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CUl'rent concerns about the nuclear fuel cycle s~em to center on 

~ management, ~-E_roliferation, and optimum fuel utilization 

(including use of thorium). This thesis attempts to design a fast 

molten-salt reactor on the thorium fuel cycle to addxess these concerns 

and then analyzes its potential performance. The result features 

1 • A simplified easy-to-replace skeweci.-tube geometry for the core 

2. A vecy hard neutron spectrum which allows the useful con

sumption of all the actinides (no actinide waste) 

3. Reduced proliferation risks on the equilbrium cycle comp2red 

to conventional fuel cycles because of the absence of car

cinogenic, chemically-separable plutonium and the presenr.e of 

232u which gives a tell-tale signal and is hazardous to work 

with 

4. A breeding gain in the neighborhood of 0.3 
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1 • 0 IHTRODUCTION 

1 .1 Overvievr of Current Nuclear Poli tics and Technology 

1 .1 .1 Nuclear Fuel Cycle Problems and Their Poli tics 

In recent years a number of concerns over the nuclear fuel cycle 

nave arisen. A principal irritant is plutonium (Pu) production in the 

existing light water reactor (11-ffi) uranium fuel cycle and in the fast 

breeder (FER) extension thereto. Concerned individuals fear that the 

presence of Pu stockpiles may promote the proliferation of nuclear 

weapons, covertly or overtly, among national and subnational (e.g. 

terrorist) groups. 

In response to this concern, President Ford announced that ~he US 

i·rould no longer consider reprocessing of LHR fuel to be a foregone 

conclusion. The alternative of course is to stockpile or to bury spent 

fuels, thereby creating a problem of actinide waste management. That 

would appear to be less than an optiaurn ecclogical alternative as much 

of the ur2..:lium mined (mostly 238u) wculd never be used: min~ng trans-

for:ns ~ountain containing 101 000 par"s of embedded uranium from natural 

to machine - processed stat~ for the recovery of 72 parts fuel. Of 

that, reactors consume 7 - 10 parts; a few parts change into plutonium 

and. the rest currently becomes other - actinide 1·raste. 

If commercial FBRs ever appear, the associated fuel cycle must 

also contend 1·1i th higher ac·~inides such as a.mericium and curium. Heat 

source rate and alpha decay toxicity may economically prohibit their 

fabrication into fuel rods. 

These and other concerns also influenced President Carter to slow 

dovm the plans for commercial FBRs. 



1.1.2 Technical Solution: Thorium Fuel Cycle 

The thorium fuel cycle solves some of these problems. By 

starting with a material which is lower in atomic weight (A.::232 

vs. 238) this fuel cycle eventually produces far less alpha-active 

waste (especially carcinogenic and weapons-grade Pu) than the 238u/ 

Pu fuel cycle. Though 233u from the Th fuel cycle makes jusi as 

d 1 1 . . t . 1 . d b 23 21 · . goo a nuc ear exp osive, i is a ways a.ccor.ipanie y 1 wnose 

ciau.;hter decay products emit a highly-penetrating gamma radiation. 

This makes 233u hazardous to work with. It also signals its location 

and transport. 

1.1.3 Technical Solution: Molten Salt Fast Reactor 

1.1.3.1 Advanta.:-,--es of fluid-:uel reactors. Fluid-fuel reactors 

continuously add fuel and reoove fission product5 ar.d require no fuel 

refabrication. Molten-salt reactors (MSR) have been more ext~nsively 

developed than other fluid-fuel power systems. They appear to offer 

advantages in limiting the proliferation of nuclear explosives: the 

fuel cycle inventory of weapons-grade material outside the reactor is 

very small and concentrated at the power plants; little stockpiling 

or shipping of weapons-grade fissile materials occurs. 

1.1,3.2 liltroduction to the MSFR. Beginning shortly after World War 

II but ertending into the 70's several laboratories looked at molten 

s~lt fa.st reactor (11SFR) concepts. Interest generally followed the 

fortunes of the thenna.1 MSR and so has waned in recent yizars. Through-

out this time, the inherent absence of clad.ding in an MSR has hinted 

of a neutron economy sufficient for breeding. 

A thermal reactor doesn't breed easily; it requires careful 

design and continuous reprocessing to minimize nonproductive neutron 

2 



ca;tures in fission products, core structural oaterials, and control 

poisons. An MSFR is not so seLsitive; it has no moderator and little 

internal structure. Cl and limited alkali (typically Na) are the 

lightest materials present. Therefore, the neutron spectum remains 

fast and fission products absorb far fewer neutrons. 

Numerous workers have already studied the MSFR(U/Pu) as a 

breeder, fission product burner, and ultra-high, fast-flux test 

facility with very hard neutron spectrum. This thesis systematically 

examines the technical bases of l·1SFRs and extends MSFR stu.d:ies into 

the thorium fuel cycle, r·IBFR(Th), seeking a system which can maintain 

c~iticality in st~ady-state o~eration ~rithout accumulating actinides 

detrimentally. 

The Th/233u and the 238u/Pu cycles differ in their neutron eco-

nomics. As a result, interest in the thermal molten salt breeder 

rea.ctor (1·1SBR) has centered on its special usefulne::.;s for 'Jreed.iug on 

the Th/233u cycle. Interest in the MSFR has focused on exceptional 

breeding gain (BG) with the 
238u/?u c~·cle [MSFR (D/Pu.) J: up to 

o.6- o.8. For an MSFR (Th) even with an anticipated reduction of 0.2-

0.3, BG= 0.3-0.5 may be possible. 

Though not usually emphasized, the very hard spectrum and good 

neutron economy of an MSFR offer the prospect of usefully consmning 

all actinide nroducts: sooner or later a.11 the transactinides fission. 

If some capture initially, that only (generally) further deforms the 

nucleus, thereby increasing the probability of fission. Thus the MSFR 

offers strong potential for resolving·_ current concerns, particularly 

on a thorium fuel cycle. 

3 



1.2 Historical Review of Molten Salt Activities 

The history of the MSR is as old and complex as the history 

of nuclear power itself. The ups and downs have followed those 

of the parent technolo,gy but the swings have been if anything more 

violent. 

1.2.1 ~erican Activities 

1 .2.1.1 Uevelonment of the :.iSilR& In 1947 ORNL began a stu.iy on the 

physics, ci1e<Jistry, and engineerin.;s o::' i:.::-anium-. and thoritun-bearin5 

molten fluorides. The potential for very high temperatures and power 

density interested the aircraft propulsion project. 

MSR technology first appeared in the open literature in 1957 

(.Briant and. Weinberg[1 ]). iiext, Bettis, et al. [2,3] a.nd Ergen, et 

al. [ 4 J reported on the Aircraft Reactor Experiment: 'a beryllium

modera ted, thermal reactor fueled with a UF~NaF/ZrF2 mix and. con

tained in Inconel. This reactor successfully operated in 1954 for 

more than 90,000 kllhr without incident, at thermal powers up to 2.5 

r.rw and temperatures as high as 1650°F. 

Tb.is marked the start of an ORNL program to develop a thermal 

?.fol ten Salt 3reeder Reactor (:,iSBR) for economic civilian power [5]. 

It included 

1. Evaluating the most promising designs 

2. Pinpoint~6 spP.cific development problems 

3. Developing materials for fuels, containers, and moderators 

4. Developing components, especially pumps, valves, and flalloaes 

suitable for extended use with molten salts at 1300°c 
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5. Developing supplementary chemical processes for recovering 

valuable components (other than ur2I1ium) frcm spent fuel 

6. Developing and demonstrating the maintainability of an 

MSR system. 

In 1963 1 Alexander [6] summarized the Cak Ridge development: 

1. 'l'.:..:: simplicity of the reaciJcr core and the semicontinuous 

fuel handling apparatus lead to .i.ow capital costs and in-

creased plant a~oilability. 

2. The simplicity and ccntinuous nature of fissile and fertile 

stream processing methods lead to negligible fuel cycle 

costs in en-site p_ants. 

3. 'Ihe negative ternpe:-ature coefficient of reactivity inhi:rent 
; 

in the thermal expansion of the fuel provicies safety advant-

ages over other reactor concepts. 

4. The internally-cooled reactor offers competitive nuclear 

performance; the externally-cooled reactor, superior per-

formance. 

This effort Led to the design, construction, arid operation of 

the 8,-i·lWth ~·~Olten Sai.t Reactcr ~xperiment (l";SR.i), Critical operaticn 

of the MSRS spanned the period from June 1965 to December 1969 1 dur-

ing which the reactor accwnulated over lJ,000 equivalent full-power 

hours of operaticn and demonstrated remarkably high levels of opera-

bility, availability, and maintainability. 

In recent yea.rs, Ba.ttelle Northwest Labora.tory (BUHL) has made 

critica.l experiments on MSBR configurations [7]. Several United 

Sta•~~ ~iv~=sities have studied the chemistry of molten salts [8]. 
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A.i.'iL identified the need [9] for in-pile corrosion testing at high burn-

ups to clarify the effect of noble-metal deposition on container meta.l. 

Present~.y all work has stopped. A. current problem was that 

Hastelloy-N limited the temperatures of the ORNL MSBR: the addition 

of carbides into the grain boundaries keeps He from forming and 

swelling there,but at high temperatures the carbides disappear into 

the grains. E. Zebroski of EPRI feels that the problem with the 

I·!SBR was whether the system parts would hold together very long [1 o]. 

1.2.1.2 Develoument of the MCFR. Goodman et al [11] proposed a 

molten-chloride fast reactor (:.1CFR) in 1952; Scatchard et al [12] 

reviewed the chemical probler.:s involved. In 1955, Bulmer et a.l, 

[ 13 J designed and evaluated c:. 500 MW th r•1CFR, erlernally cooled. 

At that time the work was secret and only later declassified. 

Chlorides of sodium, magnesium, uranium, and plutonium made 

up the fuel salt. The blanket was depleted uranium oxide, cooled by 

sodium. Their report contains numerous trade studies, some still 

useful. 

Bulmer chose chlorides over fluorides to limit neutron moder

ation. However, he felt t:tat the strong 35Cl(n,p) reaction would 

require enrichment in 37c1. M. Taube [14-16] of the Institute 

of Nuclear Research, Warsaw shared this view. More recently both 

Taube [17] and Faugeras [18] have mentioned that fluoride salts may 

work well with 233u in a fa.st reactor in spite of the extra moder-

a.tion. The MSFR work then shifted to Argonne Nationsl Laboratory 

(ANL). 

E. s. Bettis (ORNL) feels that [19] OillrL's look at the !-iCFR was 
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very superficial since it was outside their thermal reactor charter. 

They mainly criticized the high fuel inventory tied up in the heat 

exchanger. Bettis thought that Mc Taube had a good idea in direct 

cooling (in-core, no fuel circul~tion) with boiling Hg [20], but 

that insufficient quantities of Hg exist. ORNL looked unsuccessfully 

at molten lead direct cooling: corrosion proved to be the Achilles 

Heel. 

In 1967, ANL summarized [21] the fuel properties and nuclear 

performance of fast reactors fueled with u.~anium and plutonium tri

chlorides dissolved in chloriies of alkalis and alkaline-earths, 

Included were the physical and chemical properties of the fuel, and 

the heat removal and neutron:.cs for one homogeneous reactor and two 

internally-cooled reactors~ The optimum core volume for 1 000 !ii\V'e 

power proved to be 10,000 liters for each type. Each exhibited 

favorable characteristics of high breeding ratio, lar~ negative 

temperature coefficients of reactivity, and low fuel-cycle cost= 

Ho\'rever, the unattractive chare.cteristics of large plutonium 

inventory, large volume, complex design, and. container material 

problems indicated the need for a sizable program to develop the 

MCFR(U/Pu). 

Recently L. E. ~IcNeese [22] offered the following comments on 

the :iICFR~ 

1. Resistance of Mo to :::alt corrosion seems to depend directly 

on the oxidation states present, as expressed by the "redo:x:" 

potential. This corresponds to the directions of the Swiss 

chemical research. 
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2. Re graphite vs. Mo as a structural material: graphite is 

a step up in technology requirements. It is also subject 

to radiation darr.c:.ge. ORNL stopped the engineering on it 

for MSBR. 

3. Re in-core vs. out-of-core cooling: .in...core offers lower 

inventory (SI), but high structural radiation damage. The 

extra shielding for out-of-core is inconsequential. Though 

the out-of-core (Pu) version oifers a breeding gain of o.6 

-0.7 to counteract the extra inventory, the economic mea

sure of interest (at least for U/Pu cycles) is approz

imatel;r sr2 BG-
1

• :n SU!!IJTlary out-of-core will be easiest, 

but may be less eco:iomic in terms of fuel costs. 

Fission product bu.mer concepts are of little interest: 

only 129r separation has been contemplated. 

4. The Swiss molten chloride fast reactor designs presUI:1e that 

a stream of about one ppm can be continuously directed for 

reprocessing and returned. For this: 

a. the chemistry exists (at least for fluorine 

systems); 

b. the engineeri:i.g ability exists; 

c. the small-sea.le ORNL/MSBR plant 1·1as not finished; 

and 

d. scaling up has not been done and would be a sig

nificant tuldertakin~ much work to be done. 

1 .2.2 E\.u'onea.n Activity 

1.2.2.1 Poland/Switzerland, Led by Iheczyslaw Taube. :.1. Taube 
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first, in Poland and later in Switzerland, looked at a variety of 

l·TSR concepts, primarily on the plutonium cycle. Principal studies 

were on 

1. A system of about four fast !.ICFRs and one NSR "burner" 

of fission product waste [23]. The overall system con-

swnes its own fission product uastes and still has a 

positive breeding gain. The burner featuxes a thermal flux 

tr~p surrounded by fast reactor molten fuel. The higher the 

specific power (r.~:w/l ) in the system, the lower the steady-

state fission product concentration becomes. 

2. Optimization of the breeding ratio for an l1lCFR(U/Pu), 

theoretically achie•"ing 1.6 - 1.8 [24]. 

The 10 m'l 1-
1 power density assumed by Dr. Taube far exceeds 

8 -1 the 70 - OkW l technology of OEUIT.. Thus, little direct ex-

perience applies. Still, L. E. 1.foNeese (ORNL) was unable to 

immediately foresee any intrinsic difficulty with 10 MW 1-1 [22]. 

Presently, the Swiss work has stopped, as the electorate 

pushes the laboratory from reactor research towards general energy 

research and development. 

1.2.2.2 France. In France, Comm. En.erg. Atomiquc (CEA) and 

Electricite de France (EdF) sponsored development of the MSBR as 

backup to the Superphoenix. breeder. EdF emphasized lower powers 

for near-term feasibility. Their long-term interests included 

direct-contact in-core molten-lead cooling. CEA. pursued higher 

temperatures for long-term application. Their near-term inte~ests 

centered on experimental corrosion studies. 
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Fontem.y-aux-Roses (CEA) and Pechiney Ugine Kuhlman (PUK) 

studied several high temperature r.1SR concepts [18,25,26], a 

Th/ 
23~u cycle in fast and thermal fluoride-salt reactors and an 

HCFR (U/Pu). The MC.FR design feawres in-c9re cooling (Fig. 

1.2-1) and a 7 .62 rr? cylindrical core surrounded by a 30 m3 

blanket. Table 1.2-I intercompares the main 1'aet and thermal 

i·:Sr. ccr.cepts of the French. 

A CEA/FUK subccmpany 1 SERS 1 and Carbonne-Lorraine [27] 

carrierl out experimental studies in lC/74-lC/76 including 

1. Tests of the mechanical performance of the materials 

under temp~~ature and radiation 

2. Corrcsicn tests in 3alt at hieh temperature 

3. Cperation of loops at high temperature: one fer iso-

thermal hydrodynamic studies, a non-isothermal one with 

small flow for heat exch8J1~e studies, and a third non-

isothermal one for corrosion. 

In lC/77 1 if the above results were positive, they were to decide on 

a development program whose object would be the construction of 

a prototype of 25 - 50 M.'.·!th. 

'l"he _ilmerican and French atomic organizations were also seek-

inB to agree on the fields of preparation for a 200 MWe MSBR demo

plant. They were to decide in 1979 on the' construction of this 

reactor, depending on the progress with high temperature reactors 

and success of the French Superphoenix 1200 t·Wl(e) Liquid Metal 

Breeder Reactor (LMFER). 
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Table 1.2-1 cm.U?ARISON OF :F'RE:NCH MOLTEN SALT REACTORS 

(}{ARACTERISTIC 

Power, Mw 
Thermal 
Electrical 

Core specific po'l'1er w/cm3 

Efficiency % 

Fuel, mol % 

Fertile material, mol% 

Secondary coolant 

Working fluid 

Core fuel velocity, m/s 

Neutron spectrum 

Moderator 

Structural material 
r~~ctox and t'lbes 

Fast 
Reactor 

2050 
1000 

255 

49 

15 PuC13 85 NaCl 

65 238uc1 
35 NaCl J 

A1C1:J 

Dissociating 
Nf 4 Gas 

2 

0.01 Kev to 10 Mev 

None 

Molybdenum Alloy 
(Nickel or Iron 

Added) 

12 

Thermal 
Reactor 

2250 
1000 

22 

44 

71-7 LiF 
16 Be~ 
12 ThF 

0.3 UF 4 
4 

71-7 LiF 
16 Be~ 
12 Thf'":-
0.J UF4

4 

ffaBF4 
Steam 

2.5 

Thennal 

Graphite 

Hastelloy-N 



1.2.2.3 England. British workers studied MSRs in 19S4 and 1965. 

1he ~iSFR interested them the most and they felt that such a study 

would complement the US MSBR program. A preliminary study of a 

fast system using the 233u/Th cycle and fluoride salts did not 
- - -

Look encouraging, so they refocused on a 238u/P.i cycle aLd chloride 

salts. 'Jerk on salt chemistry began in 1965; in 1970-1972 the 

lll"ogram extende-:l. <:.:::: include other materials aspects. 

::o:cke"t"s at :-iar~·;ell and. ~-!i.ni!"i th examined. three variants of 

i:. 25CO E·!e tfCFR( 238u/Pu) [28-31]: in-core ''direct" cooling by 

molten lead drops 1 in-core cooling by blanket salt passing through 

:-:o tubes, and cut-cf-core coo.:..in~. 

The direct sche~e enccu:-tered too many problems. The i.n-ccre 

cooling ccncept appeared to warrant further study but the fuel 

inventory did not appear to be as low as first thought; also the 

high velocities and high pumping pressures presented serious 

design problems. The corrosion limits and strength of molybdenum 

or its alloys at reactor temperatures represen'~ed a large ur.knet"ltl. 

With out-of-core cooling, at first the fuel inventory in the 

reactor circuit was tco high. Hci-rever, co!!!pact layouts and higher 

(but still achievable) heat exchanger volumetric ratings reduced 

it to within reason. Figure 1.2-2 illustrates the design. The 

16 -2 -1 13 neutron flux was 3 x 10 n. cm s in the reactor and 3 x 10 

j.n the heat exchanger. 

1.2.2.4 Soviet Union. Very little iz known 3bout Soviet Union 

engineering studies. However, extensive salt thermodynamic and 

physical property studies, evidenced in Section 3.3 1 suggest a 
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much larger supporting research program than in the Western 

world. A USSR review book on Liquid-salt Nuclear Reactors 

regards MSRs as reactors of futur3 with compact ~d promising 

fuel cycles. They conclude that the developmental focus must 

be on the external fuel cycle, ergo the USSR attention to salt 

properties. 

1.2.3 Summary l·lSR State-of-the-Art 

:Ooth the 2 l•fvith ARE and the 8 MW th MSRE demonstrated ex

tended successful lll.SR performance but under conditions less 

~trenuous than those co:r:sidered for a 1000 MWe or l·1CFR. The 

question remains: will a circulating-fuel system hold together 

long enough to be practical? :.iore specifically, how will the 

candidate container materials - Mo alloys, graphite, or compos~ 

ites with these - hold up at high temperature to corrosion by 

the variety o.f mutants and oxidation states which high burnup 

produces? The answer to such questions will come from in-pile 

corrosion testing. The French have an on-going experimental 

program in such engineering studies, but it may be proprietary. 

Much work needs to be done in developing and scaling up 

the reprocessing system. 

With out-of-core cooling most of the fuel circulates 

outside the core. This threatens the reactor stability. In

ventory reduction requires compact layouts and high heat 

exchanger efficiency. 
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2.0 Al'rAL"YSIS OF CONTEMPORY CONCERNS ABOtrr THE NUCLEAR FUEL CYCLE 

AND OTHER CONSIDERATIONS AFFECTING CROICE OF AN ADVANCED CONCEPT 

2.1 Nie.clear Fuel Cycle Waste Management 

One primary facet of the nuclear waste problem is tbat reactor 

operation induces short-and intermediate-lived radioactivity in 

mate~ials which had been stable or only long-lived radioactive. The 

s~lution is to alternatively store the activated materials until they 

decay, or to transmute them back into harmless stable or quasi-stable 

nuclides. When operation produces nuclides which poison the enviro

ment 2.!:.~ last long, then ecology prefers the added speed of trans

mutation. 

Fuel cycle wastes occur in p_reparation of the fuel (mill tail

ings), reactor operation (spent fuel and activation of air and water), 

and reactor decommissioning (activation products of stru~tural 

materials). The latter are generally nonvolatile, bound up in the 

structural material, and extremely difficult to release to the 

enviroment, even in accident situations. The mill tailings are in

herently low-level. Holdup tanks and stacks with large dilution 

factors manage the air ani water activations. Manag3ment of the 

spent fuel poses the major problem: all others pale in compariSOif• 

In the ab3ence of US repro~essing,spent fuel has accumulated 

recently such as to saturate the utility storage pools. To prevent 

loss of nuclear generation, DOE plans to find away-from-reactor 

storage capacity for 810 MT of spent fuel by 1984 and at least 

25, 000 i1IT by 1996. Foreign spent fuel will add to these require

ments [32]. 
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2.1.1 Characterization of Snent Fuei Wa~tes 

Fission products and transmuted actinides emit most of the 

radiation in spent·fuel. Some of these radioisotopes exist for 

long.times, comparable with a human life span. Those with half-

life of a few to 50 years are particularly hazardous because they 

radiate faster than the longer-lived ones. How long each element 

remains in a human or animal depends on its biological-el:imination 

half-life, which may be very long. 

Some half-lives exceed the life span of oux society. A concern 

then arises that nuclear ~ower might burden the generations to come 

i:Ti th a.ccu.':lulated wa.ste 1 pa.rt:.cula.rly the transa.ctinides (Figure 

2.1-1 ). 

Figure 2.1-1 
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2.1.1.1 G2.ses. Spent fuel gases generally include He ar.d T
2 

frcm 

ternary fissicr., E2 , D2 , T2 , and He !'ran charged-particle-out thresh-

c:d reacticns, ar.d fissicn product gases (Xe, Kr, and r 2 ). In either 

a molter. salt fuel or in disscluticn of a solid fuel, gases se~arate 

out easily. 

The IAEA . Coce cf Practice for Safe Handling of Radicnuclides 

[~4~ classifies radicnuciides into fc1ll' grcups accor~5 to U1ei..!' 

radiotoxici ty pe:::- :;.'1i t acti vi tl, p::·i=iarily upcn ::r:!'la1.a tier.. ;_.-._ :·i·':~:: 

(Th) could produce the following nuclides in gaseous form (half-lives 

in parentheses): 

.1.. Grcup : ( --rery high _·adic:.oX:..cit~-): ncr.e 

2. Grcup II (high raC.:..otoxicity): 

ar.d 133I (20.s h) 

J. Grcup III (moderate radiotcxicity): 

(37.2m) 1 

85icrm (10.?2y), 87Kr-(76m), 

( 
L ) 13 '5_ ( 6 6 ) 13 ')__ ( \ 52.~m I 'I • h I 'Xe 9.lh, 

1--: ~ 
_ _,_I (8.0 d.) I 

18r ( 109. e:n) , JSC.i. 

