs)]
o

c+(x) - c+(26) + ln[_(1-x)/26] if (x(1-x)> 26,

and
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v - s, if s < B,

v - 4.731 In(s) - 2.664 if s > 5. l

In these equations x - r/R = normalized radius, s =dummy vartable of

' integration, _-v*pR/l_, and v*-O.1989u/Rel/8 . These equations are solved

by the TRITUBEcomputer code.

The superheater and evaporators in each of the three loops are exposed

to tritium-depleted Flibe. Hoffman and Lee37 recommendmaking the evaporators

and superheaters identical units to simpltfy design, maintenance, and spare

parts requirements. Typical superheater parameters are listed in Table 7.

From the Reynolds number, the hydraulic diameter, and the viscosity, the

effective Flibe flow velocity through the shell side of the superheater is

estimated to be 1.43 m/s. The Flibe temperature drops from 923 K to 896 K as

it passes through the superheater, and the wall temperature is about 42 K less

than the Flibe temperature. The tube outer diameter is 21.4 mm, the tubes are

21.2 m long, the tube bundle is 2.0 m in diameter, so the volume of Flibe in

the superheater is 52.6 m3. The TRITUBEcode calculated permeation fraction

Table 7. Example superheatertube parametersfor the subcriticalcycle.

H - tube length - 25.4 m

2R - hydraulicdiameter - 6.85 cm

T - Flibe inlet tempeFature - 923 K

A - Flibe-sidetube area - 4471 m2

N - number of tubes - 2075

u - bulk Flibe velocity - 1.43 m/s

p - Flibe mass density - 1970 kg/m3

" DF - diffusivityof T2 in Flibe- 6.3xi0"8 m2/s

- Flibe viscosity - 1.16xi0-4 exp(3755/T)Pa-s

• Re - Reynoldsnumber - 2Rvp/_ - 28.810

Sc - Schmidt number - _/pDF " 48

! 71

!



through the superheater tubes ts 14.9_.

For the evaporators, there are 1500 tubes, each 17.9 m long. Fltbe

enters at 896 K and leaves at 857 K. For a Reynoldsnumberof 19,938, a

hydraulic diameter of 6.85 cs, and a slightly higher viscosity at the lower

temperature, the effective flow veloctty of the Fltbe is 1.23 m/s. The tube

is about 130 K colder than the Flibe. The two tubes are each 2.8 mmthick,

the tube bundle diameter is 1.7 m, andthe volumeof Fltbe in each evaporator

is 28.8m3. The calculated permeation fraction for the evaporator tubes is
8.65%.

It is assumedthat leaks will result in eventual loss of all the tritium

that gets intothe steamsystem. Of the 5 MCi/dayof tritiumenteringthe

Flibesystem,a fractionI0-sor 50 Ci/dayis not removedby the vacuum

disengagers.Of that 50 Ci/day,14.9%(- 7.5 Ci/day)is lostthroughthe

superheatertubes,and of the remaining42.5Ci/day,8.65%(- 3.7 Ci/day)is

lostthroughthe evaporatortubes. Thus,about11 Ci/dayare lostthroughthe

steamgenerator.
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Loss through the Secondary Containment

The trltlum flow rate leavlng the blast chamber is

' nO - 9.80x1021 atoms/s - 40.9 MCl/day.

The tritium leakage out of a Flibe duct with R - 1 m, L - 20 m was previously

estimated to be 0.34% of the tritium in the Flibe entering the duct. If the

secondary containment system consisted of Flibe duct segments each wtth

R mO.5m, L " 30 m, the loss fraction scales to 1.17% in each segment. The

surface area over which secondary tritium containment is required ts estimated

to be 4551 m2. Since the area of one segment - 94 m2, it will take about 48

such segments to cover the active 3582 m2 area. The Flibe flow is split into

about 12 parallel flow paths around the blast chamber. Each path carries

about 1/12 of the tritium, and consistsof about 4 of the helium flow

segments. The duct leakage in one of the 12 paths is

Leakage (one path) - (I/12)(n(])[I- (I-0.0117)4]

- (I/12)(nQ)[0.0460].