132r (2 .29 h)' 131.r 

4. Grcup IV (lcw radictcxicity): 3rr (12.33 v' 
• I ' 

Cf these atly 3H 
1 

1291 1 
85Krm 1 and 36c1 \in order of increasing 

hazard) have half-lives long enough tc warrant processing: the rest 

just require short-term holdup before release to the atmosphere. 

Low hazard tritium relatively emits only weak radiationj its 

maximum allowable concentration is amcng the highest for any 

radicactive material. Ft.rtr.ermore the body excretes it rapi~y ar..d 

it carir.ct bi~ogica.l.ly ccncentrate in the envi!-cnment, ·in food cha:S..ns 
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or in r.i<n. It decays with a 12.J years half-life to harmless helium 

and thus poses no lcng term hazard. It also has application for the 

fusion prcgram. Nevertheless, it must be monitored and is hard to 

contai."1. 

8
\rm has a similar half-life but i· s far t · more uX:J.~. As an 

inert gas, it is easy to isolate. Both l29I
2 

and .36c1
2 

gases 

might be returned to the reactor as halide salt. There they will 

most likely transmute to harmless 37 Cl and 1J°i<r. 

2.1.1.2 Solid fissicn produc~s. Storage fer about a year (:ig. 

2.1-2) reduces most fissic.'1 pro®ct radioacti v'~ ty to more manage-

atle as:rclJnts. Cf the rema:i..'1:....-ig raC:.o:..sotcpes the most hazardcu.;; a:e 

these wr.ich metabolize and beccme a part cf living organisms, ar.d 

decay ·..ii.th half-J..i7as comparable to a human life-span. 

2 .1.1.J Actinides. Management of actinide wastes has caused 

much controversy in recent years [35-49]. Their long half-life 

makes actinides a quasi-permanent burden unless one can transmute or 

otherwise remove them from the enviroment. Alpha-emitters threaten the 

most, particularly ·..ffien ingested. Plutonium is the worst of these: 

inside the body it seeks out and locates on banes, which makes it 

ca!"cinoger.ic. Secticn 2.1.1.4 discusses this fcr-ther. 

Most. actini'.des though usually in an unwieldy form can also 

be used for weapons Section 2 .2 analyzes this. 
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2.1.1.4 Unigue bioloe;ical hazard of plutonium [50]. Most chemical 

elements react chemically with biological systems, some of them 

detrimentally. Cthers may be safe in elemental form, but not as 

compounds. Individual isotopes ca.n also harm living matter by etnit-

ting dangerous radiation. All the isotopes of actinide elements 

radiate. Plutonium predominates among these elements because it 

comprises five quasi-stable isotopes and constitutes the first 

significant element above starter uranium on the A scale. 

The main isotopes of plutonium, in order of decreasing 

. 239 240 241 238 21_,2_ importance are Pu, Pu , Pu, Pu , and ~Pu. This reflects 

their usual concentrations :md activity rates. In high-burnup 

Ll4FBR fuel, Pu-241 presents the principal short-term hazard (Table 

2.1-I). 239Ptl emits 5.15 EeV alpha particles which range only 

3 .6 cr.:i in air and less than 45 )Am in water. In each ionizing 

collision with air or water molecules, the alpha loses 35 eV. 

After about 120 1000 collisions, it has lost all of its kinetic 

energy. It then stops, capturE:s two electrcns, and changes into 

a neutral helium atom. Noble gas helium does not affect the 

human body. 

Cutside the human body the alpha radiation poses no threat: 

5.1 MeV alpha-particles can penetrate the skin from outside only 

to a depth of 4~m. This is still within the epidermis layer 

~-rtµ.ch regenerates very quickly. 

The short track length of an alpha-particle in living tissue 

concentrates the energy absorption in a relatively small volume 

thereby increasing its affect. Thus to compare toxicity of alpha 
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TABLE 2.1-I 
RADIOACTIVITY IN FUEL 120 DAYS AFTER DISC"tiARCE FROM 

A 100-MWD/kg, 1000-MWE FBR 

Equilibrium 
Radiation Level After 

Discharge 
120 Days of Cooling 

Isotope Decay Hali Life Composition 
Mode Curies per kg Kilocuries 

(M{%u) of Discharge per MT of 

I 
Isotope Fuel Mix 

U-232 a 73.6 y 0.014 2.a9 x la4 

I 
o.o 

U-237 a 6. 75 d 3.a 3 56 o.o 

U-238 a 4.5 x la9 y 909 kg 3.35 x la 4 

I 
a.o 

U-239 6 23.5 m l.2 2 x 10" 5 
a.a 

Np-236 a 22 h (57'.'o) a.000034 5.5 o.o 

Np-237 6 2.14 x 1" 6 y 175. 0.706 ·O.O 

Np-238 6 2.10 d 0.112 224. o.o 

Np-239. 6 2.35 d !79 310. o.o 

Pu-236 a 2.85 y 0.00•;6 5.04 x 105 o.o 

Pu-238 CL 89 '{ 246. 
~ 

1.63 :c la. 4.l 

Pu-239 CL 24,.J,00 '{ 40.-1 kg 61.38 2.5 

Pu-240 a 6760 y 17 .2 kg 221. 3,8 

Pu- 241 a 13 y 2.J kg l.13 x 105 260.0 

Pu-242 a 379,aoo y l.2 kg "3.39 o.o 

Pu-243 6 4.98 h o.os O.l o.o 

Am-241 a 458 y 176 3.25 x 10
3 

0.6 

Am-242 6, 'I 16 h (81%) 0.064 0.6 o.o 

Am-243 a 8000 y 96.5 1.85 x 10 5 
17.9 

Am-244 6,;· 26 m o.a14 2.7 x 10· 5 
a.a 

Cm-242 a 162.S d 16.Z. 2.1 x Hl 6 
34.0 

Cm-243 a 35 y O.Z.57 4.Z. x 10
4 0,0 

Cm-244 a 18.4 y 6.50 7.95 x io4 a.5 
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with the well-known results for X-rays one must multiply the energy 

absorption for alpha-particles by the "Quality Factor", varying from 

10 to 50. 

The most dangerous situation arises 'wnen plu.to::itiJl C."1ters ti1e 

hu.':lan body. Alpha-particles can then penetrate into the tissues to 

a depth of 45 y m. Tissues ge.'1eral.ly are shielded. by membranes, 

but these are thir.ner than 1;;. m. 

As water comprises mere than 7C'% by ~ei5ht of h~~an ti~sue, 

the ionizing penetration prt!C.Uces hyd=oge:i oe!'o:C..::ie 7.:irough radio-

ysis. Peroxide acts as a ver:; strcng poiscn ir.side liv'....!':g tissue: 

through a series of chemical ~eacticns it char:ges the struc~U!"e in 

the e.'1Z"Jlr.eS 1·1hi.cr1 catalyze b:..:ichemistry insicie the li7i.-ig cell •. 

Prolonged irradiaticn by alpl::a-particles also c!efor:ns ·_nucleic acids, 

the carriers of genetic information. 

Cur widest experience concernir.g biological eff~cts of alpha 

emitters is with 226R.a. Seventy years of handling suggests that 

the body burden lici.t for occupational expc51,U'e tc it be 0.1 _µ.Ci 

( O .1 p g) • Experiments on dogs and other animals indicate that 

Pu produces about five times greater biological effect. 

Plutonium, like calcium, strontium, radium, and cerium, forms 

non-soluble phosphates which deposit in the bonas. For these elements 

the skeleton is the "critical" organ • 

.,:._~lU;"t<?~-~ binds strcngly to the sialprotein on the bone surface; 

the most abundant component of bone, collagen, does not bind plutcnium 

to any significant extent. This localizatic:n is what makes 239Pu 
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so carcinogenic. 
2JQ 

The lowest average dose rate of 'Pu in bones 

causing death of rats from osteosarcoma was 57 rad (about 15 ti.mes 

less than the lethal dose rate from 90sr). 

In contrast thorium and uranium exhibit low radioactivity. Alpha

emitters 232u and 233u also enci:mger biological systems but they don't 

"seek bones" like plutonium. This recommends a Th/233u fuel cycle 

over a 238u/Fu one. 

2.1.2 Management of Spent Fuel Wastes 

One can either store long-lived spent fuel wastes or transmute 

them into non-hazardous products: those which are stable or near-

stable, or which shorily dec.:y into same (Figure 2.1-3). Studies 

to date would transmute waste in Controlled Thermonuclear Reactors 

[ 52-55], the Savannah River Plant high-flux production reactors 

[56 1 57], power reactors [56-60] 1 accelerators [61], and others 

[62-64]. Taube [23] and others [44J have shown that, of the trouble

some radiation emitters, 90sr and 137 Cs most resist transmutation: 

they have lo~r cross sections ( < l barn) for thermal neutron capture 

transmutation into 91zr and 13~a. However, a thermal flux trap in 

a fast molten salt reactor could provide sufficienUy high flux to 

reduce the effective half lives from 29 and 30.1 years down to 2 and 

9 years, respectively [23 J. A solid fuel reactor could not do this 

because of technical limits on specific power. 

Sometimes, the same properties which rend.~r an isotope hazard

ous, also make it attractive as a commercial radiation source. 90Sr 

and 137 Cs are examples. However, commercial demand does not threat-

en to exceed supply. 
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Figure 2.1-3. Transmutations of Fission Products 
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Actinide "wastes" accumulate when nuclides resist fission-

ing• Figure 2.1-4 indicates the prominent actinides of the Th 

and U fuel cycles and their fission tendencies. More explicitiy 

Figure 2 .1-5 shows that fission ger1erally does not predominate over 

capture until rather high neutron energies are reached. However, 

O+ does exceed ac for 234u at much lower energies than for other 

actinides. Thus, 2. ve!"v fast snectrurr reactor, esnecially an the 

thcrium fuel cycle czr. unicuely ~void accumulatin£ actLrri.des. 

According to their median flux energies (Table 2.1-II), fast re-

~c~ors must have many more neutrons above the Figure 2.1-5 crossover 

points than thermal reactors. MSFRs which minimize neutron 

moderation (elastic scatter:.ng) will have the hardest neutron 

spectrum of all power reactors. Reactors with highly-enriched 

fuels (Table 2.1-II) will also exhibit a faster spectrum: en

riclunent eliminates from the core 238u or 232Th, which primarily 

undergo incla~tic_ scatter. 

In considering the reactivity contribution of each nuclide 

note that the reactivity crossover point in Figure 2.1-5 where 

'I\ = 'llG"r- /<Jc exceeds 1 1 •:Jill occur at even lm-rer ene:!'s;ies 

(roughly where of-/rsc;, =0.3-0.4). Thus, nuclides usually considered 

as actinide wastes do not severely detract from criticality or 

breeding gain potential in a very fast spectrum reactor. 
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Fig. 2.1-4 Burnup Chains for the .232.rhj23.3iJ and 238u;239Pu Fue.l. Cycles 

Table 2.1-II. Fast Reactor Comparison 

Fuel Medi..un Flux 
Cycle Reactor ··Energy 

_238U/Pu ANL 1000 MW(e) LMFBR 130 keV 
AI 1000 MW(e) u.IFBR 180 keV 
Fa.st Na ZPPRs 190 keV 

Geli'R Lattice 187 keV 
1000 m·1( e) GCFR De3ign 176 keV 

MCFR ~in-core cooling) 198 keV 
MCFR internal blanket, 

out-of-core cooling 370 keV 

Ultra-Hitih Fast Flux. 471 keV 
Molten Chloride Test 
Reactor 

Th/33u MCFR (out-o~33ore cooling, 
high U enriched) 700 keV 
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Figure 2.1-5 Enhanced i'issianability of fertile nuclides at higher 

neutron energies. 
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2.2 Non-proliferation 

2.2.1 Development of US Policy 

OS nuclear energy policy was from the first based on a keen 

awareness of the dangerous aspect of nuclear electric power. The 

Acheson-Lilienthal Report of 1946 saw a close association between 

the civilian and military aspects of nuclear energy. It recommendec 

international ownership of nuclear explosive :nateria.ls. 

The related US proposal. to the United Nations failed in part 

because the Soviet Union would not participate. After that the US 

withdrew into a period of secrecy. Eventually we became more relaxed 

about the development of nucl·~ar energy for peaceful purposes and 

abandoned the secrecy. Becau3e we :nist<l.kenly thought civilian 

reactor safegua.rus could be stretched to cover the more dan.gerous 

elements in the fuel cycle - such as plutonium renrocessing - we 

r>llowed plans for the use of plutonium to go forward unhampered. 

There is where the damage was done [65]. 

In 1957 the International Atomic Energy Agency IAEA. was estab

lished pri;aa.rily to monitor the flow of commercial nuclear materials 

anu equipment among member countries. The charter advocates control 

over 11 excess11 quantities of plutonium, but does not restrict their 

use. 

The nuclear policymakers of the fifties and the sixties 

apparently did not realize the security implications of easy access 

to nuclear explosive material in national stockpiles. The prospect 

of many nations possessing substantial nuclear explosive materials 

seemed very far away. Also, nuclear weapons were thought to be 

29 



enor!T'ously difficult to design and fabricate. The US near-monopoly 

on the technology, fuels, and equipment for civilian nuclear power 

activities world.wide seemed to ensure US control of the situation. 

Fledgling nuclaar power programs seemed to be unrelated to the devel

opment of nuclear weapons. The earlier prescience of the Acheson

Lilienthal group that they had f'verything to do with it was ignored. 

There was also some genuine confusion on the technical side. 

It was once widely thought, for ex2mple 1 that you could not make 

nuclear weapons with plutonium derived from spent power reactor fuel. 

The Acheson-Lilienthal report seems to have misled many1 including 

the IA.EA into believi~g you could ienature plutonium. As a result, 

many of those responsible for protection against military diversion 

of plutonium were relying upon technological barriers which did not 

exist. 

On October 28 1 1976, President Ford coCJ.cluded that "avoidance 

of prolifera.tion must come before economic interests"• Therefore, 

we should defer reprocessing until "there is sound reason to conclude 

that the world community can effectively overcome the associated 

risks of proliferation." 

Two factors contributed to Ford's decision and to the sub

sequent development of President Carter's non-proliferation policy. 

The first is how the safeguards deficiency impacts international 

security: we cannot control the plutonium or highly-enriched uranium 

of other nations should they suddenly decide to abrogate agreements 

and appropriate explosive material for weapons. At the same time 

the extensive gro·.:th of the nuclear industry 1 worli·.ride, is increasing 
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the availability of plutonium. 

The second factor affecting current policies is the dubious 

economics of reprocessing and recycle of plutonium in light water 

reactors. This nakes the early introduction of plutonium into 

international trade as unnecessary as it is dangerous. 

Presidents Ford and Carter both advocated that we restrict 

access to dangerous mate~ials, pause in the commitment to plutonium 

separation and use, and search for alternatives to natioll2.l stock

piling. Their efforts to persuade our allies and trading partners 

rnc"'u at best, with mixed success. It is hardly surprising that this 

US policy shift on plutoniUD produced widespread irritation, alarm, 

and even the cynical suggesti~n that the Americans were less inter

ested in proliferation than in perpetuating a commercial advantage. 

Both Britain and France have emphasized the security advantages 

of their reprocessing plans. The British suggest that if reprocessing 

does not relieve the accumulation of spent fuel, non-nuclear-weapon 

states will have to develop indigeneous reprocessing facilities: 

this will certainly pose a serious danger of proliferation. Brita.in 

argues that the best way to discourage this development is to confine 

reprocessing services to the states which already have the bomb [66]. 

Carter subsequently submitted a bill, the Uuclear Non-Proliferation 

Act of 1977. It would impose stricter rules on US nuclear exports 

which would block their use for explosives. Opposition to this act 

a.z-gued that whatever relationship exists cannot be reversed and that 

it is so remote that further controls aren't necessary. 

Sam l•icDowe:ll of DOE Safeguards and Security has defined non-pro-

31 



liferation as prevention of weapons capability in a nonweapons 

state [67]. The goal of an alternate fuel cycle would be to deter 

or reveal diversion such that suitable time would be provided which 

allowed other cuuntried to negotiate or induce that country to stop. 

Zebroski of EPRI has suggested [10] that the primary objective 

should be to seek improved resistance to diversion from civilian 

power fuel cycles. 

~he heart of the controversy lies in the access to nuclear 

explosive materials which the nuclear electric power industry pro

vides. Section 2.2.2 discusses this further. 

2.2.2 Rel3.tionshiu Between Nuclear Electric Power- and 

Nuclear Wee.pons Develonment 

The u.s. generally produces plutonium for weapons purposes in 

large special purpose reactors and separates it from the irradiated 

fuel in government reprocessing plants. However, nuclear power 

generation electricity also produces plutonium; commercial spent 

fuel reprocessing plants will separate it, physically creating large 

stockpiles. Also the same technology (and :i!l some cases the same 

plants) which enrich uranium tor fuel can also enrich it further for 

weapons use. 

The essential point is this: getting the reCIUisite explosive 

material is still the most difficult a.nd time-conswning item in the 

initial nroduction of nuclear weapons.* The operation of civilian 

nuclear power reactors and plants for fissile fuel separation a.ml/or 

enrichment tend to remove this bottleneck. Then if a country has 
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prena.red secretly in advance, it can quickly manufacture nuclear 

warheads once it decides to do so. 

This is now a real threat, not present when the basic internat

ional rules ~or nuclear trade were formulated twen~y years ago. The 

reason is that the civilian nuclear power industry has grown enorm

ously. By a:ny reasonable measure (the plutonium production rate or 

the size of uraniu.~ enrich.Dent facilities ~ei.ng utilized), it exceeis 

the scale of the '.-rorld.fs ;.iilit:::.r;z nuclear nrozrams. In fa.ct, in c.ost 

countries the auantities of plutonium is suent reactor fuel, if seu

arateci. oui and stored, will ci::arf any ula.usible :nilitary need.s. 

2.2.2.1 3xtent of the snent f~el problem. Over the next decade Europe 

and. Japa..n plan to send 3 Gg ( Jetric kiloton::;) of spent fuel to Wind.

scale. La Hague reportedly will process about 6 Gg spent fuel for 

Japan, the Federal Republic of Germa:ny , Sweden, Switerla.nd, Bel

gium, Holland, and Austria. This means s~~parating about 75 Mg (metric 

tons) plutonium, or enough for about 107000 nuclear weapons. Clearly 

heavy financial investments ride on the outcome: when trc.nsport 

charges are included, the European contracts represent almost three 

billion dollars in business. The intense international competition 

in nuclear commerce, accompanied by heavy investment and national 

*See the 1975 Encyclopedia Americana article on Nuclear Weapons by 

John Foster, then the Defense Department's R&D chief and a former 

director of the Livermore Laboratory: "the only difficult part of 

making a fission bomb of some sort is the preparation of a supply of 

fissionable material of adeq'.llate purity; the design of the bomb :Ltself 

is relatively .3asy11 • 
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pride, tends to obscure the proliferation threat. 

2.2.2.2 Question of reprocessing. [32,65,66].Current u.s. policy 

supports the relatively safe fuel cycle activities and discourages 

the more dangerous ones. A primary u.s. imperative is to promote com

mon rules for international nuclear trade. But before formulating 

rules, much less implementing them, one must ascertain just what is 

d2.LI.g-erous and just how UJUch tb.e spread of nuclear weapons threatens 

i.nd.ividual countries and world. security. Clearly a common \Ulderstand

ing does not yet exist, as witness US opposition to European export 

sales of plutoniu;n reprocessing a.nd ura.n.inm enrichment facilities 0 

Recent u.s. !dministrativns have shunned reprocessing. Many 

analysts [68] believe this d.:.rectly i~creases the risks of both 

diversion and proliferation. With no reprocessing, the increasing 

amount of long-cooled spent fuel, a.nd the increasing number of lo

cations with such f'uel [69] increase diversion risks. The likeli

hood of 11 proliferation11 increases because concern for a reliable 

supply stimulates development of independent eD.l'ichment capabilities. 

The capability to develop fissile production now e.:z:ists in fifty 

countries, ~-rith 10-20 additional possible in the nert decade [70, 71 ]. 

A secure fuel supply a.nd reprocessing service through international 

commerce would economically discourage these countries from devel

oping their own. The economic inhibition is substantial since initial 

small-scale operations are highly uneconomic relative to mature manu

facturing a.nd production capabilities in supplier countries. 

Section 2.2.5 e:xa.mines the vulnerability of different fuel 

cycles to diversion. 



2.2.2.3 Attitudes on return of Pu. Of prime importance to pro

liferation is the question: who gets the bred Pu~ -the reprocessor 

or the spent fuel owner? If plutonium eventually displaces uranium 

as the primary fuel for power reactors, how ca.n indigenous repro

cessing be successfully discouraged outside the nuclear weapon 

states or a big suppliers club? The goal, long-sought by many, 

of fuel "independence" does not ecrua.te to simply shifting fuel 

dependence from the United States to Europe. These 

eoramercial and political pressures, which earlier led to reprocessi.'1.g 

cculd yet force Fu return even witl1out adequate international. 

~rctecticn Cl8ainst prolifera~icn. 

Presently ncn-2uratom countries need US permission beth to 

transfer US-supplied spent fuel to ether reprocessors like '.iind

sca1e and La Hague and to get Pu back. Pu can return only "under 

conditions that ••• warn the US of any diversion well in advance of 

the time" diverted material could be transformed· into weapons. 

2ngland has pledf;ed the material will be returned to its owners 

"cnly in a form that will reduce the risks" of proliferation. In 

his report en the ·1indscale inquir<J, Eri ti.sh Judge Parker took 

refuge in time: "this matter can be alleviated to some extent 

by technical fixes", he wrote. 
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2.2.J Which Reactor Fuel Contains the Least Proliferation Danger? 

All reactors either produce Pu or 233u, or start with fully

enriched 23 5iJ. Thus weapons-grade fuel is intrinsically recover

able from all reactor fuel cycles. However, which fuel attracts 

nationalist and subnational groups the least as a weapon? The 

enswer may depend on unravelii1g complex interrelated factors 1 

which are examined here. 

2 .2 .3. 1 :·reapons-ITade material. For 233u or 23 5iJ 1 weapons grade 

means isotopic content enrichment in U exceeding 12 or 20%, 

respectively. In the broad sense weapons-grade means any material 

which c2!1 undergo chemical :;;eparaticn to yield Pu or the urar..iu.'!l 

enrichments mentioned above. Thus dilution ·with anz other element 

including thorium does not lower the weapons grade as chemistry 

can separate out the U again. 

At one time it was thought that reactor-grade plutonium (pro

duced in thermal reactors) was not of weapons grade [66]. The U.S. 

government has nm·r stated unambigu.ously that thei ila.ve produced and 

successfu.11,;v tested militarily important nuclear weapons, using 

reactor .'.!Tade nlutonium. Even simnle Heapon designs reliably produce 

highly powerful (ld.loton) explosions. 

Similarll, the I.AEA Safeguards TechniCal Manual now provides the 

following guidance: 121utonium of any grade, in either metal, oxide 

or nitrate form can be nut in a form suitable for the namufacture of 

nuclear exnlosive· devices in a matter of days to weeks [65]. 
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2.2.3.2 Unique 232u Daughter Radiation. All \·reapons-grade fuel 

can be left in a highly-radioactive state (by means of fission 

products). The associated biological hazard would then discourage 

its use by subnational ireapon makers. Special national labor

atories, could readily clean these up but ever-present 232u impur

ity i."l 233u ~-.rill cont~ue to decay into hazardous '(-emitters (Sec. 

3, 5 ,4). In less than a '·reek after high level decontamination, the 

gamma activity in recovered Th and 233u becomes so great that 

fabrication by direct methods can be permitted only on a scheduled 

radiation dosage basis [72 J . 

The characteristic har :.-gamma signal cf the232u daughter 

radiation also reveals the .:.ocation and transport of this material. 
' 

2.2.3.3· ?reignition. The expLosive yield of a fission bomb 

depends on how long the imploded configuration stays togather. 

Hul ti plied source neutrons fran spontane0us 240Pu fissions cause 

early energy release which produces a pre~ature disassembly. 

This greaUy reduces the) total energy yield of the device. 

Consequently, a militar/ might shun high burnup plutonium 

(high in 240Pu), but a subnational group might still desire it. 

In pure actinide metal only spontaneous fission can con

tribute copious source neutrons.· However actinide compounds pro-

duce intrinsic preignition-triggers through (o<: ,n) reactions. 
i 

Table 2.2-I compares the typical activities from these neutron 

sources. No Th/cycle isotope can match the 240Pu spontaneous 

fissicn rate. 232u comes closest in half-life (FigtJre 2.2-1), 

but its concentration lies magnitudes lower. Thus the neutron 

37 



Table 2~2-I Weanon Preignition Triggers in Pertinent Fuels 

2.32u 2311J 240Fu -
c:& half-life (y) 71.7 2.45xio5 6540. 

cX, ( c</ sec/nuclide) 3 .ix10-10 9.0x10-l4 3 .4xl0-l.2 

cl energy (MeV) 

SF half-life (y) 

lisF (n/dis) 

~F (n/sec/nuclide) 

1ypical isotopic 
enrichment 

Y\~ (n/sec/atom) 

;, (n/sec/atom)* 
OI.. 

in F 

in Cl 

in 0 

5.3 

8x1013 

f 2 

6x10-22 

_L 
1000. 

4x10-18 

Jx1C20 

2.xl0-20 

4.s 5.2 

2xl016 1.Jx1011 

£:-2 ,,,...,,, 2 

2x10-24:. Jxio-19 

1 1 
5 5 

4x10-25 ?x10-20 

2xl0-19 Sxlo-18 

2x10-21 zx10-20 

ix10-21 2x10-20 

* ~eutron yields per 10
8 --~ 5 MeV-alphas are 1200 1 11, and 7 for 

targets of F 1Cl, and¢, respective~y according to Roberts [73] 
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Fig. 2.2-1 Spontaneous i'issicn ha.l.£-1.ife of' even-even nuclides versus 

-z?/A. 
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production rate from 232u and 234u in with 233u .:.'alls many 

ma&rlltudes below that from 240Pu in Pu. 

t·iith high Cl ,F, or 0 concentration (as in salt or oxide 

cor.ipounds) the ( cl., Y'l ) neutron rate (Table 2 .2- 3) equals or 

exceeds the spontaneous fissior. neutron rate of metallic Pu 

( 7 x l0-
20

n/s Pu atcm, 20% 240Pu). F is much stronger than 

C..!._ er O, in this regard. This should appreciably reduce the ex

plosive tb...reat frcm 233u weapons in fluoride, chlcride, or oxide 

chemical form. The ( c:, 11) neutrons will also present a strong 

activation hazard except when i1eavily shielded. 

2 .:.; .L 
238

:::u hi£h heat r=::erie:-ation. 238
?u has found considerab.ie 

application as a radioisotope heat source. Because its high heat 

generation rate \·lill melt practical sizes of the metal, the usual 

form is Pu.02 • For a large enough uncooled mass, even the oxide can 

melt. Cxide sources also prcduce neutrons through 
18c ( o<.,n ) 

reactions. Together, the neutrons and the heat make plutonium 

high in 238
?u content cumbersome to v1ork with. 

"~8 
Two principal rcutes produce -,/ P1!. 

239Pu (n;2n) 2J3Pu (2.2-1) 

235tJ (n, '!) ;;36U (n, y) 237Np (n, '/) 238fu (2.2-2) 

Route (2.2-1) enhances productions for very fast plutonium reactQrs; 

Route ( 2 .2-2), for high enriched 
233u or 23 5u reactors. In high 

burnup U-fuelled UJR.s, 
238Pu. isotopic content reaches 1%. In a 

Th/233u or a high 23~J-enriched reactor, with little or no 238u 
present 238

Pu should dominate any plutonium separated out. 
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2.2.3.5 Denaturing and other technical fixes [32]. One technical 

fix, the Civex process, has received a fair amount of international 

attention. It returns plutonium to the customer in the form of 

fabricated fuel containing enough radioactive products to preclude 

easy chemical extraction of bomb material. However, within a few 

years after leaving the reactor 7 radioactivity decay forfeits this 

protection. Since most spent fuel reprocessed in this century will 

have cooled for even longer than that, the Civex process cannot 

~ontribute to the solution of the problems we must worry about now. 

Civex also must face other problems. Industry will resist 

irradiated fuels because the~r increase occupational and public 

heal th exposures. Likewise the ovmers of the material, especially 

foreign countries, are not likely to accept the dictates of the 

reprocessor on the form in which plutonium is to be retUl'lled to 

them. This would also argue against industrial recycle of solid

form 233u daughters). 

The simplest answer to denaturing the BG export from an MCFR 

will be to take it directly from the core; fission products, '(

emitters.and all. 

2.2.3.6 Summary. It remains yet to say if there exist any signif

icant proliferation differences among any of the fuels. We ca.n 

categorize them as follows: 

1. U (low-enrichment in 235u or 233u) 

2. Pu 

3• 235u 
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Fu, 235u, and 233U a.re all weapons-grade. Fuelling reactors 

with sub-weapons-grade materials does little to limit proliferation: 

the reactor will soon produce weapons-grade fuel from the diluent, 

i.e. Pu from 238u. Thus, no reactor fuel cycle can avoid weapons

grade material. Also, any irradiated 238u~containing fuel consti-

tutes a terrorist threat from TNT-explosion aerosol-dispersal of 

carcinogenic Pu. 

All but very fresh 233u exhibits a deadly penetrating daughter 

radiation. This hazard discourages the assembly and holding of 

a 233u bomb. Even if one ch~mically separates out the daughters, 

they soon build in again. 

Thus, in summary1 no 11 proliferation-proof11 fuel exists,. but 

2"'3 the Th/ j U cycle does offer some advantages over the U/Pu one: 

the presence of 232u daughter radiation and the absence of carcin-

ogenic Pu. 

2.2.4 The Significance of Stock:piles 

2.2.4.1 Peaceful vs. military explosives. The Nonproliferation 

Treaty forbids non-nuciear-weapon states to acquire nuclear e::cplo-

sive devices, whether labelled military or peaceful (they blow up 

the same way). Peaceful explosive services could still be provided 

under strict international phy'aical control. 

The same rules should apply to something very similar, a dis-

assembled bomb. That being so, what about the nuclear explosive 

material itself? The only answer consistent with the Treaty's 

prohibition on nuclear explosive devices is - don't label it "peace-
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ful 11 until you prove you can safeguard it [65]. 

2.2.4.2 What about unsafeguarded production reactors? [65]. It is 

contended for example, that no country choosing to build nuclear 

weapons would turn to its civilian power reactors for the requisite 

explosive materials; to divert material in this way would risk detec

tion by the IAEA inspectors, and in addition would provide too poor 

a grade of plutonium to inierest weaponeers. Under this self-serv

ing theory, if weapons material is wanted, a special-purpose unsafe

guarded reactor would be built. It is possible at the moment to do 

this legally in countries not party to the Nonproliferation Treaty 

and therefore not subject to inspection of all its indigenous nuclear 

facilities. This underlines the need to extend the req;u._irernents of 

the treatl to nonsigna.torz nations or condition~g nuclear trade on 

acceutance of international agreements and inspection on all nuclear 

activities within importing countries. 

There is increasing pressure to do this, and a recent bill be

fore the Congress would make this a condition for u.s. nuclear ex

ports. 

Even if legal, however, the construction of a special purpose 

plutonium production reactor signals a country's intention to build 

bombs and., in the present climate, risks premature interception of 

its attempt to obtain explosive material for nuclear weapons. 

To avoid interference, a country might stockpile sefarated 

plutonium fror.1 spent :e,ower plant fuel openly a.nd legally. A de

fense establislunent can design and fabricate a bomb in privacy; 

the illega.l activity is then confined to a swift, almost one-

43 



sten Process: appropriation from its storage place of the nec

essary pluioniurn, fabrication, and insertion into the waiting bomb. 

It is surely the quickest, cheapest, and least risky route to nuc

lear weapons. So long as individual nations are permitted to keep 

nuclear explosive stoc1cpiles they are in effect, in possession of 

an option to make nuclear weapons almost literally overnight. 

In other words, from the moment spent reactor fuel is trans

~ into seuarated plutonium and stored, the element of 11 timel;t 1 

warning, on which our present safe~rds system has been relying, 

evanorates. The same is true, of course, for stockoiles of highly 

enriched uranium. 

It is important to unde~stand that so far as safeguards are 

concerned a stock of nuclear explosive material is a lot more like 

a bomb than it is like a reactor. Uo one wo'.l.ld dream of suggest

ing that nuclear explosive devices, regard.less of how labelled, 

should be exported under international safeguards. The Nonprolif

eration Treaty settled once and for all the notion that nuclear 

explosives ca.me in two categories - military and peace:f'ul. Under 

the treaty no such distinction is permitted. Yet strip away the 

electronics and the conventional high explosives and label the 

plutonium as intended for peaceful purposes and many nuclear spokes

man, at home and abroad, will tell you that if subject to occasional 

inspections it is a perfectly safe proposition: just like safe

gua.rd.i?l€ power reactors [65]. 

The worldwide opportunities for diversion are clearly dominated 

by the existence of large volumes of spent fuel stored in many hun-
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d.reds of locations, and especially long - cooled spent fuel which is 

not returned to supplier countries [10]. 

The crux: of the proliferation issue is not to completeiy avoid 

Pu. Due to advanced technology, any country can produce it without 

resorting to nuclear power cycles. Rather it is to avoid havin~ 

Pu lie around. in large miantities where diversion is less detectable. 

In an I·ICFTI(Pu), Pu is always in solution, except for thai; fuel <1hich 

is required to start a new reactor. Reprocessing is done within 

the plant boundaries continously and the Pu then fed back into the 

system. 
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2.2.5 Fuel Cycle Vulnerability to Diversion 

The opportunity for national or subnational diversion of 

weapons-grade material will depend on the size of the fuel cycle 

inventorJ. Transport outside secure boundaries and decentraliz

ation of the inventory enhances the potential for subnational 

diversion: while under transport the material will be in a. more 

easy-to-handle form and probably under less security; decentrali

zation also implies less security. 

2.2.5.1 Once-thro??"11 fuel cycle. Figure 2.2-1 diagrams the trail 

of weapons-grade material in a once-through fu.el cycle, assuming 

that the initial fuel elemen-vs are low-enrichment u. After gener

ation in the reactor, it passes through about three storage/queue 

depots. Possibly one more storage depot labelled "permanent" may 

appear later, once it is fixed what that will be. Only one out-of 

plant transfer may be necessary. The inventory in the long term 

stora.ge depots will grow with time, eventually becoming very large. 

Although the Pu there is not separated out, a national laboratory 

could easily do so. 

One should also note the presence of the enrichment plant: 

though it doesn't produce weapons grade-material for this fuel cycle, 

it could. 
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Figure 2. 2-1 
Once-through Fuel Cycle 

Legend 
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~.5.2 Solid fuel reprocessing cycle. In solid-fuel recycle (Fig. 

2.2-2) we note that weapons-grade fuel will accumulate in three plants 

and maybe six storage/queue depots. Four interplant transfer operations 

occur, counting BG export. It is not hard. to envision the equivalent 

of ten cores being tied up in the various qu.eues, plants,, storage, 

a.nd transports. 

2.2.5.3 Molten-salt fuel cycle. Here almost all weapons-grade 

material stays (Fig. 2.2-3) within the plant boundaries. With out-

of-core cooling, the equivalent of 4-5 cores inventory is possible, 

but they remain within the walls a.nd mostly in the primary circuit. 

Only BG export requires out-of-plant transport. 
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~.2.5.4 To reJ>rocess or not to2x~~· The once-through fuel 

cycle, starting with low-enrichment U1 seems to display fairly low 

vulnerability to subnational diversion, but creates a cumulating 

stockpile available for national use. It also creates a long-term 

waste management problem and poorly uses our resources. 

The molten· salt fuel cycle clearly seems to be less ·JUlnerable 

tha~ the solid-fuel reprocessing cycle. On the present rough scale, 

the molten salt fuel cycle must be rated as comparable to the 

"once-through" in vulnerability. 

The question now occurs - would you export an MSR with its 

in-plant fuel cycle capability to a non-weapons state? Or, a 

d.ifferent question: which would you export, the "once-through" 

or the "molten" fuel cycle? Assuming that you could alter the MCFR 

238 to make Pu from U but that also the non-weapons state keeps 

its spent fuel from a once-through cycle (see section 2.2.2.3), 

either cycle is bad for national proliferation. This seems to 

say forget about exporting unless you can maintain control: IAEA, 

On the domestic scene, the reduced market would definitely 

favor the "moltzn" cycle as it solves more problems and makes more 

fuel economically av~ilable. 
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2.2.5.5 To breed or not to breed. Assuming that the potential 

to breed excess plutoniwn or highly-enriched 233u exists, one 

must next ask - should we? The alternative is to use the excess 

neutrons to achieve higher fission product levels, a smaller 

critical mass, or some other benefit. 

Breeding obviously provides initial fuel for starting up 

other reactors., The alternative is to start IiICFRs up with Pu 

from spent LWR fuel, or highly-enriched 235u. But either of 

the latter two fuels would make it easier to manufacture weapons. 

Also they would cause the thorium fuel cycle in this reactor to 

depend on the U/Pu fuel cycle. Hith a syster.i. of thermal MSRs 

the export 233u BG could be 1iluted below weapons grade, but 

Th diluent is chemically separable and 238u diluent ~ould even-

tually mean Pu production. 

Based on these considerations, this study seeks a breeding 

MCFR. Only the first generation of MCFR(Th) reactors should then 

rs need j U or Pu for startup. 

2.2.5.6 Fusion reactor vulnerabili:!!.l.• Lest anyone think that 

fusion reactors are the panacea, note that the current literature is 

full of fissile breeding ideas, producing weapons-grade 233u or Pu. 

In the US, current thinking regards such a hybrid as nec.essa.ry to a 

near-term economical reactor. In the USSR it is their prime goal. 
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2.J Fuel Utilization 

2.J.1 Earth 1 s Resour:es 

B 209 . ( BJ) eyond Bi Z = nature offers on earth only the chemical 

elements thorium and uranium (Z = 90 and 92). Only these two 

materials, in present, or feasibly-transmuted form, can sustain 

a neutron-induced fission chain reaction. 

Only 0.72% of U is 235u. The enrichment process loses some of 

that. Present reactors, without recycle, consume just 1a% of the 

235u before as2igni.ng the rest to semipermanent storage. Thus we 

presently waste 99.94% of the uranium mined, an affront to the en-

vironment. If, instead, the reactor could usefully consume all of 

the actinide, considerably less eyesore a~d mining expense would 

result. Eoonomics might then justify the retrieval of extensive 

lo ...... grade ores. At a time of energy shoxtage the present policy 

seems foolhardy except that it reflects the restrictions posed by 

economics, proliferation concern, and spent fuel waste management. 

These must first be overcome. 

Thorium abounds three times as much as uranium in the earth's 

crust, and offers that much more nuclear fuel energy. The avail-

able uranium ores increase greatly if one includes not only the 

classical ores ( )1000. ppm uranium) but the very abundant granites 

with 80 ppm uranium and thorium,, Granite is the main constituent 

of the earth's crust (up to 20 km deep). Extraction from these 

ores could become economical if fission reactors fully used all the 

Th and U present. Togethe:..· with fusion reactors, such a fuel cycle 

would then open up all the principal wr ld resources of nuclear fuel. 
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2.3.2 Use of 'l'hori1L~ 

Nature has signifi~antly inhibited the use of Th by not pro-

viding a thorium isotope which can sustain a neutron chain reaction. 

/
21.'.>. 

Despite some unique ad.vantages of a Th, J~u cycle over a U/Pu one, 

Th use must still prove its economics. A reactor which yields high 

BG in the Th cycle would help a lot. 

High melting points hinder reprocessing of a solid Th fuel: 

Th0
2 

melts at 3050°c; Th metal, at 1750°c. Breeding is very mar

ginal, except with a fast reactor. Reducing non-productive neutron 

captures (e.g. to fission products, core structural materials, and 

control poisons) oecomes crucial. That suggests fluid f~el reactors: 

they can continuously r-emove fission products while adding fuel on-

line, and some variants require no core structure. 

2.3.3 Intercomnarison of Reactor 

Concepts with Regard to Fu.el Utilization 

Much attention currently centers on optimwn uranium usage by 

candidate reactor concepts. The parameter of Megawatt days of 

electric energy produced per mined metric ton of uranium (~Thide/ 

mined Jirru) provides a suitable yardstick. Note that the numerator 

includes energy production from thorium while the denominator ignores 

thorium consumption. Consider as a benchmark that all the uranium 

were somehow (ideally) consumed. Then without any energy production 

from Th, the rating would be 380!000 MHde/mined MTU. The advanced 

concepts in Table 2.3-I, currently under study in the us, do not 

come anywhere near this idealistic figure; not even when including 

energy production from Th. 
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Table 2.3-I . 

SOHE 30-YEAR FUEL CYCLE PERFORMANCE COMPARISONS [74] 

Reactor 

PWRs 

LWBR 

CANDU 

Fuel Cycle 

Uranium Cycles: 

once-through uranium 
uranium recycle only, 

Pu storage 
uranium and single Pu 

pass recycle 
uranium and Pu recycle 

Thorium Cycles: 
I 235 

93 w/o u, recycle of 
235u and 233u 

3 w/o 23 5u, recycle of 

Pu and 233u 
3 w/o 23 5u, crossed 

progeny recycle 

Spectrum Shift (Thorium): 

93 w/o 235u, recycle of 

235u and 233u 
23" 3 w/o ~u~35ecycle of 

Pu and U 

Thorium Cycle 

Uranium Cycle 
Thorium Cycle 

Thorium Cycle: 
once-through 
233u recycle 

Energy Production 
?<ftl'de/!<lined MTU 

, 860 
2270 

2650 

2800 

3420 

2900 

2870 

5550 

3450 

6800 

5800 
10440 

2620 

4240 

+ ~w/o 235u as UO~ core; feed of output Pu into Th02 with recycle 

of Pu; feed of 33u ~~~o uo2 (natural) with recycle of Pu into 
Th02 and recycle of U into uo 2 
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Zebroski [10] concludes that the evolutionary extension of 

LWR burnup offers the best near-term hope for improving usage. 

However, higher burnup will also produce greater statistical vari

ations in fuel failure, which will limit these extensions. On the 

long term, an MCFR should come much closer or exceed the ideal 

limit because all actinides are consumed and it requires only thor

ium feed (except for startup fuel on early reactors). 

2.3.d Use of 3oth Th and U Reserves 

One might desire that any new reactor concept be able to 

operate on both the Th and U cycle, so as to eventually allow use 

of all our reserves. MCFR studies have already indicated large 

potential breeding gains on the U/Pu cycle, providing Pu is accept

able. In that event, one could also supply spent U fuel as blanket 

feed, thereby solving that waste management problem. 
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2.4 Strategic Security 

Although it doesn't normally get public attention, still 

strategic security has its place on the list of contemporary concerns 

~ue to current events: 

1. The lon3-and short-term goals of the USSR 

2. Other political conflicts which could lead to world war 

(viz: Israel-Arab, China ·.rs •. Taiwan or USSR, Arab-Arab, etc.) 

3. The growing-pa.ins and frustration of have-nots and emerging 

nations 

4. The increasing political turmoil a.nd unrest ~d~hin America. 

stemming from problems of cities, alienation of extremist 

groups, and, again, have-nots. 

It might be successfully argued that fat men don't look for 

a fight - "yon Cassius hath a lean and hungry look". Then insecurity 

traces to the failure-to-appear of cheap nuclear electricity, coupled 

with the disappearance of the cheap oil-fired energy source. Thus the 

world still hungers for a cheap abundant energy source to solve its 

woes. We 1 d like to think the i·1CFR is it. Until that becomes more 

obvious though, it would be well to secure our US energy supply 

from all threat. 
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2.4.1 Present Susceptibility 

At present, US energy supplies, key to our might and resource

fullness, are all above board (ground level) for everyone to see 

and aim at. This includes dams, ail tankers and depots, fossil

fuelled plants, and nuclear reactors. Actually only the contain

ment building of the latter protrudes above ground but that still 

leaves it vulnerable. 

2.4..1.1 Subnational Blaclanail. Should a terrorist group seek a 

means of national blackmail, the threat of destruction to a dam 

or a nuclear plant might seem credible. 

Given sufficient explosi'Te a dam would seem to be a better 

target, both in size and certainty 0f wreaking financial havoc. 

LWR destruction would likely cause more personal injury. A fossil -

fuelled plar.t destruction would not necessarily threaten public 

lives. Bombing a city. or a poisonous gas (like chlorine) plant 

might pose the next largest threats. 

2.4.1.2 Sabotage. :::.....-1 time of war or unrest, sabotage to our sys

tem could real.' its ugly head. Surprise attacks might often occur. 

In addition to the above targets, one might then add many more non

nuclear possibilities such as poisoning water systems or destroying 

any energy supply. For sheer havoc, though, destroying a.11 water~ 

supply, to LWR cores as well as their containment would do well. 
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2 .4.1.3 War. In event of war 1 sabotage coulG. be one front of the 

attack. In addition planes and missiles might be directed at nu

clear plants in hopes of accomplishing what the aggressor didn't 

want to or couldn't send an atomic bomb to do: perhaps an atomic 

blast would have destroyed a valuable industrial complex whereas 

an LWR core release will simply harm and demoralize a lot of 

people. 

2.4.2 Potential Remedy with an HSR 

The dominant vulnerability of the above energy sources would 

seem to be the presence of the potential hazard above or near the 

earth's surface. Moving the !"lazard lower mitigates the danger. 

Dams can't go underground. r-;aclear power plants can, but it costs 

a lot. An MSR uniquely offers 

( 1) Continuous removal of the principal hazard from the ~s

tem: the gaseous and volatile fission products. One can 

store these far undergro\ll'ld in a recessed tank for security. 

(2) Ability to transfer the whole core further underground 

at a moment's notice to a (possibly natural convection-) 

cooled holding tank. 

Thus the HSR may allow the security advantage of underground siting 

without all the costs aud other difficulties. 
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2.4.3 Surrunary 

Analysis suggests that an LWR may be a likely target for attacK 

or threat of attack. The goals of such an attack would be 

( 1) Destruction of the energy production capability 

(2) Release of gaseous and volatile fission products into 

the air. 

This threat to energy and peop.ie probably exceeds that from a 

dam which tends to be located farther from people. Also water must 

follow the lay of the land, which authorities could observe and some

what predict. Transport of fission product gases, they could not very 

•rrell. 

At the same time, nuclear plants can be the toughest nuts to crack 

as they are more compact and self-contained. With a litUe more hard

ening, such as an MSR allows, they could be America's energy ace-in

the hole and basis for survival. 

On the long term the MCFR and all other novel concepts should be 

explored and re-explored for their ability to provide that panacea of 

a cheap abundant energy source - a far better means of dealing with 

yon hungry Cassius than any protective shells one can devise. 

59 



2.5 Summary Design Principals for an Advanced System 

2.5.1 Waste Management Restraints 

Spent fuel contains several products whose activity remains 

high after a years storage. Of these, the alpha..-emitters can exten

sively damage internals when ingested. Plutonium presents a special 

hazard because it locates on bones: the whole skeleton of man be-

comes the critical organ. Altho1J6h our society has learned how to 

handle other toric industrial wastes (arsenic, mercury, chlorine), 

control is not perfect and accidents have occur:red. Thus, we urefer 

to avoid nlutonium uroduction if that does not severely curtail 

our energy production. A re:ictor uhich usefully consumes all the 

actinides and has nil Pu in its system would seem very attractive. 