Since there are 12 parallel paths, the total leak rate is 12 times as great,

or

Leakage - O.0460(nQ) - 4.51x1020 atoms/s - 1.88 MCi/day

from the Flibe duct into the sweep gas. Approximatingthe helium flow segment

as an annuluswith radius R, gap width Ar, length L, and flow speed u, the

tritium balance in the sweep gas is estimatedfrom the equation

2xRAr u dn/dz - 2xR(Ji- J2)

where n - tritium concentrationin the sweep gas (atoms/m3),dn/dz-
Q

concentrationgradient,j_ - leakageflux from Flibe duct into sweep gas, J2 "

leakageflux from sweep gas through outer shell to room air. Assuming J2 <<

Jl, the solution of this equation is
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n( z ) l 2eRJ1z/2eR_ru.

Since p = nkT, the Stevert's Lawloss rate through the outer shell of one

segment t s

L
Loss - 2xR _ dz OSpl/Z/x

0 o

- (4_RDSL/3x) (2_RJ1LkT/2_R&ru)l/z

wherex = shellthickness,D-tritium diffusivityin shell,S=tritium

solubilityin shell. For stainlesssteelat 350K, D-4.0Sx10"Is mZ/s and

S- 1.46xi0z2atoms/mzPaI/2.3a

The leakrate intoeach segmentis

2xRJIL= (Leakage)/48= g.39x1018atoms/s.

Assuming,L - 33 m, R - 0.5m, Ar = 0.02m, x = 0.002m, u - 0.1 m/s, the

loss ratefrom one segmentis foundto be

Loss - 5.49xi012atoms/s

so the totallossrate from48 segmentsis 2.64x1014atrJms/s- 1.1 Ci/day.

(If the outershellwere hotter,the lossratewouldincreaserapidly,because

both D and S vary exponentiallywith reciprocaltemperature.)The total

tritiumlossrate via the steamgeneratorsplus secondarycontainmentis about

12 Ci/day.
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Cost Esttmate

A few representative items w111be described below, followed by a table

summarizingall the cost elements.

Vmcuum Dtsengmger Chambers

The vacuumchambersare approximatedby cylinders with L - 8 m, R - 2.5 m,
thickness &r - 0.03 m, and mass- 30 t. At an estimated cost of $21/kg, the

cost of the 6 vacuumdtsengager chambersts 3.78 MS.

Orifice Plates

The sprayregionradius- 1.6m and the chamberradius- 2 m, so thereis a

plenumat the outsideto facilitateazimuthaland verticalgas flow. Each

stagewill have830 orificeplates,each0.1 x 0.1 x O.O02m with 10% of each

plate'ssurfaceoccupiedby 32,000holes,diameter0.2 mm, drilledby multiple

pulsedlaserbeams. The cost of the steelplatesand cuttingis negligible.

Researchand developmentof laserdrillingprocessis estimatedto take 4 man-

years. Manufactureis estimatedto take2 man-yearsplus 400 k$ equipment.

The totalestimatedcostof the orificeplatesis 1.0MS, includingspares.

Vacuum Duct for Vacuum Dlsengagers

Thereare four vacuumpumpingducts(twoat the middleand two at the bottom)

on each stage. The middlelevelpumpshandlemost of the gas load,and the

bottomlevelpumpsminimizethe pressurearoundthe Flibedropletsnear the

end of theirfall. Thereare six stageswithfour ductseach,for a totalof

24 ducts. Each ducthas L - 30 m, R - 0.5m, and thickness- 1.3cm. The

• totalmass - 233 t. At 63 $/kg,the cost is 14.65MS.

" Valves and Other Vacuum Equipment

Eachvacuumductcontainsa I m diametergatevalve. Largegatevalveshave

beendesignedfor applicationssuchas isolationof neutralbeam injection
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lines, and a valve with 0.4 m inside diameter has been built for the OT-60
tokamak.39,4o The 1 m diameter gate valves are estimated to cost 160 kS each.

A 10 cm tube/isolation valve will connect the cryopumpto the turbopump, and a

2.5 cm tube/valve will connect the turbopumpto a diaphragm pump. It is
assumedthat the costs of these other valves, baffles, tubes (not including

the largeduct from the chamberto the cryopump),and instrumentationwill

aboutequalthe cost of a secondlargegatevalve. Thus,the cost forthe

valvesand bafflesper duct is estimatedto equalthe cost of two largegate )

valves,or 3;!0kS. Sincethereare ;!4ducts,the totalcost for theseitems

is 7.68 MS.

Fltbe System Components

The estimated sizes of Flibe systemcomponentsare listed in Table 8. Host of

the Flibe system componentsare considered to be part of the primary coolant

system, and are not included here as part of the tritium managementsystem.
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Table 8, Est4mated Stzes of F]tbe components,

each ee_ ld ld al

L m R,m Flibe V1 At Number V X L
fraction m3 m2 m3 m2 m

B/ut C/_

Flibebelowway 6 4 25% 75,0 ! 75.0 0,0 0.0
" Flibespray&header 8,0 1 8.0 0,0 0.0

ctum_rwalls 15 4 30% 45,0 478.0 1 45.0 478.0 15.0

bottomducts 30 0,5 1 23,6 94.2 4 94.2 377.0 120,0

bypsssducts 30 0.5 1 23.6 94.2 9 212.1 848.2 270.0
firstwailducts 12 0.35 1 4.6 26.4 4 18.5 105.6 48.0

ductto1ststageVD 25 0,5 1 19.6 78.5 3 58,9 235.6 75.0
1strage VI:) 9 0.5 1 7.t 28.3 3 21.2 84,0 27,0
1st.->2hdstage 28 0,5 1 22,0 88.0 3 68.0 263.9 84.0
2nclstageVD 9 0,5 I 7.1 28.3 3 21.2 84,8 27.0
2nalstage-.>SH " 23 0.5 1 18.1 72.3 3 54,2 216,8 69.0
supert_ater " 17 1 82% 43.8 106.8 3 131.4 320,4 51.0
evaporators ' 12 0.9 82% 25,0 67.9 6 150.2 407,2 72.0
SH.->pump ' 7.5 0,5 t 5,9 23.6 3 17,7 70,7 22.5
pump.-> evaporators' 6 0.5 1 4.7 18.8 6 28.3 113.1 36,0
evaps..> blast 60 0.5 1 47.1 188.5 3 t41.4 565.5 180.0
chaml_ '
draintankducts 7 0.25 0 1,4 11.0 10 0.0 110.0 70.0

draintanks(empty) 10 2.5 0 196,3 196.3 10 0.0 1963,5 100.0
extraFlibe 1 100.0 1 100.0

Totals 1243.2 6245.0 1266.5

' Secondarycontainmentnot
required

Areasumexcluding' items• 4551.4
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Tritium Storage Beds

The target factory ts a separate system, which has not yet been designed, and

tts tritium inventory has not been calculated. There wt11 be segmented

tritium storage beds at the output of the protium removal system, located in a

Nuclear Grade containment building (perhaps the target factory). In the event

of target factory failure, the reactor could continue to operate for one day
41

on stockpiled targets, and this storage bed would accumulate the one-day
exhaust tritium from the reactor and Fltbe.

The trtttum production rate tn the Flibe is

BP/W- 1.19x1021 atoms/s - 5.84x1020molecules/s.

With a burnup fraction fb " 0.35, the unburnedtarget trttium exhausted to the

vacuumsystem is

(P/W)(l-fb)/fb- 1.87x1021 atoms/s- 9.34x1020 molecules/s.

Both of these flows eventually reach the tritium managementsystem, except for

the small fraction which ts lost. In one day, the total flow is

8,07x1025molecules - 134 moles. Eachmole of uranium can practically store

about 0.75 molesof TZ, so 179 moles of uranium (43 kg) are required.

Assumingeach storage bed contains 5 kg uranium, there wtll be 9 storage beds,
plus 5 spares. The cost of the 14 storage beds, each 47k$, is 660k$.

The costsestimatedfor the HYLIFE-IITritiumManagementSystemare summarized

in Tableg. The totalcost is 92 MS, of whichthe vacuumdisengagerscost

-56%, the blastchambervacuumsystem- 15%, the cryogenicplant- 9%, the

emergencyair cleanupand wastetreatmentsystemseach - 6%, the protium

removal system- 3%, and the fuel storage system and inert gas system each -
2%.
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Table g. Estimated costs for the HYLIFE-Z; Trtttum managementSystem, FY
1990 dollars.