2.5.2 Non-nroliferation Restraints 

Despite earlier misconceptions plutonium of any grade can be 

put in a form suitable for the manufacture of nuclear explosive 

devices in a matter of days to weeks. Thus, from the moment a 

non-weapons state separates plutonium from spent reactor fuel and 

stores it, the element of "timely uarning'', on which our present 

safeguards system relies, vanishes. 

The same holds true of course for stockpiles of highly enriched 

(in 233u or 235u) uranium. Thus 233u or 235u must be diluted with 

238u to avoid classification as weapons-grade. However, subsequent 

reactor irradiation again produces plutonium which separates easily 

by chemistry. Thus no fuel cycle can avoid producing weapons-grade 

fuel. Of course one can minimize the uroliferation hazard by using 

erlended L~'/R cycles and not reprocessing. 
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Both of the last two Presidential Administrations have suggested this 

fall-back course. However, to get a.!'.lY significant improvement in 

fuel utilization, reprocessing is necessary. T"nen one seeks to 

minimize the transport of weapons-grade a.nd radioactive materialsa 

Molten-salt ft'.el cycles with in-house reprocessing offer low pro-

liferation hazard comparable to that of the once~throu.gh cycle. 

2.5.3 Fuel Utilization Restraints 

Kno'-m nuclear fuel supplies contain up to 1O1 5ml-y'32.rs of 

energy. However much of this industry cannot tap because ores are 

uneconomic to extract and the current re~ctor fuel cycle uses less 

than on:; oi:e-thousandth of t:'.lat which it does erlra.ct. The absence 

of ariy na.turally-occuring "fissile" isotope puts Th at a further 

disadvantage. 

A reactor concent which could a-onroach full utilization of all 

actinide fuel might stand a cha.nee of providing the economics neces-

sary to accomnlish the extraction of low-grade ores, including both 

uranium and thorium for fission reactors. Such a concept should ex-

hibit a high BG to overcome thorium's fissile disadvantage. 

2.5.4 Strategic Security Restraints 

Dams and current nuclear power plants provide attractive targets 

to internal and external attack. MSRs off er a hardening to such attack 

by continuous removal of the major radiation hazard from the system and 

I 
ability t~ transfer the whole core further underground at a moments 

notice. nO\·rever 1 if an MCFR provided the break through to universal 

cheap electricity, that should be the greatest advance to security. 
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2.6 Promise and Uniqueness of the Molten Chloride Fa.st 

Reactor on a Thoriwa Fuel Cycle 

The promise and uniqueness of this concept stems from the 

molten salt state, the exclusive use of thorium, continuous repro

cessing, and tne very fast neutron spectrum. 

2.6.1 Advantages of the Molten State 

Having the fuel in a fluid state allows out-of-core cooling, 

thereby avoiding structural components in fields of significant ra

diation damage. It also eliminates labor and material costs asso

ciated Hi.th fuel element decladding, dissolution, and fabrication. 

Fuel handling by pumps a.nd piping should be less complex than solid 

fuel handling. ':'he simplifi;d core should greatly ease the pla.nt 

design, and increase its reliability and availability, thereby de

creasing cost. 

A fluid state system also facilitates on-site close-coupled 

f'uel reprocessing (Section 2.6.2). Out-of-core cooling of the 

molten salt allows the primary circuit to operate at low pressure: 

this reduces the severity of the environment and allows materials 

such as graphitP. for piping. That should reduce fuel cycle costs. 

Elimination of fuel clad.ding and structural material signif

icantly improves the neutron economy of the reactor: more neutrons 

are available for breeding, reduced critical mass1or other trad.eoffs. 

The molten state allows high power densities (up to 10 m·l 

per liter) and high temperature operation while at low pressure: 

fuel melting is part of the design and so is not a problem; fuel 

vaporization does not occur until extreme temperatures, contributing 
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to low operating pressures. Only the conto.iner materials impose 

temperature limits. 0 Hi th !.fo alloys 900 C appears to be an upper 

limit. Graphite structures should tolerate considerably higher 

temperatures. This could significantly adv-d..D.ce thermal efficiency 

which could attendantly reduce thermal pollution of the environment. 

High· temperature operation affords applications with existing 

steam technology, or uith He secondary coolant for gas turbines 

or process heat. High pov;er density also promotes sma.11 sizes 

which saves plant costs. 

'i"ne eutectic natuxe of the halide salts facilitates low tern-

perature operation in the near term by minimizing chemically-reducing 

corrosion problems »Ti th ~.fo-Fe alloys. With graphite, these proble:ns 

m~y uot exist. Later, high temperature aperation leading to higher 

efficiency process heat ~t compositions away from the eutactic nadir 

can be implemented when more is kno~m about material corrosion. 

Off-eutectic compositions can also mean higher BG and thermal con-

ductivity of salt. 

Halide salts also offer superior thermal a.nd radiation stabil-

ity. This inhibits the formation of other compounds, thereby prevent-

ing corrosion. 

The molten nature greatly benefits. safety as well: increase in 

temperature causes a strong decrease in fuel density. The inherent 

stability of this negative temperature coefficient will limit ex-

cursions. A self-regulating system may be possible, avoiding the 

need for control elements. 

The fluid state of the fuel also enhances safety under abnor-
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rnal condition through a combination of properties: 

(1) Fluidity facilitates removal from the reactor to ever-

safe containers 

(2) High heat capacity of fuel restricts temperature rise 

on loss of normal cooling 

(3) Low salt vapor pressuxe mininizes the effect of any 

temper~ture rise 

2.6.2 AdV2.nta;es Stemrain.; from the :!:xclusive Use of Thorium 

The nuclear industry has exclusively used the uranium fuel 

cycle to date, mainly because no "fissile" thorium isotope eri.sts. 

Howeve:c, once a thoriun cycle proves viable, nu.'1!erous advanta.;es 

accrue. Because the bu.rni.Ilb of thorium begins much lower on the 

atomic weight scale than does uranium, little plutonium or higher 

actinides accumulate. The plutonium which does appear will be 

238 mostly Pu, a strong heat source which melts in concent~ated form 

unless cooled. That hinders its use as a ueapon. 

'.rhe predominant products in the cycle will be 232Th, 233Pa, 

233u, 234u, and 235u. The only significant hazard associated with 

these will be gamma radiation from 232u decay daughters. As th.J 

t~CFR concept recr.rires no handling (as in fuel element fabrication) 

this uill be a plus; it prohibitedly hazardizes the const::.-uction of 

weapons. 

2.6.3 A.dvanta,:ses of On-site Continuous Reprocessing 

Reprocessing on-site minimizes the fissile inventory, environ-

mental hazard, and proliferation danger of the whole system: fuel 

is not tied up in other plants or their temporary storage depots. 
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It is aJ.so not under transport to or from such locations, elimi.n2-

ting highjacking, sabotage, and transportation accidents. Finally, 

it never even occurs in a form or container suitable for transport, 

except for breeding gain export. 

Continuous reprocessing minimizes the fuel inventory outside 

the reactor: the i.:.lventory in the ~' pining, and heat excbangers 

reuresents almost the entire fuel cvcle inventory. Continuous re-

processing also removes hazardous a.nd neutron absorbing fission prod-

uct~ \·Ihile ad.ding fresh shim fuel from the blanket. This greatly 

reduces the potential radiological danger of the reactor while in-

creasing the neutron economy. Processing on-line allows on-line 

refueli..ing. That reduces d.o·.mtime and obviates mechanical shim 

devices, increasing the neutron economy. 

2.6.4 Advantages of a Very Fast Neutron Spectrum 

An !:lCFR exhibits a very fast neutron energy spectrwn: chlorine 

(atomic weight A~36) constitutes the lightest major element; the 

salt contains only small amounts of Na (A.:23) or K (.A.::39). Thus 

no strong elastic scatterers pervade to moderate the neutron's energy. 

Choosing a high molar content of uc13 in the core salt further 

inhibits the neutron moderation. The principal moderating mechanism 

then defaults to heavy element inelastic scatter. Feeding only 

233uc13 ( ........ no ThC14) into the core reduces even that relative to 

fission. 

Table 2.1-II compared the median flux energy of the resulting 

neutron spectrum to that for other fast reactors. Since the neutron 

capture cross section decreases with energy and many isotopes ex-



hibit threshold. behavior for fission (Figure 2.1-5), the hard. spectrum 

enhances fission over capture. The result is that 

1. Reactivity per unit mass increases, decreasing the critical 

size 

2. r.1ore actinides now fission usefully rather than just trans-

m·u.te i!J.to a higher-A actinide 

3. The 233u (n,2n) cross section for producing 232u, a pro-

lifera.tion deterrent, increases 

4. Parasitic neutron capture by fission products and structural 

materials decreases, thereby improving the neutron economy, 

and decreasin.; the sensitivity of those ~ateria.ls 

5. Both 233Pa and 
23~ tend more to fission. This eliminates 

the need to remove and hold 233Pa for decay into 233u. 

In a plutonium-fueled MCFR, the high actinide density, .. the 

absence of core internals, and the very fast neutron spectrum can 

combine to raise BG up to 0.7. A 233u/Th. system could probably 

only achieve BG of 0.2 to 0.5. Should one prefer a BG near zero, 

the good neutron economy can be diverted to other advantages such 

as smaller blankets, slower fission product cleanup, added Th in 

the core mix to reduce pm·rer density, cooling in-core, or operation 

at (lot-rer) eutectic nadir operating temperatures. 

The fa.st neutron spectrum also implies low fission cross sec-

tions relative to a thermal neutron spectrwn. To accomplish the 

same po:;er density as in a thermal system, the flux levels must 

16 -2 -1 e:x:ceed. 10 n cm sec • The lack of e;ore internals limits ra-

dia.tion damage problems in the out-of-core cooled MCFR. On the plus 
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side, such flux levels might benefit r.1CFR variants such as high flux 

[75] ~eactors for molecular studies and radio-medicine prouuction [76] 

and flux-trap burner reactors for troublesome fission product trans

mutation [23]. 

2.6.5 Spinoff Ability to Digest Existing Spent Fuels 

The MCFR should be able to usefully consume all existing spent 

fuels. In principle one could bring in spent LWR oxide fuel, declad 

it (radioactivity makes this the most cumbersome step), convert it 

to chloride just like '.i'h and U (natuxal or depleted) oxides, and 

breed it in the blanket region. That would, of course, mean pro

ducing Pu. One might not wc:..1t to ex:port that ca.pabili ty and may 

need to ensure that any expcrtable ~1CFR designed. for the Th cyole 

cannot be easily so modified. 

2.6.6 Inherent Disadvantages and Limitations to f.TCFRs 

Expected problem areas and concerns for an MCFR will be that 

1. Out-of-core cooling and local reprocessing produce high 

fuel inventory in-plant; on the other hand little inven

tory exists out-of-plant or in transport 

2. ?fol ten salt fuel transfers heat poorly compared wi. th so

dium in an Ll•IFBR 

3. The high melting point (,....... 560°c) of suitable fuel salts 

necessitates pre-heating in many places 

4. The high melt~ng point of the fuel salt lliJits the ut 

across a heat exchanger, less the salt freeze. Consequently 

one must increase the mass flow rate 

5. The presence of fission products in the fuel salt necessitates 
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a high standard of plant reliability and leak tightness 

6. Corrosion and high temperature limit the choice for struc-

tural materials 

7. High neutron flux damages structural naterials 

8. The reprocessing plant requires development 

9. Mutants in the fuel salt, including sulfur from chlorine 

mutation, corrode~ 
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3.0 CONCEPT DESIGU 

vlCFR(Th) neutronics will depend on the choice of reactor con-

figuration, method of cooling, power density, operating temperatures, 

salt compositions, structural materials, and method of shim and 

safety control. Section 2 provides directives for choosing: u..se-

fully consume the actinides, use thorium as feed fuel, and maximize 

breeding. These all coincide 1rith a supra-guide-line: keep the 

core neutron spectrum as hard as possible. An intrinsic guideline 

is technical and economical feasibility. 

3.1 Choosing the Reactor Configuration 

Subsections 3.1.1 and 3.1.2 analyze how to ma.zimize breeding 

by minimizing neutron moderation and leakage. Following subsections 

apply that knowledge to evaluate spherical vs. cylindrical geometry, 

one-zone reactor vs. core and blanket, other blanket aspects, r~-

fleeter, damage shield, and method of shimming. 

3.1.1 t·la.ximi=:;ing Breeding b;;..- !hnimizing Neutron J.foderation in the Core 

3.1.1.1 BG notential. Conversion of fertile to fissile fuel depends 

upon capturing the excess neutrons in the chain reaction. Each time 

233 a U atom absorbs a neutron, the nwnber of neutrons potenti~lly 

available for breeding is [77] 

where 

-V3 - 1 - c<3 + Fz. ( -Vz. - 1)- A - L 
Potential BR= 

BR = breedin& ratio 

-V3 = no. of fission neutrons from 233u fission 

"'" r f. · t r 232Th f. · v = no. o ission neu rans rom ·i: ission 
2. 

(3-1) 



D{~= noo of neutron captures in 233u per 233u fission 

A = no. of neutron captures in structural materials per 
233u f. . l.SSl.On 

L no. of neutrons which leak from the reactor per 233u 

fission 

F
2 

no. of 232Th fissions per 233u fission 

Rearra.n.:,o-ing tenns one gets 

BR -:::= [ (-V~· + Fz. i)~ ) - ( o<:, + A ) - L] I ( 1 + CX3 ) 

where i ':: ~ -1 

(3-2) 

:TO\'r in the neutron ene:- -;y- ra.nse of fast reactors the ;;osi-tive 

contributing factors i) 
3

, F 
2

, and -;; 
2 

increase with :ieutron energy 

while o\.
3 

and A decrease. L varies little with neutron energy. 

-Y , -V 
2 

and of... 
3 

also vary slowly. F2 a.nd A vary pronouncedly but are 

much smaller. Thus BG potential (i.e. available neutrons) increases 

with spectral hardness but not dramatically so. For this and other 

reascns of section 2., one desires as hard a spectrum as possible, 

but not at great expense of scme other desirable parameter such as 

actual fertile captures. 

For a rough estimate of the BG potential we assume A=O (no 

structural materials) and 1=0 (zero neutron leakage) • As 
232

Th 

has a high threshold for fissicn, it is also reasonable to let F2=0. 

We then have 

BR-: (3-3) 

-v: where ~~ = __ .. __ _ 
H· o(i 
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yt varies strongly with neutron energy, more so for 
23 9Pu than 

233u (?igure J.1-1). F2 is greater for ZJ8u than for 
232

1h. 

Consequently, 239Pu and 233u differ little in BG at lCG keV; but 

by n~ar 0.4 1 at 1 Mev. 

In studies of an MCFR~Pu) 1 Taube calculated maximum BGs of 

0.7-0.8. This agrees with Figure J.1-1 and equat.icn (3-1) 1 asswning 

~ "b . ("'\ frcm 2J8,. r· . 3c~e ccn~ri u~ic~ • / u ~ssicn. Cn the basis cf Figure 

J. :-J.. wd. ? 
2

-:::. 0, :·1e guess a BG potential. fer Th;233u nea.r O .l.. 

Section 3.5,7 confirms this. 
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J .1.1.2 Minimizing rieutron 1.roderaticn. This translates to mini

mizing neutron scatter, i.e. avoiding structural material in the 

reactor and admixture to the fissile fuel. With separate core 

and blanket zones, the core fuel should ccntain as high a frac· 

tion of 233u atoms as possible for spectrum hardness. It al.so im-

plies keeping the core and blanket separate: mixing fertile and 

fissile fuel in a single reactor zone such as in the MSBR moder-

ates the spectrum. 

3. 1.2 l-:axirr.i:::ir:g 3reeding by t·'.inimizing Leatcage 

Section J.1.1.1 sougi:t the maximum breeding possible when nc 

r:eutr-cr-. .s escap:;d ~he f ~rtil ~ blanket (L=O j and :·1hen A=O. ?rac ~:.:::al. 

a.ids towa..ri.l;:;; :!.0w T, might be a.n inner blanket, a. thick outer blanket, 
' 

and a gcod neutrcn reflector. Reactor ccnfiguration affects A through 

the addition of structural materials. 

3 .1.2.1 6±'.fcct of an inner blanket. With an inner blanket (Figure 

J.1-2), neutrons enter as if from multiple cores. Those which do 

not react are ~ot yet lost frcm the reactor: they reenter the ccre 

and cuter blanket where they can further react or turn around. 

_, 

Figure J .1-2 

Three-zone Spherical 

Reactor 
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J .1.2 .2 Size of the cuter blanket. Irregardless of an inner blanket, 

useful capture of neutrcns (breeding) requires an outer blanket. 

ANL studied [21] 1.5 to 4 feet (0.46-1.22 m) thicknesses; 

English and Si·ri.ss analysts typically assumed 1.0 m. 'The present 

·work (Section 3.5.1) found 2 meters to be effectively :infinite to BG 

and very effective in reducing damage to the vessel wall. 

Ir: a fast :-eactcr; neut:-cn c;;.pt.ure C:.ecr:!ases ;-ri."t.h increasir:g r.eut:-m 

( ~· J , 3\ energy rig ..... -. 1 • Thus tc increaze fertile capture we need tc sof-

ter, th~ r.eutrcr, spect.n..:.m ir. :he b-".anket. ;.Jithcu'- seriously degrading 

i":. in the ccre. 

r 
E 

100 t-i 
0-y(b) 10 

"' ~: 

I Th-232 I 

..... 
~: 
~! 

0.1 f. 
0.01 ,_.._ 

~ 

10 105 )06 
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Fig. 3. 1-3 ·Thorium Capture Cross Section 

ORNL studied the effect of a graphite moderator-.in the 

blanket [13]. Althou.gh the fertile capture rate did increse, 

reducing the necessary blanket thickness, the overall BG 

decreased (Fig. J.1-4) due to simu.ltaneous increase in parasitic 

neutron capture. 

Another way of moderating the blanket is to use a (lighter) 



Fig. J.1-4 

Influence of a 

Graphite !foderatar 

in the z.i.an~et upcn 

EG [13] 

BG 

0.11 

0.10 

0.09 

Thickness of Graphite '.foderator Seci:ian, en 

outside tl"'.e reactor vessel ~-:~i1 cbviously reduce L. Fe;·r cf the re-

fleeted neutrcns will make it through the outer blanket to return 

to the ccre. A thermalizing reflectcr •.-roulc therefore have little 

effect upcn the ccre spectrum, particularly if the outer blanket 

regicn is fairly thick (in mean free paths). 

Such a reflector well.id enhance ncutrcn capture in the blanket 

(but in carrier sait as •::ell as in fertile). It ·.1culd also decrease 

r 
2 

scr.ie':ih.:i.c.. The net change in :::G ·:1culd depend er.. i".c•1 tr.e cc:npe7.ing 

capture cross sections change as neutron energy decreases. This is 

expressed by the cro::;s s.:!cticn r.itio 

0.. C'f+/l.(!:.) -r b O"f>lk (E.) 

~r, lE.) 
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where Ha = halide: chlorine or fluorine 

Alk alkali or alkaline earth 

a,b coefficients dependent upon the molar ratios. 

For a typical 65/35 ThC14/NaCl mix, Table 3.1-I shows the results. 

At very fast and thennal neutron energies Cl parasitic capture pre-

dominates. In the broad intermediate range of 20 ev to 1 I•iev Th fer-

tile capture is greater. Thus ~ .. e urefer that neutrons in a ThCl - 4 
blanket slow down, but not all the way to eV energies. This recommends 

an inelastic or a heavy scatterer more than a light elastic one for 

the reflector material. This would also recommend a high actinide-to-

carrier salt ratio in the bl:::..nket. 

Choice of beryllium as reflector material would: enhance the 

outer blanket breeding through scattering and (n,2n) reactions •. 

However, beryllium is toxic, relatively scarce and quite light. 

Graphite, in contrast, costs litUe. 

Cu and Ni are well known for their ability to reflect fast 

neutrons. Fe and Pb reflect almost as well and cost less. All 

four qualify as inelastic or heavy-elastic acatters. However, 

reflector studies in Section .3. 5. 6. 3 indicate that with a 

blanket thickness of 200 cm, the choice of reflector material 

matters litile. Then the low cost and low activation of graphite 

should predominate. 

Borrowing a page from fusion test reactor design, o.'1e could 

reduce damage to the vessel with an inner liner. Neutrons 

striking it change direction and lose energy; they are then less 
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Table 3 .1 Ratio of Cl to Th Neutrm A~sorptian in ThC1
4 

(5 abs {b} 
Group Energy Range £! !h 4Ql/Th 

1 6.5-10.5 MeV 0.215 0.011 '71.6 
2 4.0-6.5 0.146 0.02 33.1 
3 2.s-4 0.057 0.04 6.5 
4 1.4-2. 5 0.020 o.08 1.13 
5 0.8-1.4 0.0063 0.14 0.20 
6 0.4-0.8 0.0021 0.17 0.056 
7 0.2-0.4 o.oco9 0.19 0.022 
8 0.1-0.2 0.0011 0.27 0.018 
9 46.s-100 keV 0.0031 0.42 0.034 

10 21. s-46. 5 0.0103 cx.56 0.084 
11 10.0-21.5 0.0109 0.75 o.o66 
12 4.6$-10 0.0189 1.35 o.o64 
13 2.1s-4.65 0.0194 2.10 0.042 
1.4 1.0-2.15 0.0221 3.30 0.030 
15 46s-1000 eV 0.1670 5.0 0.152 
16 215-465 0.3730 11. 0.154 
17 100-215 0.1557 19. 0.037 
18 46.s-100 0.3660 28. 0.059 
19 21.s-46.5 0.7081 47. o.o6s 
20 10.0-21.5 1.1625 12. 0.440 
21 4.65-10 , 1.795 0.46 17.7 
22 2.15-4.65 2.771 0.67 18.8 
23 1.0-2.15 4.231 0.99 19.4 
24 o.46s-1~ 6.274 L..45 19.6 
25 o.21~.465 9.33 2.11 2G.1 
26 0.0252 eV 28.69 7 .')6 17.2 

likely to damage the reactor vessel. This damage shield should 

be cheap, suggesting graphite, and might be in partitions for 

easy replacement. One could also combine damage shield, vessel, 

and reflector into one thick-walled graphite vessel. This might 

cost the least to make or replace. Due to low activation it 

would also be the easiest to dispose of. 
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3.1.3 Core and Blanket Design 

3.1.3.1 Choice of geometry. Spherical geometry offers 

1. Minimum neutron leaka_se in a critical reactor (thereby 

maximum BG) 

2. Minimum ~hielding and plant size 

3. Minimum critical mass 

4. Simole theoretical computation 

The first two factors directiy affect reactor design. Minimum 

critical mass actually matters little: the fuel utilization 

issue pertains more to total cycle inventory while proliferation 

deals ·.d.th the availability :Jf attractive weapons-grade or car

cinogenic material. The fo1:.I'th factor affects just the methods 

used for survey calculations. 

Three main designs come to mind in spherical geometry. The 

first copies the thermal l·!SBR: . core and blanket materials, i.e. 

fissile and fertile, flowing together homogeneously. The second 

copies the usual breeder reactor: a minimum-size core surrounded 

by blanket. The third adds an inner blanket (Figure 3 .1-2). 

Inherent disadvantages with spherical containers may be 

1. Difficult fabrication of structural materials 

2. Difficult replacement of structural materials 

J. Stresses due to material curvature necessitating a 

stronger, thicker core/blanket interface 

4. Non-uniform flow velocities in the core, possibly 

creating additional stress. 

77 



Cylindrical geometry offers choices similar to Fig. J.1-2: 

BG in (c) of Figure J.1-6 may be slightly higher than in (b) 

when the core fuel is ail fissile and no fertile~ BG in (a) will 

probably be lower due to spectrum degradation. Likewise , re-

placement of the annular core (c) by near-equivalent-area tubes 

(d) may further increase BG. Either each tube approaches 

critica.J..ity or they approach each other in distance close 

enough to avoid spectrum degradation. 

@G@@ 
Io) ~\:.) (C) ( d ~ 

Figure 3.1-6 Alternate Cylindrical Geometries (Top View) 

Design (d) also suggests quick and cheap replacement, a 

simple solution to the problems of radiation damage and corrosion 

in the reactor. Structural tubes obviously produce no fission 

products; il made of graphite, they also radiate no gammas. That 

should facilitate their hanciling and disposal. Graphite also 

costs little. A design with straight tubes would limit re

placement downtime. Design (d) is also easier to make and replace 

than (c). 

3.1.3.2 Choice of number, size, and spacing of tubes. Pro-

ceeding with the Figure 3.1-6 (d) concept, Figure J.1-7 defines 

some annular arrays of N tubes. The dotted-line circle passing 

through the tube locates their centers. To minimize core spectrum 
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degradation~ circle might be several mean free paths in diameter 

so that most neutrons leaving the side don't reach tubes on the 

other side. Alternatively tubes might abut one another so that most 

neutrons leaving a tube either go permanently into the blanket or 

directly into another core tube. To minimize structural material, N 

should be small. 

NA~~ 
VJ\::_::}~~ 

H•4 

@ 0 
0 

Figure 3 .1-7. Aw:'.llar array of Il"-tube s 

A questioc cert~in to a~ise over core tubes is the interdepen-

dence of their neut:ronics an.i kinetics. One prefers _either close or 

near-zero coupling bet1-1een them-: intermediate loose-coupling could 

lead to oscillations, not quickly damped. Behavior as independent 

reactors (zero-coupling) would probably require multiple control 

panels and operators, i.e. separate full-power cores sharing the same 

blanket. This option might warrant attention as the tubes would share 

the same reprocessing plant and other facilities a.s well without 

affecting each other's operation. Since the reactor physics of ea.ch 

reactor would simply copy that of a conventional core and blanket 

reactor, this study will not treat it separately. Close neutronic 

coupling implies physical closeness as well (separated by less than 

one mean free path) and individually far subcritical. Then, shut-

down of one tube channel would shutdown the whole plant. 
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J .1.3.3 Location of tubes. To gain more insight into tube 

location, consider again the ar..nular core geometry of Figure 

3 .1-6( c). Fixing the reactor radius, Figure J .1-8 depicts 

designs with inner blanket (IB) diameter ranging from no IB to 

no outer blanket. 

8 
· . . . . . 

: : : : 

, 
...... - .·, 

Fig. J .1-S Designs with 7c.rying IE Diameters 

Pertinent metrics include breeding gain, medium flux energy in 

each region, and critical mass. Section J.5.6.1 shows that the 

largest breeding gain occurz with no inner blanket. This would 

correspond. to placing the tubes adjacent to one another in the 

reactor center. 

3 .1.J .4 Axial blanket and neutron leakage. Neutrons which leak 

from the reactor cannot breed. They also require shielding. 

Lengthening the core helps but an axial blanket stops axial 

leakage best. Figure J.1-9 suggests some designs which accom-

plish that by· dampen:ing the chain reaction in the tubes near top 

and bottom of the reactor vessel. 

The overriding concern in choosing between these designs 
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Figure 3.1-9. Alternate Designs Which Create an Axial 
Blanket in the Reactor Vessel 
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shouid be ea.ea of ma.king and replacing the tubes: othenrise one 

must design for corrosion and high neutron radiation exposure. 

'l'he two skewed tube designs should excel in this regard because 

the tubes are straight. The chain reaction in these would con

fine itself to prolate or oblute spherical geometries. The 

critical geometry for the other three designs, would more 

resemble a cylinder. 

The ne:;...-t two designs exhibit large bends. Presumably, one 

would use straight pieces tc the extent possible and fasten them 

to the be:1C:S, a cumbersome :irocedure in a radiation environment. 

The ballooned tube design Fesents even more difficulty to make 

and replace. 

In conclusion, the use of a few (N=3 or 4) large skewed tubes 

should present the least engineering difficulty in their fab

rication, operation, and replacement. It will also minimize 

neutron spectrum degradation and neutron paras~tic capture. 
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3.1.4 Method of Reactivity Shimming 

The concentration ratio [233u]/[U + Th + FP] provides a 

suitable though only approximate measure of the ratio of neutron 

producers to neutron absorbers. As the reactor operates, 

this ratio naturally decreases in the core, thereby losing reac-

tivity. Replacement by a mix of higher ratio restores the 

reactivity. 

In Figure 3.1-10 the blanket breeds 233uc14 and the re

processing plant separates it from ThC14 and NaCl (Section 3.7). 

Addition of H, Na or Th reduces uc14 to UC1J: 

~ H2 + UClL.. - HCJ. + UC1J 

Na + UC14 ~ NaCl + UClJ 

Th+ 4UC14 ----.ThC14 + 4uc13 

The separated 233uc13 should immediately mix in a sh:i.!11 tank with 

highly-radioactive reprocessed core fuel (for non-proliferation 

purposes). As shim mix flows into the core, irradiated fuel 

passes out to the FP remover. If necessary, a ThC14('NaC1 mixture 

could be used to provide negative shim. 

Figure 3 .1-10 

MSFR(Th) Reprocessing and 

Reactivity Shimming Scheme 
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3.1.5 Summary Guidelliles on Reactor Configuration 

The first priority is to maximize BG. Hardening the core 

neutron spectrum enh~nces the BG pot~ntial but not necessarily 

the achievable BG. Hard spectrum also increases the fission 

probability for all the actinides. 

Sphe~ical geometry maximizes BG by minimizing neutron leak

age but presents engineering difficulties. It also limits the 

power density: since critical masses are &~ailer in spherical 

geometry, power densities rise. Varyjng the core length in 

cylindrical geometry provides more choice in the critical mass 

and power density. The spectrum remains hard. 

One can also use muJ.ti;ile 1 small cylindrical tubes: some 

spectrum soften:UJ.g occurs there, depending upon their proximity, 

The optimum configuration ma;y be a small number (e.g. three) of 

skewed tubes penetrating a cylindrit'.al tank. The effective 

geometry of the neutron distribution will then closely approach 

a sphere. 
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3.2 Reactor Thermohydraulics 

An l·1CFR will require only low pressures for circulation and repro-

cessing removal. Much of the MSBR technology in thermohydraulics should 

apply as well to the MCFR. 

J.2.1 tv!eans cf Coo..i.ing the Molten Salt Fuel 

'de consider three means of cooling mo! ten salt fuel (Fig-

ure J .2-:.): cut-cf-ccre heat exci1ange, ir.-·cor;; ·heat excha.-:ge ac;-cs3 

~ubes' md ir:-ccr~ d.ir~c:. cc..,t.ac-: r.f.ith a. sei:cr:darJ coclant. 

J.2.1.1 Out-cf-core heat exchcnge. Here the molten fuel flews 

cut cf the core through piF::..ng to the external heat exchanger, 

i;!"83.t~:-- ir:creasir:g the sys'~ ~m ir.ver.tory. ..i.s ;;. reS1ll t, :nest j_,a -

layed neutrons emanate outs:.de the core. This affects reactor 

control (section ,3.6.2.2), and the neutrons activate the primary 

circuit and its environs. The large fuel inventory might pena

lize the economics of a 23 5u-or Pu-based plant; for an MCFR(Th) 

the penalty matters less because thorium abounds more, the feed 

requires no enrichment or fabrication, and the plant achieves 

near-full actinide utilization. Large fuel inventory also works 

against non-proliferation goals, but not as seriously as if it 

occurred out-of-plant in transport, reprocessing, or fuel fab-

rication operations. 

The absence of structural material inside the reactor maximizes 

the neutron economy and minimizes softening the neutrm spectrum. The 

high emphasis on these characteristics in Section 2 prompts us to adopt 

this method of coming for this study. 



Fig. 3.2-1 Means of Cooling Molten Salt Fuel 
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Nelson et al [21 J examined two MCFR(Pu) designs with out-

of-core cooling: his main comme::i.t was an economical concern for 

the large Pu .inventory. La."le [ 78] mentioned -0ut-of-core cool

ing for a high-flux (1016 n sec-l cm-2) materials-testing fast 

reactor. Winfrith examined at least four ou~f-core cooling 

variants. They recommended further study with both He and lead 

secondary coolants. 

Earlier Taube studie~ [79] concentrat8d on i~-core conling. 

Taube cautioned that loss of delayed neutrons out-of-core might 

hurt reactor control. Later work emphasized out-of-core cool-

ing to achieve high flux in burner and test reactors and high 

BG in power reactors. 

3.2.1.2 In-core heat exchange across tubes. Taube and Ligou [79] 

/P 238 analyzed a 2030 gwth MCFR(U u) cooled by uci
4 

blanket salt 

flowing through 23,000 Mo-alloy tubes in the core. A pump 

stirred the fuel in the vessel to a speed of 2m/sec to increase 

the heat transfer. That much t'1o meant large neutron absorption 

(3.3% of the core total). The core inlet and outlet teu.peratures 

0 were 7 50 and 793 C. A main question was the wel.dabili ty of 

the Mo-alloy tubes. 

A Win.frith group examined [29] Taube' s work.. They found 

his breeding gains slighUy high due to expected deficiencies 

in the Bondarenko cross sections for 
238u and Pu. Also they 

found the physical properties of the salt not to be as good 

as what he used. These differences would increase the maximum 

fuel salt temperature to 1160°c. There one approaches limits o:f 
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of corrosion and of strength of i·1o and its alloys. Taube has also 

suggested tubes of steel-reinforced graphite. 

Winfrith earlier studied the use of molten lead cooling but 

0 limited themselves to an 800 C salt tenperature. Within that re-

striction they found poor performance, especially lm-r BG due to 

neutron absorption by heat exchange materials. 

;-[i th helium cooling, \hnfri th allowed the salt to reach 970°c; 
0 

the outlet rte temperature was 850 c~ 

AHL studied two sodium-cooled !.ICFR(Pu)s [21]. 

3.2.1.3 In-core direct-cont2ct heat exchange. Here an illl;;liscible 

fluid li~e molten lead [29], boiling mercury [20] 1 or boiling AlC13 
[20] mixes with the fuel directly in the core. It then separates 

out and passes out of the core to a heat exchanger. The direct con-

tact of molten fuel with molten coolant affords very good heat trans-

fer, elimination of coolant tubes (and cladding), and possibile ex-

traction of fission products. 

The principal problems occur with mixing and separating the 

fuel and coolant, and corrosion. The need for extensive research 

to overcome these led to the abandorunent of this method of cooling. 

3.2.1.4 Blanket cooling. A Th blanket will generate little heat. 

Constant bleed.off of the blanket salt (for reprocessing) and re-

placement by cold NaCl/Thcl4 may satisfy the heat removal require-

men ts. 
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3.2.2 Power Density in an MSFR 

3 .2.2 .1 Inherently high power density in MSFRs. The absence of struc

tural materials alloW!l high fissile fuel atom density. Absence of r.~u

tron moderating materials, and limited presence of fertile and carrier 

salts keeps the spectrum hard. Together, these results produce high Y)_ 

( = -\l ~/ CS-<1.. ) and small critical dimensions. To then produce the 

same power as a thermal reactor requires high power densities. 

3 .2 .2 .2 Realistic range of power densities. No actual experience 

with I·lSFRs exists. ORNL considered power densities of 5-10 l'M/ 

liter in a study of an MSFR fast flux test facility. Taube's MCFR 

(Pu) designs range from 0.2 to 11.1 MW/l. British designs had 0.36 

MW/1. 

CRNL operated a thermal molten salt reactor up to 80 kH/l~ 

Peak power densities in existing water-cooled reactors include 1.3, 1.5 1 

2.5 1 and 4.4 MW/l in El'R, HFBR, ATR 1 and HFIR [78], respectively. 

A coolant velocity of_ 120 ft/s. might permit 10 MW per liter of core in 

HFIR [78]. For the sodium-cooled fast reactors Melekes CI:I-2, Phoenix 

250, and FFTF, core power densities average 2.5, 0.46, and 1.0 MW/l. 

The power per unit volume coolant for the sodium- and water-cooled 

reactors above is a factor of two higher. Thus a peak power density of 

10 MH/l for a fast molten salt reactor does not appear infeasible, but 

this study should not exceed it without good cause and a lower 

one would present less engineering difficulty. 

Flow velocity and heat exchanger size (i.e. out-of-core fuel. 

inventory) may constitute the real operational limits. 



3.2.2.3 High neutron flux levels and radiation damage in fast reactors. 

The follow:ing integral expresses the power density: 

P(r) = 5 Nf. il CS--f (\> (E) dE 
- J.SS e 

where 

P(!:) = the power density at the point indicated by vector !.i 

Nf" il = the atom density of the fissile fuel at !.t 
J.SS e 

er the fission cross section for the fissile atoms at !.i 

¢ = the energy-dependent neutron flux at !.i 

dE = the differential of the neutron energy over which the 

integration is to occur. 

Ee cause O' f is several magni "':.udes smaller in a fast neutron spectrum 

than i..'1 a thermal one 1 ¢ must increase that much to get the same -power 

density. Nf. il is also higher here, but that leads to small critical 
J.SS e 

volume and higher power density (Secticn 3.2.2.1) which makes¢ even 

higher. Because of high ¢ ( > 10
16 

n cm-2sec-1), another limit to power 

density could be radiation damage to structural materials (at the bla.n. 

ket core interface). 

The number of- displacements per atom and the helium production ra~e 

gauge radiation damage for intermediate and heavy mass materials. In 

the past' 0.1 MeV and ) l.C MeV fluence served as somewhat coarser (but 

still valid) gauges. This empha.siies that most aii of the neutrons in a 

f~:t reactor cause damage wnereas many·don•t in a thermal reactor. 

Coupled with the higher flux levels here, that bodes a limit to the life 

of structural materials within the core environs. 'i'he .solu.ti·on the;re is 

to periodically .replace the skeHed tu.bes. 

Cut near the reactor perimeter the 2-meter molten salt blanket has 

g2•eatly reduced the flux in the pressure vessel d0\'41 to .....,_ io13 n cm - 2 
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s -1 22 -2 this gives a 30 year fluence of ~10 n cm for which much 

experience already exists. Keeping the vessel exposure low is im-

portant enough to discourage the use of any regular arrays of solid 

material in the blanket through which neutrons could stream. 

3.2.2.4 Imoetus for high te~perature operation. Heat transfers from 

the core according to 

Here 

(3.2-2) 

q = the heat Temoval rate the heat generation rate under equi-

librium conditions 

m the mass flow rate, proportional to the fluid velocity (v), 

density' and the now area 

C = the heat capacity of the fluid (energy per unit mass per unit 
p 

temperature) 

.ATf = the temperature increase of the fluid from entrance to exit 

of the core. 

Gp and the density are relatively fixed; oniy v, the flow area, 

and ~Tf can vary. Raising v would increase pumping power requirements 

and corrosion. Increasing the flow area may dictate more ThC14 or 

NaCl to avoid supercriticality: that, in turn would soften the spectrum 

and reduce the BG potential. 

With regard to increasi!lb &Tf' Section 3.3 already requires inlet 

temperatures of 550°c and higher. Thus an MSFR inherently generates 
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high temperaturP. heat. This offers advantages (touted elsewhere) as 

well as problems. The problems may include leak2ge through seal expan

sion and melting of metal. Also, in numerous fused-salt systems, high 

temperature gradients at equilibrium enhance chemical corrosion [80]. 

Thus, in short summc3.r'J 1 increased heat removal requirements will 

mcst likely increase corrosion and/or soften the spectrum. 

3.2.2.5 Adjusting uower density throup-h critical mass. Section 3.5 

sets the minimum critical volwne for an MCFR(Th) at about 60 liters of 

o.o6 m3. Fe:::- a 10 GWth reactor this would imply a power density of 

i67 Mi'lth/1. Even for a 2250 ::wth reactor (1000 MWe) it spells 38 MWth/l. 

The power density limits of :~ction 3.2.2.2 (10 i·E·T/l) dictate a larger 

critical volwne. 

Cne way to get it is to increase leakage from the core (but not fran 

the reactor) by reducing the core dimension in one or more directions. A 

thin cylinder is one logical solution: above a given length-to-diameter 

ratio the length can infinitely increase without appreciably changing 

kerr• However, space requirements and return piping do impose practical 

limits on the length. 

Multiple thin cy.i.inders resolve that dilemma. In regular array 

(Figure 3 .1-7) they approach an annular core geanetry with internal blanket 

(IE). As the IB diameter increases (annulus moves radially outward in 

Fig. J.1-8) the critical volume further increases. 
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In the skewed tube configuration the effective geometry (where 

the tubes come together) can vary from one of minimal core leakage 

when Yllgles between tubes are equal and near perpendicular, to one of 

higil leakage when tubes penetrate the vessel top and bottom or from 

the vessel sides (Fig. 3.1-9). 

A second way to increase the critical volume would be to increase 

neutron absorption by allowing a high.:,r equilibrium concentration of 

fission products. However, breeding gain would suffer. 

A third way is to increase the carrier salt concentration (de

crease the molar percentage of actinide salt). However, this will 

soften the neutron spectrum ind decrease the BG potential. (This 

would not decrease the BG p::-oliferation hazard of the material: any 

material which can sustain a chain reaction in a fast reactor, can do 

so even easier in a bomb configuration • .) 

A fou:rth method is to add in fertile material. This will soften 

the spectrum somewhat but without parasitic capture of neutrons. In

deed, this option looks very favorable; section 3.3 discusses it 

further. 
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J.2.2.6 Reactor design power. For a given power density, adding more 

fuel (e.g. lengthening the core) can increase the total reactor power. 

'l'his should increase the economics since the capital equipment, includ-

ing that for reprocessing, changes mare slowly. However, two or more 

snall reactors at a plant may excel over cne larger one: thdugh each 

one requires separate instrumentation and operating crew, while one is 

do1-.n the other still uses the reprocessing system and produces electric 

power. ~·[i thout significanUy coupling the cores, the blankets of 

sev~ral reactors might also abut one another so as to eliminate re-

fleeter and enhance breeding. 

A popu.J..ar size for intercomparisan of designs is 1000 M:-Ie. 

J .2 .2. 7 Reactor nower distr:'..bution. Zonewise, fission of bred 2JJU 

should generate more power in the blanket than high-threshold 232Th 

fission would. The usual concerns regarding power peaking vanish: the 

fuel is already melted, and burnup is homogenous due to liquid mixing. 

3.2.2.8 Summar</. The 2-meter thick blanket protects the vessel from 

the high fluxes accompanying high power density. The frequency of 

skewed core tubes replacement will still depend on the flux levels. In-

creasing the core volume therefore increases the tube lifetime. The most 

constructive way to do that will be 

( 1) The use of multiple thin skewed tubes 

(2) Dilution of the fuel with fertile salt 
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3 .2 .3 Primary Coolant Velocity 

Section 3.2.2.4 pointed out that v, flow area, and m-f are the 

only variables for removing heat frc:m the core. 

3 .2.3 .1 Maximizing velocity and minimizing numping power, To ma.x

imize velocity one desires as few bends as possible. Flow through a 

sphere like Fig. 3 .2-2, unless baffled sanehow, would proceed more 

slowly near the surface than through the middle. This could lead to 

surface hot spots as well ;:.i.s neck corrosion. The ideal ge:!!!etry for 

maximum v would seem to be large-diameter pipes as described in section 

3.1.3 .. 

Fig, 3,2-2 

Typical Spherical Reactor 

For constant mass flow rate the coolant velocity, v , will vary in

versely as the tube cross sectional area. Pumping power increases as v3; 
for v <.. 15 m/'3 , pumping uses 5 - &fa of the power. Friction losses in 

small pipes will add to this. This recorrunends a few large pipes for 

maximum flow velocity. 
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3.2.3.2 Corrosion dependence on velocity. How velocity affects cor-

rosion depends upon the corrosion mechanism which, in turn, depends on 

the metal and its environment [80]. For corrosion by activation polar-

ization (Curve B, Fig. }.2-2), vel~city has no effect. 

Corrosion by cathodic diffusion does increase with velocity as in 

Curve A/Section 1. Small amounts of an oxidizer, e.g. dissolved oxygen 

in acids or water, cause this. Easily passivated. materials such as 

stainless steel and. tit2..D.iwn frequently resist this corrosion ~etter ~t 

high velocity: there the increased agitation causes an active-to-

passive transition (curve A, sections 1 and 2). 

Some raetals resist corr~sion i:::i. certain mediu:ns by for::iing :n::!.ssiv::! 

protective films on their su=-faces. These differ from the usual pas-

sivating films in that they are readily visible and much less tenacious. 

Extremely-high velocities may mechanically damage or remove these films, 

resulting in accelerated attack (curve c). This is called erosion cor-

rosion. 

t ... 
~ 
c: 
0 
~ 
:: 
c 

(.J 

c 
~...-:.-----

_) 
B 

0 2 
Velocity-

Corrosion Mechanism 

A: Cathodic diffusion 

B: Activatim polarization 

C: Erosion 

Figure 3.2-3 Behavior of Different Corrosion Mechanisms 
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3.2.3.3 Velocities in similar systems. In an LMFBR core sodium 

typically flows at 8 m/s. In the HFIR core, the coolant reaches 

120 ft/s (37 m/s). 

In theoretical studies, Taube [17,79] considered velocities of 

10-16 m/s in the heat exchanger, choosing 14 m/s as optimum. The 

British [29] varied v from 4-11 m/s in their MCFR heat exchanger. ORNL 

designed an .1·1CFR heat exchanger with a fuel salt velocity of 6.1 m/ s. 

3.2.4 Operating Temperatures 

Nu.r.ierous criteria will limit the primary circuit temperature. 

Figu.re 3.2-4 illustrates the discussion. 

3.2.d.1 Upuer limits on fuel salt tcmne~ature. A high fuel salt 

temperature could increase ~he feasible LiT anQ thereby provide extra 

heat transfer driving force. This would then reduce the needed inter

mediate heat exchanger area, and ther~to the external fuel inventory. 

Temperatures above 900°c allow operation with He as the secondary 

coolant. Even higher temperature would allow MHD topping cycles and 

increased efficiency in conventional heat exchangers. 

However, the temperature musn't exceed the salt boiling point or 

cause damage to the piping material in or out of the core. Temperature 

increases the rate of almost all chemical reactions. Corrosion fre-

qu.ently accelerates exponentially with temperature once past some 

threshold value. Refractory metals such as Mo and Mo alloys have high 

melting point and thermal conductivity and resist corrosion well. 

With graphite piping, the fuel salt temperature limit might extend to 

1500° c. (!.tel ting points of graphite or Mo are much higher ~) 

97 



Figure 3.2-4 
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The British [29] considered 970°c with He cooling and 810 with Pb 

cooling. Taube studied 860-1100°C and chose 950°c. ANL [21] stayed 

with 740°c. The French considered 1000-1300°c for high temperature 

applications but warned of problems to be overcome. 

3.2.4.2 Minimum fuel salt temperature. The minimum inlet temperature 

must exceed the salt melting point with an adequate safety margin. 

Although melting points of actinide chlorides decrease with transrnuta.-

ion up the A-scale (Section 3.6.2.5) 1 impurities also build in which 

might raise the melting point through the formation of complex com-

pounds. 

Table 3.3-VI suggests 2. minimum Tfuel of 650°c to allow some 

range in composition; addin.; a 50°c rnargi~ gives 700°c. For comparable 

( 6 0 0 MCFR Pu) concepts, the British chose 50-670 C; Taube used 750 C; 

ANL, 625°c; O:::NL, 566°c. 