, Owmxwt Fief. _nt m(Dmmommmm) .nmm maim m_oLm
Vll0!JlJflt_ 61.44

vaaxxncki_Uwnbers mms 6 D,,4,L,,8,t-O.03,M • 30 t 21 i/kg 3.78
o,

internalstructure mm 6 5%ofVDmN • 13 t each 21 $/kg 0,19

orificeplates&spares mim 1set 0.1x0.1x0.002,02 mmdiamholes 1,00

.rnj'_hv_:..m_v_res sca_J 48 1.oc,4_,(1.1e_)_, ieo_ 7.88
cryogenicpumps est. 2 4 50m3/s,snailtype 94 kS 2.26

_oomolecutarpumps B;_,zer 24 5 m3/s,mwdfortritiumtervk:e 131kS 3,14

vacuum_'11_oldWngeow$mim 24 D.i,L.30,t.O.O13,total.232,6t 63 ks_ 14,66

engr.,Install,test 18.74

mmgermom 2.10
tritiumstoragebeds est. 14 5 kg(U)perbed. 47 kS 0.66

tublng/valves/pumps est. 14 28 kS 0.39

glovebox, l yearlabor est. 2 94 kS 0,19

engr.,install,test 0.86

_ _ FromBPXcostestimate 0.53

blmRcrmllbwvmcuum 13,80
wmm
vacuumducts&baffles mass 4 L.17,D.I.5, t.,O1,eacr_.6.34t 62.8 1.59

k$/kg
cryogenicpumps scaled 4 snailtype,100m3/s 133kS 0,53

turbomolecularpumps Balzer 4 tri_umservice,5 m3/s 131kS 0.52

gatevans sca_ 12 1.5m 208kS 2.50

scrogpumps est, 4 542 kS 2.17

_nstrumentatlon est. set vacuumgages,RGA 89 kS 0.09

engr.,install,test 5.10

leakdetectionsystem fromBPXcostestimate 1.30
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Ilwnceit I_

C_ Ref. quant. Specs(DI_ amInmo4ms) tmltcost MS MS

InmtgassyMm 1.95

gassupply&storagesystem 9 m3 heliumtank,gages,regulators, 0.08 0.08
accumulator 9 m3 0.08 0.08

tubes,ducts&valves set 0.07 0.07

pumps 4 0.23

hotgetterbed 1 0.09 0.09

coldgettert_ds 3 0.28

D2storagebed& icf. 1 0.38
volume
instrumentation set 0.05

engr.,install,test 0.69

protiumremovalsystem est. basedonBPXisotopesep.system 2.93

amcgercyaircleanup est. BasedonBPXatmos.detritiation 5.37
system syst.

cn gerc 8.57
heliumcryogenicrefrig, scale .13kW C = 24.8(2.6/15)^0.6 8.16
plant
nitrogencryogenicrefrig, est. 5%ofLHecost 0.41
plant

wastetreatment& 5.30
packagg
fumehoods est. 3 0.05 0.14

gloveboxes est. 2 0.09 0.19

remotehandlingequipment est. 0.47

roomaircleanupequipment est. 1.41

packagingequipment est. 0.94

engr.,install,test 2.15

Total Cost (MS)= 9 1.9 9

8O
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Summary

A two-stage vacuum disengager is used in each of the three Flibe loops

for tritium removal. Each stage has a chamber about 4 m in diameter and 7 m

' high. The optimum Flibe droplet diameter is 0.4 mm; larger droplets release

tritium more slowly, and smaller droplets impede tritium gas flow out of the

spray region. The tritium leakage into the steam system is about 11 Ci/day,

and leakage through the secondary containment is about 1 Ci/day. The Flibe

pumping power associated with the vacuumdisengagers is 6.6 MW.

The present design assumesthat the calculated tritium removal

fraction per stage is degraded a factor of two by nonuniformvacuum pumping

and other undesirableeffects. The design does not take credit for

* Flibe droplet oscillationsand internalcirculation

* reducedtritium backpressurein the spray region from the use of

flow channels (Figure 11).

Experimentalconfirmationof the vacuum disengagerconcept for molten salt is

needed. Because the vacuum disengagerremovestritium effectivelyfrom the

Flibe, an intermediatecoolant loop is not needed to preventtritium leakage

into the steam system. The HYLIFE-IIdesign has evolvedto a configuration

with no intermediatecoolant loop, using a double-wallsteam generatorto

reduce the probabilityof steam penetrationinto the Flibe system.
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