3.2.4.3 ihnirnum secondary coolant temperatures. Secondary coolant 

salts with a variety of melting points are available, at least in 

principle (Section 3.10.1.1). In practice other problems and 

properties may limit the choice. For process heat applications, the 

secondary coolant temperature must be fairly high. 
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3.2.4.4 Restrictions on .6.T across heat exchanger wall3. For fuel 

salt flowing through a hollow tube,the maximum stress occurs at the 

outside cylindrical surface of the tube wall. It surpasses the wall 

material strength cr (psi), such as the yield strength (YS), when the 

t::.T across the wall exceeds 

where it = volumetric heat generation rate, Btu/hr in3 

k = thermal conductivity, Btu/hr F in 

CX= coefficient of lineir thermal expansion, F-1 

E =modulus of elastic~ty, psi 

-\) = Poisson's ratio 

a = inside radius, in 

b = outside radius, in 

(3.2-3) 

All three terms in this expression are positive; the second numerator 

term is generally quite small compared to the first. 

A safety margin shouid most likely be in AT itself; this will 
w 

allow for abnormal transient conditions 1·1hich produce 

(1) High fuel salt temperature 

(2) Low secondary coolant temperature 

Two materials are of principal concern, Mo and graphite. Table 

3.2-I lists a range of properties for graphite. To find the largest 

AT , property Set 1 maximizes er and R. , while minimizing a( 8Jld E. w 

Complementary Set 2 should give the smallest ~T • Table 3.2-II shows w 

the results for graphite and I~o under the principal assumptions of 

100 



Table 3.2-I 

Thermophysical Properties of Mo and Graphite 

Graphite Graphite 
Material ~ GraEhite** Set 1 S;:;t 2 

E(10
6psi) 48 0.5-1.2 0.5 1.2 

r:{ ( 10-bF-l) 2.8 1.0-22 1.0 2.2 

R_(Btu/hr F in) 6.4 7 -4-9-7 9.7 7.4 

--)) 0.32 0.25 0.25 0.25 

0.2f-YS (ltYpsi) 99.8 

UTS (let psi) 101. 0.5-2.4 2.4 0.5 

* arc cast, hot-rolled 

** electrode quality 

UTS: ulticate tensile strength 

YS: yield strength 
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Table 3 .2-II 
Calculated Stress Limits D T Across Heat Exchanger Tube Walls 

w 

(J core 

( 1a3osi) 
v~ume 

Material Lt/CR ( ) !:it Cc) 

Ho 0.20/0.25 in* 99.8 0.25 586 

l 
99.8 0.5 596 
99.8 1.0 601 

101. 1.0 601 
** 4.5/5.0 mm 99.8 l...D 581 

0.20/0.25 in* 99.8 2.0 604 

49.9 0.25 288 

49.9 0.50 289 

~ 47. 9 1.0 290 

4.5/5.c Jllll** 4r:;..9 1.0 298 

0.20/0.25 in* 47.9 2.0 290.4 

Graphite 0.20/0.25 in* 2.4 0.5 4313 
Set 1 2.4 1.0 4317 

1.2 1.0 2157 

Graphite 0.25 0.25 68 

Set 2 0.25 0.5 76.7 

0.25 1.0 81 

0.25 0.5 162 

0.50 1.0 i66 

* Ax = 50 mils 

** /J.x = 19.7 mils 
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(1) (5 = YS or UTS 

(2) A 0.20-inch radius tube with 50-mil wall thickness ( a 

popular size) 

(3) q = reactor power/ (core fuel salt '!ClUI'.le of 1 m3 and perti

nent variations thereof) 

With graphite Set parameters, the slcy1 s +.he limit almost. Set 2 

parameters would allow a ma.x:imum AT of 162-166° C, depending on the 
w 

exact power density. A safety factor of two would lot·rer the ma::dllIU!ll 

t::.T to 70-80°c. w 

For .lfo the fixed range of parameters appears to offer more certain-

ty. The allo,·table LlTw = 60C C seems very adequate, easily accomod.2.ting 

a safety fc.ctor of two. One :ibs.erves that 

1. The results do not depent on q which varies inversely with 

core volume; i.e. the second nwnerator term in Eq. 3.2-3 is 

generally small 

2 •. Wall thickness does not set the AT limit, at least do;m to 
w 

20 mils 

3. The most sensitive quantity is cr/o<.E 

In conclusion, Mo seems to have an ad.equate safety margin; graphite 

utility may depend on what kind of quality control can be achieved at 

reasonable cost. The two fluids in the heat exchanger should counter-

flow to minimize the AT • 
w 
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3.2.4.5 Restrictions on temperature differences within the primary 

~~· The maximum ~Tf within the primary circuit will be the 

difference between core inlet and outlet temperatures. A. similar f1 Tf 

occurs between heat exchanger inlet and outlet. MS3R experience in-

dicates that when 

(1) The reaction bet.,reen the fuel salt and a structural alloy 

constituent strongly depends on temperature, and 

(2) Temperature differs greatly :·rithin the circuit, 

then the constituent dissolves at the high temperature regions and 

deposits in colder regions. 

The scope of this study ioes not permit quantification of this re-

striction; however, the pote:;:tial mass transfer does discourage going 

far beyond the circuit A.Tf in similar reactor designs._ (below). 

3.2.4.6 [tiT, T] in other ~·1GFRs. Figure 3.2-5 summarizes the results 

of previous ~GFR(Pu) designs. Taube's [17] and the British He-cooled 

designs [29] a.re perhaps the boldest in using higher T's and ~T's. 

1.1a.ny desi~s use a lower melting salt (with lm-1er actinide molar con

tent) to operate the fuel salt below 700°c. 

3.2.4.7 Summary. Based on the above discussion, this study considers 

( 1) 

(2) 

(3) 

(4) 

0 A minimum fuel salt temperatlU'e of 700 C 

A reference AT~ = 200°C; advanced, 300°c ... 
max o o A reference AT = 200 C; advanced, 300 C w 

0 0 A reference LMTD = 150 C; advanced, 200 C 

The advanced AT 1 s exceed those of earlier studies (except Taube 1 s) 

and are to be avoided if possible. 
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3.2.5 Design of the Primary Circuit Heat Exchanger 

3.2.5.1 Heat transfer coefficient. The heat exchanger plays a crit-

ical role: virtually all the heat generated in the core must pass 

through its tube walls into the secondary coolant. Glasstone and 

Sesonske [81] show that: 

i·rhere 

U(21fR L if) ~T 
0 w (3.2-1) 

(3.2-2) 

q = heat transfer rate ~cal/s) 

U = overall heat transfer coefficient (cal/s cm~ K) 

R = cutside tube radius (cm) 
0 

R.= inside radius (cm) of tube through which ±'1.lel salt flows 
l 

k = wall thermal conductivity (cal/ s om I{) 
w 

hi.c.= Film coefficient of intermediate coolant (ca.l/s cm2K); this 

term is generally non-controlling in (2) above 

1 = tube length 

N = no. of tubes 

,lT = temperature difference between fuel coolant and intermediate 
i"l 

coolant (across the tube walls). Generally one uses the log-

mean temperature difference, L?.f'rl) = , for a 

zero-dimensional approximation, as defined by Fig. 3.2-6. 

The heat transfer coefficient for the fuel is 

hf =-..ls_ Nu 
D 
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~v.e'\.. 
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L 

End a: 
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End b: 
fuel in 
i.e. out 

Figure 3.2-6 Heat Exchanger .6..T Definitions 

where k =thermal conductivity of the fuel(cal/som K) 

D = diameter of tubes through which it passes (cm) 

For turbulent flow (Re > 1000) of fluids with o. 7" Pr < 100 

through circular tubes of L/D > 60, the empirical Sieder-Tate equation 

gives 

(3.2-4) 

where "b" refers to th~ arithmetic bulk temperature, and "w" to the 

average wall temperature, and where 
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Re = Dvp 
y. 

Pr = ..S!L 
R.. 

v = linear fuel velocity (m/s) 

f = fuel density (g/cm3) 

)1- = fuel viscosity ( centpoises = g/m s) 

C = fuel specific heat capacity (cal/gm K) 
p 

To use the above convenient units we must convert centimeters to meters 

within ~e and Pr. Doing this (103•2- 0•66 x 0.023 = 7.97) and grouping 

terms gives 

h ( cal 
f sec cm2 

(vp) o.8 k 0.67 (c/;do.33rw-o.14n-o.2 

(3.2-5) 

Equation (3.2-5) indica~es what makes a good film coefficient~ 

high values for f , y , k 1 Cp' 1 ft-i and 1/D in that approximate order 

of priority. 

From Section 3.3.5.3 h~ is typically 1.2 cal/s cm2ic. Assuming R.= 
L 1 

0.20 in, R = 0.25 in, and k = 0.32 cal/s cm
0
c, get 

0 w 

1 
u = o.8 x 1.2 + 

0.25 x 2.54 ln 1.25 + _1..__ 
0.32 h. ic (3.2-6) 

1 ---+ 2.26 smaller term 

U :=0.67 cal/s cm
2 K 

The importance of the second term relative to the first in 

(3.2-2) or (3.2-6) is 

hf hri 

h~ =~ 

= 

R ln(RjR.) 
0 i 

k 
w 

= 0.42 here 
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Alternately for IR = 4.5 mm, OR = 5.0 ID!ll as in Table 3.2-II 

1.2 
0.32 

x 0.45 ln (50/45)- = 0.18 

This shows that the fuel salt film coefficient controls the heat removal: 

go.L,g to a thinner tube will not help much. The significance of Ho 

would be that it would allow a wider and thicker (therefore more reli.. 

able tube witho~t heat-transfer penalty. 

For comparison, the ORN.i.. study reported [13 J 

u =l._1_ 
l 0.30 

+ 
l 

0.35 
+ 

__ 1_l -1 =: 0.15 

1.8 ] 

They used the same dimensions as here, b1.it their fuel salt hf was three 

times SJJalier: they assumed 17% uc13 fuel salt and 83% carrier salts 

(MgC12 & NaCl) while this work presumes high actinide content. The wall 

material k in the ORNL study was 6.5 times lower (80 Ni/20 Mo there vs. 

pure Mo here). 

3.2. 5.2 Minimi.:z.ing fuel inventory in the heat exchanger. llie out-oi-

core fuel inventory a.ffects reactor s.tability (Section 3.6.2.31, -U 

inverllory costs, and out-of-core cri-ticality. The -fuel volume in N 

ex~hanger tubes is 
2 

Vt b = NL lf R. (J .2-7) u es i 

A reasonably-conservative guess of the additional fuel in heat ex-

changer plenum and piping appears to be (section J.6.2.3) one additional 

equivalent volume. Then 
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V V - 2 N L Tr R. 
2 

o.c. = out-of-core ...__. i 

Rearranging equation (3.5-1) gives 

2 N L lr = er /u R AT 
0 w 

The ref ore 

V = R.
2
q/UR AT o,c. l. 0 w 

(3. 2-8) 

The condition for stability (section 306.2.3) is that V 
o.c. 

not exceed three times the core volume, V , i.e.: 
c 

v < 3 v o,c. c 

This means 

R.
2
a<3V UR 6T 

l. - c 0 w 

or 

V AT ) R. 
2 

cr / 3UR c w l. - 0 

Given 

U = 0.67 cal/sec cm
2 

K 

R.= 0.20 in = 0.508 cm 
l 

R = 
0 

0.25 in = Oa635 cm 

6 
x o.2388~ cal 

6 
= 2250 x 10 watts = 537,5 x 10 cal/sec 

get 

V AT > 109 m3 K c w 

watt sec 

Figure 3.2-7 plots this relation, adding boundaries of power den-

si ty ( 10 M:Wth/li ter and AT <. 300. A broad reference region lies 
w 

sufficiently far from the limiting boundaries so as to not require ad-

vanced design development. To further broaden the reference region 

would require smaller R. or larger U, 
l. 
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Larger U implies higher kw and hf and lm·rer effective wall thick-

Both pure Mo and graphite exhibit high k 
w 

(Table 3.2-I). Lovr Ax implies keeping the walls as thin as possible. 

This dictates a metal with good resistance to corrosion, especially 

with a high temperature-gradient present. It must also withstand the 

radiation damage from the delayed neutrons; either that or be cheap 

and easily replaced. 

3.2.5.3 Volume in heat exchanger and associated plena and piping. 

From equations 3.2-1, 3.2-6, and 3.2-8 

0.239 cal ( n- ) "T 2250 MWth x _ __.... ___ = U 2 11 R
0 

L N -'-.l w 
-6 

v = oc 

v (m3) = oc 

10 MW s 

8 
2.25 x 2.39 x 10 

0.67 x t:.Tw(K) 

8.0 R·2 
x ..:.:J.- (cm) 

For cases of (R; ,R 0 ) =either (0.20 in, 0.25 in) or (0.45 cm, 0.50 cm), 

get 

voe = 

Considering /::,. T -= 150 K from Section 3.2.4.7, get w 

Y ,,._ z.....,.3 cc - ... 
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3.2.6 Primary Circuit t.rrangement 

}.2.6.1 General Guidelines. Sections 2.5.4, 3.6, and 3.7 and 3.9 

show the need for transferring the core and blanket fluids to remote 

storage tanks, and flushing the primary circuit. Sections 3.6.2 and 

3,8 emphasize minimizing the fuel salt inventory. Section 2.5.5 

mentions the importance of reliability and plant factor. 

3.2.6.2 Location of pumps and heat exchan~ers. Both pumps and heat 

exchangers should closely surround the reactor as in Figure ·1.2-2 so 

as to minimize the fuel inventory in pipinge Shielding from core 

neutrons, beyond that provided by the blanket, is not warranted as the 

primary coolant itself emits :ielayed neutrons. Placing the pump beti-ree,, 

the heat exchanger and the ccre inlet imposes a lower operating tempera

ture on it; this should lengthen its service and ease· its design. 

3.2.6.3 Parallel subcha.nnels, As each tube channel (of N total) leaves 

the core it could split into Mz_2 subchannels, each with a small pump 

and/or heat-exchanger. Such redundancy should increase load factor 

and safety of operation. Small size would also make it easier and 

cheaper to build a.nd replace the units, a.nd easier to avoid criticality 

outside the core. However, as the number of pumps increases, the chanca 

for a single pump failure does also. Thus the optimum plant load factor 

could occur for a smaller number of pumps and/or heat exchangers. 
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Several alternate arrangements are possible (Figure 3.2-8). Plan 

A schedules a single pump and heat exchanger for each channel. Plan B 

splits the flow outside the core into M~2 parallel paths, each with a 

pump and heat exchanger. ?lans C and D only duplicate pumps. Thus in 

3 1 c, or D, a single pump failu.:'e does not terminate all flow. 

Approaches A, B, and C differ significantly from the multiple cool

ing loop concept of current reactor designs: the principal N loops have 

no common container as in Plan D: each circulates independently. Plan 

D probably is infeasible because of the 

(1) Desire to compactize space so as to keep down the fuel in

ventory (minirnu.'!1 pi.ping per heat exchanger) 

(2) Difficulty in avoi~ing a critical configuration 

If a single pump fails with plan A, not only must that channel 

flow cease, but the others' must also: the whole reactor must shut 

d01m less the chain reaction continue to generate heat in the broken 

channel as well as in the two good ones. In plan B or c, failure of 

one pump again affects the whole reactor: the flow and power reduce 

by 1/i·1 in the bad channel and the other N-1 core channels must also 

due to the close neutronic coupling. 

If M=2 subcha.nnels in plan C represent regular and backup paths, 

then each can handle the full flow and one is always ready in backup -

just need to switch a valve. Figure 3.2-9 shows a top view of such a 

plan. Use of multiple (M~2) subchannels especially for pumps, should 

increase reliability and ability for reduced power operation, but may 

also increase fuel inventory, auxiliary heating, and friction (due to 

added bends). 
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Plan A Plan B 

Plan C Plan D 

Figure 3.2-8. Alternate Pump and Heat Exchanger 
Arrangements for Each Core Channel 
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3.2.6.4 Tube channels in series. For a skewed core (recommended in 

section 3.1.3.4) the inlet and outlet of a tube occur on opposite 

sides of the reactor. To avoid excessive piping and fuel inventory 

the outlet of one tube should connect to the inlet of another, which 

lies vertically below. This means connecting all N channels in series. 

Fig. 3.2-10 attempts to describe this. It's as if someone ran a 

needle a.nd thread through a cylindrical cushion; coming out the top 1 

the thread returns outside the cushion to another entr<!.Ilce point on 

the bottom. This continues until the thread returns to the starting 

position. 

The series connection c~uses failure of one pump or heat exchange~ 

to shut down the whole syste~. But this does not differ f~om plan A, 
; 

and one can still employ duplicate subchannels as in B or C above. 

Figure 3.2-11 shows a B-type horizontal M=2 designe Here the 

tubes penetrate sides rather than the top and bottom. This should 

simplify the reactor support and reduce the out-of-core inventory as 

well. A physical model would be three pencils lying across each other, 

penetrating an approximately-square cylinder of (blanket) jello. 

3.2.6.5 Summar7. In the reference concept a small number of skewed 

tubes connect in series. Alternate subcha~nels with pumps in each 

could provide backup, but would add friction losses. On-line backup 

·(to avoid reactor shutdown) would also increase inventory and auxil-

iary heating. Keeping N to 3 or 4 should help the system reliability 

as well as reduce the time required for repair and maintenance. It 

also minimizes neutron spectrum degradation and parasitic absorption. 
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3.2.7 SUr.1lllary 

Limits on pouer density may come from 

1. Radiation damage to the high flux 

2. High temperature of the f'u.el coolant causing leakage through 

a seal expansion, melting of metal, or chemical corrosion 

3. High fuel inventory in the heat exchanger, affecting eco-

nomics, doubling time, and reactor control. 

Use of :replaceable graphite for the material in contact with the fuel 

coolant throughout the reactor and much of the primary circuit might 

eliminate much of concerns (1) and (2). 
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J.3 Choosing the Salt Composition 

'Ihe abundance and low neutrcn moderation of chlorine make 

sodium and actinide chlorides the preferred molten salts for fast 

reactors on the U/Pu cycle (Section 1.2). Here we concentrate on 

the thorium fuel cy~le which could have different priorities. 

3.3.1 In~rcducticn 

The top concerns in ch.basing the salt composition are neutran

ics (especially neutron spectrum), chemistry, and melting point. 

Other desirable traits are 

1. Good heat transfer properties: high thermal ccnductivity 

and specific heat ca?acity 

2. High boiling point t .J minimize vapor pressure 

3. Adequate technological or laboratory experience 

4. Low fuel salt viscosity to minimize pumping costs 

5. Low price and good availability 

6. Nm-toxic 

3.3 .1.1 Neutron spectrum. We desire as hard a neutrcn spectrum in 

the core as possible 1 though not at the expense of BG. Since non

fissile constituents mainly downscatter and capture neutrons, this 

means maximizing the ratic of 233u to all other isotopes. 

In the blanket, a softer neutron spectrum enhances neutron cap

ture by the fertile material. 'Thus neutrcn moderators might help 

there, if they don't absorb neutrons as well. However this would 

not be good for an inner blanket as it would then soften the ccre 

neutrcn spectrum. 
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If the core tubes were many mean free paths apart, then each 

tube would individually approach delayed critical and have a hard 

spectrum, but their ccupling would be loose or near-zero. 

3.3.1.2 Chemistry. Using the molten salt fuel as the primary cool-

ant of a nuclear reactor presents many novel problems in both reactor 

design and system chemistry. The success of the CRNL Molten Salt 

Reactor Program shows that it can be done at least up to their pow-

er- levels. Experience there also revealed that the chemical states 

often behave as if in equilibrium. This allows much progress towards 

understanding interactions within the salt (chemical stability) and 

between the salt and its en.-ircnment (corr~sion) since many of the 

equilibria are grossly pred.:.ctable. 

.·. 
The free energy of formation of the canpounds, ~G, measures 

the chemical stability of the salts, specifically their ability to 

resist forming other compounds which precipitate out. Taube has 

deduced the t.emperature-dependent 1:::. G for salts of interest (Fig-

ure .3 .3-1) [82]. 

Candidate reactants in the system which threaten salt stability 

are 

l. Atmosphere constituents oxygen, water, and carbon dioxide 

2. Structural materials (Section .3 .4) 

3. Fission products and other mutants 

Radiolysis also affects salt st.ability. 

Chemical corrosion involves several sciences (Fig. ,3.J-2). 

P~.ysical chemistry and metallurgy describe the physie~l; chemical, 

and mechanical behavior. 'Ihermoclynamics reveals the spontaneous 
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Electrochemistry 

l Physical ____ __,,_Corrosion----- i.leta.llurgy 
chemistry r 

Thermodynamics 

Figure 3.3-2. Factors Affecting Corrosion of a Metal 

direction of a reaction ar:d whetfier or not corrosion can occur. 

Electrochemistry describes electrode kinetics: the dissolution and 

plating out of different materials in electrical contact. 

3 .J .1.3 Eutectic melting point. Figure .3 .J-J depicts a typical 

eutectic beha•rior: the mixing of two salts lowers the mel ti.ng 

point far below that for either salt by itseli. The amount of low-

ering depends on the molar ratio of the two salts; exceptionally low 

temperature is possible at the eutectic point, or nadir. This may 

be of special value for the blanket region where little heat is 

generated. 

A fuel mix with melting point well below 700°c wou.Ld minimize 

au.x:iliary heating when shut down and allow a large temperature rise 

in the core without reaching high ouUet temperatures ( > 10oo0 c). 

Low melting points of the component salts also will facilitate their 

initial dissolution. 
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Carrier salt 
like NaCl 

Melting 
Temperature 

0 50 

Actinide salt 
like ThC1

4 

- - } 100"-11o~c 

100 

Actinide Molar Proportion 

Figu=e 3.3-3. Eutis:;tic :•1elting Point Behavior for a :.lirlure 

Adding a third component like a second actinide salt in 

Figure 3.3-4 can further lower the melting point, especially when all 

three are in near-equal proportions. Unfortunately many multicom-

ponent (ternary or higher) phase diagrams are unknown or in unavail-

able Russian literature. 

ThC14 ------------PuCl3 
uo0 c 

. 770°c 767°c 

Figure 3.3-4. Ternary phase diagram for NaCl/Puc1
3
/ThC1

4 
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3 .3 .1.4 Heat transfer parameters. Section 3 .2.5.1 showed how MCFR 

heat removal varies according to 

hf ~ / M k_ o.'7 ( J!' ) °"' /"-o.•1 

For survey purposes here let 

/t,( (bulk temperature) =_/ (wall temperature). 

Then 

h _ .Jo.s ,_ 0.67 &l -0.47 c 0.33 
f J (~ / p 

The exponent magnitudes measure the.rel~tive significance of the con-

stituent parameters. 

As other factors disccur~e the use of fluorides in the core, this 

section studies oniy chlorides. Ini'ormation an density ( f ) is read

ily available for pure sal.ts and a satisfactory algorl.thm exists far 

mixtures. Viscosity ()A ) and specific heat (Cp) data also suffice. 

Thermal conductivities are vscy sparse. 

3.3.1.5 Densities. Desyatnik et al [83] s~udied molten mixtures of 

UC\ and alkali chlorides. They found the density of individual salts 

to decrease linearly with temperature, getting 

! (LiCl) = l.880'7 - 0.4317 T(K) + 0.0011 g/cm3 

1000 

f (NaCl) = 2.l332 - 0.5405 T(K) +· 0.0010 
1000 

I (KCl) T(K) 0.009 = 2.1751 - 0.6060 ~ + 
1000 

t (RbCl) = 3.1069 - O.er/99 T(K) + 0.0013 
1000 
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/) (CsCl) = 3.7726 - l.0'716 ~ + 0.0011 
.r 1000 

? 

± 0.0011 

±. . 0.0011 

0.0011 

0.0011 

_,..a (Bac12 ) = 4.0152- o.6su 1@§) + 0.0011 

/ 

? (PbC12 )= 6.6213 - 2.0536 !iQ_ + 0.012 
I 1000 
I 

I 

1J (ThC1
4

)= 6.2570 - 2.7030 T(K) + 0.015 
I 1000 

I 
J (UC1

3
) = 7.520 - 2.472 ~ 

i 1000 
i 

0 (uc1
4

) = · 5.6251 - 2.2924 !..(!l_ ± 0.0021 
/ 1000 

Kinosz and Haupin [ 84] give the density of UaCl.and KCl as 

/ (LiCl) = (1.4.63 + 0.002464 T)/(1 + 0.0021) 
I ! (NaCl) = (1.611 + 0.001897 T)/(1 + 0.001538 't) 

~ (KCl) = (1.568 + 0.001619 1)/(1 + 0.001429 T) 

/ (Mgc12 ) .. (1.682 + 0.0044628 T)/(1 + 0.002857 i) 

~ (CaC12)c (2.115 + 0.003768 1')/(1 + 0.002 i) 
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where 1' c T(K) - '!73 = T(0 c)- 700. A spot check at 1000 K showed 

fair agreement for NaCl and KCl, getting j = 1.596 and 1.552 by 
I 

Kinosz vs 1.593t_0.001 and 1.569;t.0.001 by Desyatnik. 

Equivalencing the two formulas one gets 

- Ki.'10SZ 

Desyatnik 

fJ (LiCl) = 1.463 ( 1 - 0.000316 I) 

f (NaCl) = 1.611 ( 1 - 0.000360 T) 

f (KCl) = 1. 568 ( 1 - 0.000396 T) 

f (NgC12 )= 1.682 ( 1 - 0.0002041) 

f (CaC12 )= 2.115 ( 1 - 0.000218 T) 

D (LiCl) = 1.461 ( 1 - 0.000296 i) 

f (NaCl = 1.6(!7 ( 1 - 0.000336 Tr 
f(KCl) = 1.585 (1-0.0003821) 

! (RbCl)= 2.251 ( 1 - 0.000391 T) 

f (CsCl)= 2.735 ( 1 - 0.000392 'T) 

f<~c12 )=4.623 (1- 0.0004441""') 

f (Thc14)=3.627 ( 1 - 0.0CYJ745 I) 

;° (Ucl3 )= 5.115 (1 - O.OOOL.83 T) 

f (Ucl4)= 3.395 (1- O.ooo675\) 

The Kinosz equivalencing is by 

£ b 
a + b T = a _ ( c - -a) T .ry_ a _ ( c- a) I 
l+cT l+c\ 

The resulting slopes (-y coefficients) are expectedly higher than 

for Desr;ya;tnik 
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For a mixture of salts Desyatnik showed [83] that linear addition 

of the molar (specific) volumes of each salt 

f1ctul -=- [ ~ w; / f: J-l 
gives densities high compared to experiment. Direct addition of 

densities would give even higher errors, in the same direction. In 

binary mixtures with carrier salts like NaCl, the maximum deviation 

occurs at about 60 mole % actinide salt. A spot check on a 50-50 

UCl /NaCl mixture at 1 OOOK predicted / (50/50 1 1 OOOK) = 2. 91 whereas 

the measured was 2.871!, 0.0024. For:nation of complex salts, e.g. 

3 KCl + uc13~K3uc161 causes this deviation from linearity. 

3.3.1.6 Viscosities. Section 3.2.5 showed that low viscosity in-

creases heat ~ransfer. Figura 3.3-5 displays the temperature-dependent 

viscosity for individual sal~s [85,86] beginning at their melting 

points. 

The viscosity of salt mixtures is generally unavailable; Figure 

3. 3-6 does show viscosity behavior for two salt mixtures: first MgC1
2 

with NaCl [87]; then with ThC1
4 

[88]. (Note that the two sets of puxe 

MgC12 measurements do not agree. The (latter) Russian work is partic

ularly suspect because of other errors found there. Still the data are 

informative here.) The bumps correspond to formation of complex 

molecules. 

Comparison of these diagrams with phase diagrams Figs. 3.3-7 and 

3.3-28 suggests a correlation with eutectic effects which, in turn, 

depend on complex molecule formationo In general it appears feasible 

to choose a molar composition where the viscosity is close to the low-

est individual salt viscosity. Therefore, for ThC1
4
/NaCl, uc1

3
/NaCl, 

UC1
4
/NaCl or combinations thereof we can roughly presume 

128 



/()_ 

(c ) 
p 

5 

4 

3 

2 

0 

I - -- -1- -· ---r • _____ t.___ __ . _______ --J 

-I 

--~i ------------, 
I - . 

' -.--.- ;---. 1·-----'--------I 
·-·::.t-·:='. _; :-__ ,-=::_;.___ 1 i -

~----,--~---''----...... ~! 
-:-=-~:-:·;~==--!-__ ..:._ __ _ 

1-
--~--i~-=.,_, __ 

L--- =: _: --1 

,_ --·- --- - - . - -
·:I _:-_:~.::._- ' ' -i-::=-; . --- - ---=l 

--- I 
·- ---- ~ -1 

' ----- --· ·-- - -- --- . --- i =-~~~ ! = _!:_~-=-~=-_ _: ~- --~j - -- ___ , 
;_---:..== . - - - --

.. ! -- .. I .•. - ;..-. -·' 

I ·: i -==--~ : · 

4 5 6 7 8 9 10 11 12 13 14 

Temperature (100°C) 

Figure J.J-5 Viscosity of Individual Molten Salts [85 1 86]. 

129 



· -· ··-· ·--· . __ . ·r, .:---::-:·- ·- ·- _.c.-_:t 

.., __ :__ - -- -- --- ~-:--.....::==:::::-_=-_l_ -- -- . 

z.o 
--=--.::. -----·~_..: ____ ,:__ ____ _ 

-------------

0 .8 J ------\ ----\ ----·-··---! ----1 - .---- -4 

0 20 '40 f,O BO 100 

~Clz. 
Na.Cl Mole. 0

/• 

Na.C.I 

__. _____ _ 
1-- -- • '. -- -- - ; _J -- ~ -=---:-::. :._ 

. , . • L 
__ ::_·_-7 :~-~~:+-_ __ ·-:-: 

-
I.ii----·-·-.-· .. .. -.... :· -· x . -··· -- . .. --

1-2. 

.. ~~ .. ·· ~ =c=:;":- --~?-'f ~;7 ~~\~i~~ 
-· --- ' . _ .... __ 
'-- . . )(. - -""'- - ,_..,,. __ ........ _....... J - _______ )< ----

- -·x- -· .~'X -· --· ..... ~ -1-· 

. -~~·- -- ---- ·- ·:.::· .. --:._ .. , .. ..:.:..:...:...:.:::.: .. <-::::J-~~i::;:--~~-:: - :·--~~-~~ 
·---- - --- ,. ~~~- -t:.--. ~~t-·--::. --- -•--L_.:.:~-==:::: 

0.8 I -------1 --~-~----;-~-=--=-:· .. --- 'c::rc:-j 
o 2.0 40 i:;o eo 100 

l13Clz. TuC\4 
~Cl4 tl\Ole 0

( 0 

Figure 3.3-6 Viscosity Behavior for 'Iwo Eolten Salt Binary 

Mixtures [87, 88] 

130 



900 

Boo 

700 

~emp

a t"Ll:!:'e 
(oc) 

600 

500 

400 
0 20 40 60 80 

MOLE % Ne.Cl 

Figure J.3-7. The MgCl.2-NaCl Binary Phase Diagram [13] 

131 

iOO 

NaCl 



_?-(T) ;:;:; Aracl (T). 

From reference [85] 

8 -3 I ~NaCl~ 1.6x10 exp [9308 1.987 T(K)] cp. 

3.31.7 Specific Heat. Perry"s Handbook [89] recommends for fused 

salts at and slightly aoove the melting point: 

C ( cal ~ = 8 1 ( calj°C \ (no. atoms\ 
p g:ncC ) • atom mol~ J x ~olecule J 

Molecular weight (gms/mole) 

Data on chlorides (Table 3. 3-I) from the :.fol ten Sal ts a:andbook [85] 

supports this formula for 2- ~nd 3-atom molecules. For 4-atom mole-

cules, the coefficient i~c~e~ses to 8.5 cal/0 c atom mole. 

The next question is the temperature dependence ~f the specific 

heat. Table 3.3-II shows how experimental 1 c;-1 
dCP I dTf [90] for 

some F salts compare to their ff 
0

-1 df /dTJand coefficients of linear 

expansion t c<.) • C~ and f 
0 

represent values extrapolated to T:O 

Kelvin. On the average 0( parallels (c~-1 dCi/dT) fair; individual 

fluctuations of the two parameters do not correlate very well however. 

Still this represents the best empirical correlation which could be 

developed within the scope of this study. On this basis we approximate 

where 

c 
p 

(cal/gm c) = C 
0 

[ 1 - °"' T(K) ] p 

c 0 
= c (T ) I [ 1 - d.. T (K) J 

P P mp mp 

Table 3.3-III calculates some salts of interest. Figure 3.3-8 corre

lates the resulting [ CP [900°C] J so as to deduce the missing value 

for MgCl (for which c( was unavailable}. 
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Table 3.3-I 

Dependency of Specific Heat on No. Atoms per Molecule [85] 

d· 
II 

N c p p 

Salt 
( cal/ 

0
c ) 

mole molecuJ..e 
( No. atoms) 

molecule 
cal/ 

0 c ) 
mole o. ki1" 

Li Cl 15.0 2 7.5 
t-:aCl 16.0 2 8.0 
KCl 16.0 2 8.0 
CsCl 18.0 2 9.0 
AgCl 16.o 2 8.0 
CuCl 15.9 2 8 0 
TlCl 17.4 2 8.7 

Avg. 16.3 2 8.16 

NiC12 24.0 3 8.0 
MgC12 22.0 3 7.3 
CaC12 23.6 3 7.9 
SrCl2 27.2,26.7 3 9.0 
BaC12 26.3,25.0 3 8,6 
CaC12 24.0 3 s.o 
HgC12 25.0 3 8.3 
ZrCl 24.1 3 8.03 
PbCl~ 23.6 3 7 .93 
!oln.Cl2 

22.6 3 7 .53 
FeCi.2 24.4 3 8.13 

Avg. 24.2 3 8.o6 

Lac13 37.7 4 9.4 
Pr Cl 32.0 4 8 
NdC13 35.0 4 8.8 
AlC13 31.2 4 7.8 
GdCl~ 33.7 4 8.4 
HoCl .3 5.3 4 8.4 
ErCl~ 33 .7 4 8.4 
BiCl.3 34.3 4 8.6 
FeCl.3 32.0 4 8.0 

;·'.vg. 33.9 4 8.47 
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Table 3.3-II 

Approximate Equivalence Between Specific-neat 

Temperature-Dependence and That for Other Physical 

Paramete::::-s, 5:?.sed on :,!eas'lL.~d 5' S;J.l t :m.xtures 

105 ::c co-

;o5 dC 105 
efficent· 

Mole d/' of e.xpa.n.-
C lO K) d'l'r ----.---

Hix Fracticns ,fJ (o K) d~ sio!l 

Na.F/Zr? 
4 50/50 28.37 23 .o 29.6 

LiFjNaF 60/40 46.47 21.40 27.1 

LiF/KF 50/50 32.12 25.70 34.0 

LiF/RbF 43/57 36.52 26.95 36.5 

LiF/NaF/ZrF 4 55/22/23 24.51 23.54 30.6 

KaF/ZrF J/UF 4 56/39/5 20.16 22.16 28.3 

RbF/ZrFJ/UF4 48/48/4 34.41 21.86 27.8 

LiF/KFjuF4 48/48/4 51.42 24.75 32.4 

NaF/LiF/ZrF4 20/55/21/4 ~ ~ ~ 

/uF4 

Average 3~10 24!2 31 .. :-3 
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Table 3.3 - III 

Determination of C (T) = C [1- o( T(K)] and C (900 °c) 
P po P 

for 

Chloride Salts of Interest 

I 
c 

c Cp[Tmo] 
p 

p 0 T ( 1 o-4 [~oo
0

c] 
(cal/ C Mel ( cai/0 c mp 

0 9-1) c cal/ 
Salt moleL \'It ~L rn ' po ~'-
Li Cl 15. 42.39 0.3539 614 2.96 0.4799 0.3132 

NaC.J.. 16. 58.44 0.2738 801 J.65 0.4504 0.257;: 

KCl 16. 74.56 0.2146 776 J.98 0.3684 0.1964 

RbCl 16.2 120.92 0.1340 715 4.lJ 0.2263 0.1167 

CsCl 18.0 168.36 0.1069 6M~ 4.04 0.1701 0.0895 

CaCl2 23.6 110.99 0.2126 772 2.Cfl 0.2713 0.2054 

SrC12 27.0 158.53 0.1703 C73 2.17 0.2267 0.1690 

BaC12 25.6 208.25 0 .. 1229 963 2.20 0.1688 0 ... 1253 

PbC12 23.6 278.10 0.0849 501 4.10 0.1243 o.o645 

ThC14 42.5 373 .85 O.llJ7 770 5.1J7 0.2713 0.0940 

UC13 34. 344.39 0.0987 842 4.24 0.1873 0.0941 

UC14 42.5 379.84 0.1119 590 5.26 0.2049 0.0785 
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3.3.1.8 Thermal conductivity, Figure 3.3-9 displays the measured 

thermal conductivities of individual salts, all from Russian sources [91-

94]. For other salts and salt miJctures 7 one must rely on phenoraenolog-

ical models. Knowing room-teraperature k for a salt does not help in 

predicting k:(T) of the liquid: Figure 3.3-10 shm-rs how k changes Hith 

temperature as a salt p~sses from solid to liquid state. 

Gambill [95] pr-oposeci tha.t t1ro distinct nechanisms determine k 

for fused salts: 

uhere 

1. Atomic or lattice conduction along the short-range atomic or 

r.iolecular order present in liquids 

2. Ionic tr.::1llsfer by t~:e drift of free charged ions betueen the 

k mp 

atoms. Gambill suc~essfully correlated existi~g salt ~i:ct"cll'e 

(mostly fluorides) data at their melting points by 

( 

cal/s J 
cm K J = 0.04308 T 

0
• 5 .P 

0
•
8; n1

•
8 

f . mp I mp atomi~ 

(3.3-1) 
T melting point temperature (K) mp 

f = density (g/cc) 

M = ave. molecular weight of mixture 

k = themal conductivity (cal/s cm K} 

fatomic = 0.438 - 0.09 N avg. 
(atomic part} 

N avg = average number of ions per dissociated molecule 

(e,g, 5 for ThC1
4 

and 2 for NaCl) 
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Fig. 3.3-10 Th.er::ial Conci.ucti·.ri ty of ~·!gC12 frot:i Solid. tc Li~.rii St.:;.t2s 

When N > 5, ion drifting predominates and this approach fails avg -

(f t . is nil, or actually negative). However, ;rith fused salt a omic 

mixtures of interest as core salt, N generally falls below 3. The avg 

effect of complexing, e.g. 3KC1 + uc1
3
-K;1 (uc1

4
)-3 will generally 

increase U , however. avg 

For~(~ ) of individual chloride salts Gambill 1 s formula differs mp 

markedly from experimental Russian data (Table 3.3-IV and Figure 3.3-11). 

The consistent dependence of the theory correction factors with salt 

molecular weight (Figure 3.3-11) suggests 

(1) A different exPonent than 1.8 for M (more like o.8) 

(2) A slightly different correlation witt N avg 

For temperature dependence of k, Gambill [95] derived the following 

expression 

139 



-Table 3 .3-IV 

Comparison of Gambill's Formula to Experiment for Individual Chloride 

Salts 

h. c. ... .1e It e,._p 
kexp f1'P ml' 

T / m.p. (meal J (JJCal )> ;:r f 
m.p. 

kcalc Salt ~ at. _llil. M Wee) s K cm _ s--Kcm _ 

LiCl 2 0.258 8ff"{ 42.39 1.50 8.09 3.61 0.446 

NaCl 2 1074 58.44 1.55 5.14 3.01 0.586 

KCl 2 1049 74.56 1-54 3.25 2.27 0.698 

Rb Cl 2 988 120.92 2.24 1.78 1.79 1.006 

CsCl 2 919 168.36 2.79 l.J3 1.29 1.1.42 

MgC12 3 0.168 981 ~5-22 1.68 3.34 2.45 0.734 

CaC12 3 1045 110.99 2.09 3.11 '- 2.67 0.859 

src12 3 1146 158-53 2.73 2.12 2.52 1.189 

BaC12 3 1236 208.25 3.17 1.52 2.47 1.625 
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The usefulness of this formula depends upon the confidence developed 

in it; Gambill had no data Hi th which to test it. Attempts to fit 

the availaole (Russia~) data for i~d..ivid~l salts fail dr2.02.ticaily1 

Ins?ection of the terms reveals the c~use: k . . (first term) 0re-a"or.iic -

dominantly depends on f5/2 which has a negative T-coefficie:it while 

experimentally dk/d~ is positive. For k. . (second term) the '{i" ionic 

factor ove~rides the nega.tivs T-dependence inf, but only up to a 

certain temperature. Overal: t~is approach fails, 

Perry's Chemical Engineering Handbook [96] describes numerous 

other formulae but these generally pertain to organics and other non-

related fluids; also they either do not treat temperature dependence 

or they grossly disagree. 

In Table 3.3-V the electrostatic-bonded alkali and alkaline 

earth chlorides of intermediate and heavy molecular weight appear to 

follo•v 

d:k 
dT = 

where i·1 = molecular weight 

V = cation valence 

For highly-covalent uc1
4

, dk/dT = 0.0023 x l·'N(m':I/€), a magnitude 

smaller. For other covalent molecules, e.g. SiCl4, k actually de

creases with T. As PbC12 belongs to this chemical class, its dk/dT 

should be about -0,25 r.ri.llil'latts/m•K
2

• 
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Table 3.3- .v 

Correlation of Temperature Dependence of Salt Thermal Conductivity with 

Cation Valence Number and Molecular Weight [91-94]. 

Cation [d..lc/dT]/M•V 
illt:./ dT Valence 

(1 o-6 1ifr,i.~) ~ _S.ill_ (mW/m"fC2) v M 

a.ll::z.li Li Cl 0 42.39 0 
c;:lo:::-iC:.c 

NaCl 2.1 58~44 35.9 

KCl 2.3 1 74.56 30.9 

Rb Cl 3.0 1 120.92 24.8 

CsCl 4.0 1 168.36 23 .8 

alkaline l-f.gC12 4.7 2 95.22 24.7 
earth 
chloride CaC12 5.1 2 110.99 23.0 

SrC12 6.8 2 158.53 21. 5 

BaC12 10.5 2 208.25 25.2 

(covale!l.t) UC14 3.5 4 379.s4 2.3 actinide 
chlorides 

other SiC1
4 

-0.25 .4 169~90 -0 .. 37 
covalent 
chlorides GeC14 -0.15 4 214.41 -0.18 

Snc1
4 

-0.20 4 260.50 -0.19 

PClJ -0.30 3 137.33 -0.73 

AsC12 -0.25 2 181 :28 -C.69 
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The few measurements of chloride mirluxes available - RbC1/uc1
4 

and Csc1/uc14 mixtuxes (Fig. 3.3-12 and 3.3-13) [94] - s!low that k 

fluctuates dra.matica.lly with mol2.r composition. The oscillations may 

correspond to the formation of complex molecules just as occurred Hith 

viscosity data. This behavior suggests that one might yet achieve high 

k-::::k(pu.re carrier salt), even for high actinide molar composition and 

when k (pure actinide sa.lt) is much lower. 

Figure 3.3-14 compares Gambill 1 s predictions to the above data, 

\·Ii-th and without the single-salt correction factors from Fig. 3.3-11. 

In most cases omission of the correction factor gives better agreement. 

note here hm·; k very d.e::ini tely increases :ri th temperature: the 

slope remains positive up th::-ougil at least 60 mole % actinide salt. The 

avera.ge value of (d.k/dT) /H•V from these six cases is 2.5 x 10-6 w/m•rc2 

(or 6.0 x 10-9 cal/sec cm~) in close agreement with the value of 2.3 

-6 I 2 . :x: 10 W m•K for UC14 in Table 3.3-V • 

In summary, Gambill 1 s formula for k(Tmp) proved successful with 

fluoride mixtures. With chloride salts it appears to succeed better 

with salt mixtures than with the individual salts. Certain mixture 

compositions should give a k comparable to that of the individual 

carrier salt. For the mi:rtuxes of concern here, the covalent actinide 

chloride tends to control the temperature dependence of k: it varies 

much less than the carrier chloride salt. To obtain high thermal con-

ductivity, both e:Jqleriment (Fig. 3.3-9) and theory (Gambill 1 s formula 

for high thermal conductivity) tend to favor salts with low r.1. In 

Gambill 1 s formula the factors T and f tend to cancel one another. mp mp 
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:·re seek maximum 233u content and hard spectrum in 

the fuel salt ar.d a softer spectrum in the outer blanket. 

The CRNL l-!SR program shows that fuel salt circulation is feasible~ 

It is facilitated in part by lowering of melting points in 

eutectic multi-component mixtures. Chemical stability and 

corrosion of the molten salts are fairly predictable. 

neat transfer depends on fuel salt density Cf ) thermal 

conductivity (k), viscosity Y<), and specific heat (GP). 

p (T), L<. (T), and C (T ) are well known for single salts; 
I / p m.p. 

much less so for salt mixtures. KnO\·Iledge of k (T) for mi:::tu.re is 

bette~, but still ski!llpy. Mc.jar uncertainties in predict~.,5 h7~ for a 

r:ii:ctu.re should. stem from all butf (T). 
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3.3.2 Choice of Halogen 

This study centers on Cl and F for which much literature exists. 

Br and I are also possibilities which we peruse only superficially; 

economics, availability, .and salt stability probably preclude their 

use. 

3.3.2.1 Neutron moderating effect. The halogen will be the principal 

11 light11 material of the system. Thus chlorine (.A.:36) will produce a 

much harder neutron spectrum than fluorine (A::19), satisfying a 

principal core guideline. A soft neutron spectrum in the blanket may 

enhance BG. 

3.2.2.2 Neutron absoroi;ion. F absorbs significantly less tb.an Cl 

(Table 3.3-VI), which furthe::- recommends F for the blanket. Nil!llerous 

workers have suggested enriching the chlorine in 37cl- as 35cl contrib-

utes most to absorption at thermal energieso However, despite the 

fact that 37c1 has the low level density of a magic nucleus (:1=20 

neutrons), its S-wave strength function (r:/o) and gamma width ~will 

be near the same at fast neutron energies. Thus no immediate evidence 

exists that enrichment in 37c1 will reduce the fast neutron absorption. 

Table 3.3-VI Halogen Neutron Absorption Cross Section 

Spectrum-averaged Absorptiop_Cross Section (m~ 

Typical 200 cm 
Halol!.en Typical Core Blanket 

F 5.3 

Cl 17. 



3.3.2.3 Transnrutaticn products. Cne might still enrich 37cl so as 

to avoid producing sul.1'ur and phosphoru_s (Figure 3 .J-1 5). Enrichment 

would be relatively easy because 

1. 37c1 has a {high) natural abundance of 24.5% to start with 

2. The weight ratio for separaticn, ~ =0.057 is relatively 
35 

large 

J. Chlorine is gaseous at room temperature 

~!either l9F, 35c1, nor 37c1 transmute into long-lived i:;.uclides. 

The chlorine isotopes - create a stranger short-term radiation source 

than l9F, but the usual BeF2 and LiF canponents in a fluorine salt 

10 6 mixture produce Be ( 1. 6 x 10 years) and tri tiun ( l2 .3 years) • 

1. ( 1 oo;~) 

2. ( 1 oo%) 

1 9 1 6 _,(;- '( 1 6 
F ( n,o<) N- --l!P'P o 

35 Cl 

17 

35 Cl 

17 

7 s 

/St-, e. 18 
11om:- 0 

20N 
~e 

(n,p) 35s ~ 35 
16 

___ .... ,...,. Cl 
87.2d 

(n, C( ) 32p 13-
15 14 d 

6. (24. 23%) 37 Cl (n1 Y) 38c1 ft'f _. 38
Ar 

17 37 Ill 

7. (75. 77%) 35c1 (n, 2n) 34c1 )
1 

'(" • 
34s 

32 m_ 

Fig. 3.3-15 Principal Neutron-Induced Reactions of the Candidate 

Halogens 'Nhich Produce Impurities and Radioactivity 
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3.3.2.4 i·1elting point [971. Salts which I::'.elt above room temperature 

require preheating to start up a power plant: the higher the melting 

point, the greater the 

1. Heating requirements, 

2. Difficulty of plant operation, 

). Possi"::Jili t;,-· of freeze-up during pl2.!lt shutdmm. 

Chlorides stay liquid a.t much lm·rer temperatures than fluorides. 

For actinides (Fig. 3.3-16) and all(aline earths (Fig. 3.3-17), the 

differences reach ~00-700°c; for alkalies (Fig. 3.3-17), only 100°c. 

Eutectic mixes behave simila=ly (Figures 3.3-18 and 3.3-19). This 

discourages tl'.e use of fluor:.des i!l. the blanket. 

1600 

1200 

Boo 
• c.. . 

::0: 

400 

.s: 
" 

Atomic Number Z of the Salt 

Cation- (F, Cl, Br, I) 

Fig .. 3 .J-16 Halide Melting Points for Pertinent Actinid.es 
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Sr and I also show (Figure J.J-16) systematically lower melting 

points, but availability and physiochemical properties may limit them. 

Section J.J-1 mentioned how eutectic ternary mixtures can lower 

the melting point even further. However sec ti en 3 .3 .4 shows that 

significant lowering only comes with low actinide molar content. 

3 .3 .2. 5 Boiling point and vapor pressure. Figure 3 .J-20 shows how 

the vapor pressure for metal chlorides depends on temperature; boil

ing occurs where the vapor pressure reaches one atmosphere. Core 

salts with high boiling points will emit low vapor pressure at the 

reactor operating temperatures. This means low system pressure and 

enhanced safety. Depending en corrosicn rates, it may also permit 

the use of thin-walled (more efficient) heat-exchanger tubes. The 

higher the boiling point, the greater the ultimate temperatures 

which may be employed. Boiling points above 1500-1600°c would 

allow maximum high temperature operation with graphite. Thus one 

desires a carrier salt with low meltii>~ ooint and hizh boilin~ point. 

Since the eutectic behavior applies only to the meltin;- points 

these goals are not as contradictory as they first seem. 

Comparing the boiling points of chlorides and fluorides, 

(Fig. 3.3-21) one concludes that generally the fluorides are less 

volatile, especialJy for alkaline earths. Unfortunately the higher 

melting points and moderating prope:cties of the fluorides ciiscourage 

their use in the core. Should vapor pressure at desired temperatures 

become a dominating problem, they could provide relief. 
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3.3.2.6 Chemical behavior. This section surveys the chemical 

stability of the halides in the system (tendency to break up) and 

their corrosiveness (tendency to chemically attack the structural 

materials in the primary circuit at the temperature of concern). 

Figures 3 .J-22 compares the stability of some chloride and fluo-

ride cornpcunds: the lower the 1::.. G, the more stable. NaCl ar.d I.ii' 

are particularly good. In general chlorides '1re less stable than 

fluorides. This pat terr. of decreasing stability with halide atomic 

number continues through bromine and iodine. 

The small 6G values for UoC12 and i1oC1J inhibit their fcrmation, 

which is why Ho is a preferre i :>tructural material in a chloride 

system. Graphite also resists chemical attack (formation of CF4 and 

'Cc.1
4

) well. The appreciable AG for halides of Fe, Cr, and Nl makes 

them unsuitable as structural material in contact with salt. 

Chlorides generally dissolve in H2o; fluorides do not. Inside 

the molten salt circuit the presence of oxygen or water will produce 

oxy-chlorides ( CCl) which corrode. Outside the reactor, water solu-

bility may facilitate cleanup of leaks or spills. 

6G for other halides is less available; they are generally less 
-· , 

stable. 
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3.3.2.7 Cost and availability. The abundance of seawater provides 

obvious cost and availability advantages for chlorine over :luorine. 

The scarcity and cost of Be for a F/Li/Be mix (necessary to achieve 

lou F r:ielting temperatures) tilt3 the scale even more in favor of Cl. 

3.3.2.8 Density. The power needed for pumping the core salt depends 

directly on its density; heat transfer c~ the other hand increases with 

f 0
• 0• Thus, lead (10.5g/cm3) requires high pumping power; sodium 

(0.83g/cm3), much less. Typical densities reported for salts in the 

fluoride r·i.SBR and chloride 1.!CFR (Pu) concepts are 3.2 and 3.1g/crn3 

respectively, indicating little difference due to halide choice. 

3.3.2.9 Summ~ry. In the core Cl permits a ha.rd neutron spectrum; ? 

does not. Heavier halogens c.re less well studied, scarcer, and un-

necessary. F excels only in lower vapor pressure. In the blanket, 

chloride costs less, melts louer, and is more chemically stable, but 

fluorine, which moderates better and absorbs fewer neutrons, could 

considerably enhance breeding in the blanket. The main problem with F 

there is high melting point. 
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3.3.3 Choice of Actinide Chemical States(Stoichiometrz) 

'Ihis section assumes the use of Cl salts in the core, and Cl or 

F salts in the blahket • 

3 .3 .3 .1 Actinides inherent to an MCFR('Ih). Since only thorium crosses 

the plant boundary as feed replacement material, the principal actin

ides in the system will be 'Ih and U isotopes with A ... 232-234. Pa, Np, 

and Pu should total less than 1% (section 3 .5.s.1). Pu. starter fuel. 

in early reactors will produce s~me Ar:! a..1d Cra but these f~ssion use

fully. Later reactors will. stcirt u~ on bred 233u. 

3.3.3.2 Melting and boiling points. In Figure J.J-16 the melting 

points for actinides in the -4 (IV) state clearly lie below those in 

the (III) state. Eutectic Iti.Xbures tend to follow tJ'lis trend. This 
' 

recomm~nds the (IV) state for the blanket which generates less heat 

and tolerates moderator much better (Sec. 3.3.1.1). 

Few salt boiling points have been measured. As III-state mel t:lllg 

points exceed those of the IV state, boiling points should also. This 

recommends the (III) state for the core salt. 

3.3.3.3 Chemical behavior. uc1
4 

and UC1J can coexist in equilibrium. 

In the core some UC1J wiil pick up free chlorine to form uc14 • By 

itself uc14 corrodes, but not when uc1
3 

predominates (i.e. when the 

stoichiometry is near 3 Cl atoms to 1 U atom). ThC14 may be present 

in the core as a critical mass diluent or negative shimming agent, or 

simply be carried over in blanket reprocessing. It can also coexist 

with uc1
3 

without any deleterious effect. 

Corrosion also increases with temperature. Temperature in the 

blanket should be fairly low unless other conditions \·tarrant a high 
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melting temperature. 

,3.3.3.4 Choice between uc13 and UC14 in the core. Hard spectrum, 

BG potential, and corrosion should mainly dictate the core com

position. The higher uranium density and boiling point and 

lower corrosiveness of UC13 far outweigh the lo-:·rer melting point 

of UC14 • 

3.3.3.5 Chemical states in the blanket. As a chloride, Th exists 

only as ThC1
4 

and can coexist with uc13 or uc14• uc14 helps lower 

the melting point in the blanket where little heat is generated. 
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3.3.4 Choice of Carrier Salt Cation 

Zlements which promise chemical stability and high boiling point 

(Fig. 3 .3-21) as a halide carrier salt include the alkalis Li 1 Na and 

K, and the alkaline earths Be 1 t'.g 1 and Ca. Inadequate data limit the 

studies of the heavier alkalies and alkaline earths Rb 1 Cs, Sr 1 and 

Ba. Pb is included because of interest generated by British studies. 

3.3.4.1 Neutron moderating effect. The average lethargy increment 

per collision $ measures the effectiveness cf various materials as 
~I"'. e..O 

moderators. At most neutron energies ___:::::. approri.mc.tes the grout>
r:..1.1.. 

ui.se elas~ic dm.nscatter cross section ( qci.is the elastic scatter 

cress secticn and ..Y.L is the g::-oup lethargy ~·ri.dth). The evidence 

frcm ~ (Figure 3 .J-23) and _5 Gs.e.I/ t.u... (Table 3.3-VII) pretty ~uch 

agree: Li and Be moderate very strongly; Na and Mg, intermediatei K 

and Ca downsca.tter the least; Rb 1 Cs, Sr, Ba.1 ana. Pb should also. 

Fig. 3 .J-23 

Variation of ! 
the average lethargy 

increment per colli-

sion with atomic num-

ber Z. 

0.1 

o.a1 

: • 0 

Atomic Uumber, Z 
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Table 3.3-VII Elastic downscatter cross sections [98] 
Cross Sections (b) by Material 

Group Neutron Ener& Li-7 Be N1.1. !ig K Ca MCFR Fission 

1 6.5._ 10.5MeV 0.746 0.373 0.244 0.120 0.146 0.148 0.501 1.7 

2 4.0 - 6.5 MeV 1.00 0.410 0.230 0.159 0.196 0.212 3 .18 9.2 

3 2.5 - 4.0 MeV 0.910 0.832 0.248 0.160 0.241 0.269 8.46 18.6 

4 1.4 - 2.5 MeV 0.613 0.565 0.244 n.226 0.191 0.184 17 .15 27. 

5 0.8 - 1.4 MeV 0.642 0.971 0.350 n. 1n1. 0.13 5 0.2Jl 19-92 20. 

6 0.4 - o,a MeV o • .532 1.12 •O. ~10 0.1.00 0.116 0.175 22.03 14. 

°' 7 0.2 - 0.4 MeV 1.474 lo23 0.475 0.834 0.147 ::>.192 14.42 6. _. 

8 0.1 - 0.2 MeV 0.379 1.51 o.46o 0.547 0.174 0.144 7.86 2 .3 

9 46.s-100 keV 0.337 1.51 0.582 J.895 0.188 0.096 4.00 0.9 

10 21.5-46. 5 keV 0.357 1.57 0.472 0.421 0.119 0.096 1.48 0 .3 

11 10.0-21. 5 keV 0.357 1.60 0.549 0.421 0.130 0.121 0.778 0.1 

12 4.65-10.0 keV O.J67 1.63 0.878 0.369 0.240 0.160 0.133 o. 

13 2.15-4.65 keV 0.371 i.63 10.97 0.369 0.275 0.155 0 .0372 o. 

14 1.0 - 2.15 keV 0.374 1. 63 0.680 0.369 0.131 0.192 0 .011 o. 

Reactor spectrum average 0.727 1.017 0.398 0.416 0.159 0.192 
Fission spectrum average 0.744 o.832 0.325 o. 2 ';)7 0.175 0.209 



'The choice of Cl (A:::: J6) as the core halide (Section J .J .2) en-

courages choosing a carrier salt cation (CSC) with A~ 36: e.g. [2!: 

Ca. This is not crucial, however, as Cl well outnumbers CSC in the salt 

mix. 

Inelastic scattering also degrades the neutron spectrum. The 

fission and reactor spectrUI!l averages :in Table 3.J-VIII re~cmmend K 

and Ca the most (again) i Pb and Na, the least. 

3 .3 .4.2 Eeutron absorption. The cation cress sectims all measure 

just millibarns (Table J.3-E); the anions Cl and F (Table 3.3-VI) 

abscrb neutrons much more. 
( -

:::till "5° ~ for :-C, Li, and ce exceed these 
L ~ 

for Pb, Mg, Na, and Ca by magnitudes. 

3.3.4.; Transrnutaticn products. Neutron absorption can transmute the 

CSC into markedly-different products. The la•; of energy ccnservation 

fhes which channels the compound nucleus can decay into. All (n, 3" ) 

reactions a.re possible. 'Iable J.J-X searches for others which have 

positive Q -values. Fig. J .J-24 lists the cnes which also yield sig-

nificant transmutation products. 

Li transnrutes into tritium and helium, leaving a surplus of halogen. 

B t . t ( 6 6 ) 10 - . e ac iva e~ to 1. x 10 year Be. Na. transforms into Mg, changing 

the chemical valency of the salt system. The very fast neutron spec

trum enhances (n, 2.n) production of 2.6-yea.r-radioactive 22Na. Neutron 

absorption by 
26

Mg ( 11% abundance) produces Al, resulting in the chem-
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Table 3.3-VIII. Comparison of Inelastic Cross Sections [98] 

Cro::is Sections (barns} 
Group ~:eutron Energ,y ffiltl RFS(/t1) Li-7 De hu !:!£.... K Ca Pb 

1 6.5 - 10. 5 MeV 1.7 o. 50: O.L10 0.55 0.65 0.84 0.80 1.15 2.50 

2 4.0 - 6.5. MeV 9.2 3.2 0.30 0.55 0.65 0.85 o. 50 0.76 2.10 

3 2.5 - 4.0 MeV 18.6 8.5 0.25 0.1,0 0.65 0.7 5 0.16 0.05 1o23 

4 1.4 - 2. 5 MeV 27. 17 •. 0.25 o.oo 0.58 0 .J,(J 0.01 o. Oo55 

5 0,8 - 1.4 MeV 29. 20. 0~16 o. 0.48 0.01 o. o. 0.29 

0\ 6 0.4 - 0.8 MeV 14. 22. o.m o. 0.13 0. o. o. Oo 01 u-i 

7 0.2 - 0.4 MeV o. o. o. o. o. o. o. 

Fission Spectrum (FS) Average 0.185 0.1/il 0.472 O.JL12 0.092 0.099 0.67 

Reactor J.i'lux Spectrum (RF3) O. llh 0.05lf 0.303 0.165 O.OJ5 0.034 0.34 

Avr...:ro.ge 

Pbl tla > Mg> Li > (n.;, K, Ca) 



'fable 3 .3...; IX Neutron Capture Comparison of Candidate Carrier Salt Elements [98] 

Fission Core 
Infinitel~-Dilute Cross Section (barns) r:::z Spectrum Spectrwn 

Group Neutron EnerQ Be !! · ~ li Ca g_ F'b (%) (%} 

1 6.5-10.5MeV 0.030 0.050 0.060 0.330 0.02 J.o6 o.ooo 1.7 o. 501 
2 4.0 - 6.5 0.070 0.005 0.003 0.240 0.01 0.10 o.ooo 9.2 3.18 
3 2.5 - 4.0 0.095 0.0002 0.0002 0.150 o.oo 0.16 0.001 18.6 a.46 
4 1.4 - 2.5 0.040 0.0002 0.0003 0.065 o.oo 0.25 0.001 27. 17 .15 
5 0.8 - 1.4 0.003 0.0002 0.0004 0.025 0.30 0.003 20. 19.92 
6 0.4 - o.a o.ooo 0.0003 0.0004 0.003 0.50 0,004 14. 22.03 
7 0.2 - 0.4 o.ooo6 0.0003 0.001, 2.00 0.006 6. 14.42 
8 0.1 - 0.2 0.0012 0.0040 0.006 0.95 0.006 2.3 7.86 
9 46,5 - 100 keV 0.0016 0.0005 0.009 0.70 0.005 0.9 4.0 

__.. 10 21.5 - 46.5 j 0.0026 0.0005 0.014 0.85 0.004 0.3 4.48 
0\ 11 10 - 26.5 0.001 0.0005 0.005 1.20 0.002 0.1 0.778 .j:::> 

12 4.65-10 0.001 0.0001 0.033 1.eo 0.001 o. 0.133 
l3 2.15-4.65 0.100 0.0002 0.200 2.60 0 .. 001 o. 0.0372 
14 1.0 -2.15 o.ooo 0.0003 0.009 3.90 0~001 o. 0.0110 
15 465 -1000 eV 0.005 0.0004 0.013 5.70 0.001 o. 1.72-J 

FSA~b~ 0.036 0.0016 0.0017 O.C179 0.0013 0.029 0.0022 
CSA b 0.018 0.0009 0.0010 0.041 0.0004 0.046 0.0035 

Conclusioo: (Li,K) >Be/' (Pb, Mg, Na, Ca) 

* in natural lithium 



Table J .J-X Q -Values for Some Neutral Reactions with Candidate 

Alkali and Alkaline Earth Isotopes [99] 

Kat. q-value ~MeVl for 

Target Ab\ll'ld. (n,2n) (n,p) (n, o( ) 

Isotope (%) Reaction Reaction Reactim 

6Li 7.5 -5.7 -2.7 b.:.§. 

7Li 92.5 -7.J -10.4 unknown 

9Be 100. -1.7 -12.8 -o.6 

~a 0 ~11.1 ~ +.1:.22 
23Na 100 -12.4 -J.6 -3-9 

2i,1g 79 -16. 5 -4.7 -2.6 

25Mg 10 -7.J -J.l +0.48 

26Mg 11 -11.1 -7.7 -5-4 

39K 93 -1.3.l +~ +1.)6 

4°ic 0.012 -7.8 +2.J +l:.2 
41K 6.7 -10. -1.7 -0.10 

40ca 'Tl -15.6 -0.5 +bZ.2 
41ca 0 -8.J +.ld +~ 
42ca 0.65 -11.5 -2.7 +.Q:22 

43ca 0.14 -7.9 -1.0 +&J. 
44ca 2.1 -11.1 -4.5 -2.7 

46Ca 0.003 -10.4 -6.9 unknown 

48 
~• Ca 0.19 -9.9 unknown unknown 
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Table 3 .3-x (Continued) 

Nat. 2:;value tMeV~ for 
(n, ~) Tare-et Abund. (n,2n) n,p 

Jsotone . ( 'j0) . Reaction Reaction Reaction 

8~b 72.17 -10.5 .Q.ill Q:.22 

8?Rb 27.83 -9.9 -3.1 -1.2 

84sr 0.56 -11.8 -0.10 2.68 

86Sr 9.9 -11.5 -0.99 1.& 

S7sr 7.0 -8.4 0.51 3 .21_. 

88Sr 82.6 -11.1 -4.46 -0.76 

134cs 2.o6yr -6.9 hl 6.2 

133cs 100 -9.0 ~ 4.38 

13'\a 0.10 -10.3 .9..!.11t 6.76 

132tia 0.095 -9.6 -0.40 i:2£ 
134Ea 2.4 -9.J -1.28 5.21 

135aa .. 6.5 -7.2 !hll ~ 
136Ba 7.8 -9.2 -2.0 ~ 

137Ba 11.2 -7.0 -0.39 2:1.2. 

138i3a 11.9 -8.~ -4.0 l:Il 
204Pt, 1.4 -8.2 ~ ~ 

206Pb 24.1 -8.1 -'J.74 7.12 

2Cf7Pb 22.1 -6.7 -D.65 ~ 

208pb 52.4 -7.4 -4.2 6.05 
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1 • (7S7s) 61i(n, ct.) 3T 12.33 l!. .- 3He 
~ 

2. (92. 5~"{;) Li7(n, '{)2 4He 

0 10 
6 1 o~ 

3. ( 1 oo%) -'Be (n, '{) :ae 1.6 x 10 y ,, 
.;J ,a-

4. (1 o~~) 23Na(n, Y) 24ya 12 hr 24,~ ;6- '!( .,. l' g 

s. II (n, 2n) 2~a 2.6 ilE • 2~e 
~<t"-'( 

I 

6. ( 11. 01~~)26)1g(n, Y ,)27
1i1g 

2•2 min .. 27..11 
?f 

7. (93.3~) 39K(n,p)39A 269 Y___.,.. 3 9K 
s 

I 

s. II (n, o<.) 36c1 3 x 10
5z .,. 36A 36~ 

• - }, r t 
;:, 

.J I , 6; 
I I 

9. (6.7%) 41 K(n, '( )42ic 12 hr 
J-

42ca. 
I 

Figure 3.3-24 Pri:.:cipal Neutron-Induced Reactions Which Produce 

Impurities and Radioactivity from the Candidate 

Cations 

Natural abundances are in parentheses 
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12. II ( "')86,.,b 18.65 d 868 n, o __ _ ;f - r 
f. /~ 

13. II 

II 

17. " (n, p)87Kr 76 m 87R' 
j-y _o 

I 

18. " (n,c< )843r 31.8 m ~ 
?- 't' 

19. ( 82. &,'~) 88sr(n, '()89sr(n, '( )90sr 22 l .. 
~ 50.5d 

/'-r: 

20. (10ofo) 13~Cs (n, Y) 134cs (n, '() 135cs (n '() 136Cs 13_ d 136Ba 
/DY t -T ' ~ f • > 6 . 
f.. IE 2~ 06y . 2~3 X 10 Y . 

21. II (n,2n)132cs 6.47d 132Xe & 13~a 
E -!>" p' I J 

22. " (n, p)133Xe 2.29 d 133c • s 
~-y 
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23. (1oo%) 133cs (n,C:) J.30r ~..:7 130xe 

24. (11.2%) 137Ba (n,p) 137cs 30.1 Y,. 137Ba ;;-y 

26. (n,p) ]J8Cs 32.2 m 13~a p-y 

27. \I (n, d...) 13 5xe 9.2 hr 135cs 
/>-'( 

28. (1.4%) 20Lipb (n,o<) 201fg 

29. (24.1%) 206Pb (n, ot.) 203Hg 
46.6 d 
~- '(' 

203Tl 

30. (22.1%) 20'7Pb (n,o() 204itg 

31. ( %) 208 2011 -5.2 m 205Tl 52.J.:o Pb (n,e<.) g !-y 
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ically-aggressive A1Cl
3 

as well as a small change in valency• Trans

mutaticn of K produces long-lived radioactivity and divalent calcium. 

The magic proton number of Ca causes the existence of numerou.s stable 

and quasistable Ca isotopes. These mostly transmute into themselves, 

yielding nil radioactivity. 

Rb produces long-lived 
85Kr and 

90sr plus considerable short-lived 

radioactivity and different elements (especially Sr). Sr irradiation 

principally leads to 90sr. 

Cs transmutaticn product.:: appear innocuous. Ba. will directly 

produce l37cs. Proton-magic ?b will generally produce stable nuclei 

but highly-exothermic (n,o'..) reactiCl'15· will yield chemically different 

Tl and Hg. 

3 .3 .4.4 Mel ting point. This section relies on the lini ted available 

fusibility diagrams for sa.l t mixtures [87, 100-122]. Most of these 

come from terse articles in remote Ru.ssia.n journals; some disagree with 

one anothe~. This limits us to only qualitative conclusions. 

Low core salt m-el ting point helps avoid high outlet temperature 

(e.g. > 1000 C). Figure 3 .3-25 displays the approximate melting points 

for uc1
3 

mixes. Alkali chlorides tend to form lower temperature eutec

tics with uc13 than do alkaline earth chlorides. The bumps signal com

plex molecules like rsuc16 (3KCl•Ucl
3

). Desyatnik et al [100j verify 

that complex uraniwn groupings increase in frequency as the alkali-

cation radius increases. 
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Fig. J.3-25 Fusion Diagrams for Binary uc13 Salt Mixtures 
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Many of the eutectic melting points occur at low UC1J molar content. 

In contrasts hard spectrum .::.nd high BG potential favor high actinide 

content. 

Table 3 .3-XI shows the possible uc13 molar contents under various 

temperature restrictions. RbCl excels for a 550°C limit; KCl ar RbCl 

for 6oo0c. 
., 

At 650 C all alkali chlorides show potential, though KCl 

and CsCl excel. Alkaline earth chlorides don't work until the low temp

erature limit exceeds 700°c. 

If one wants a high-actinide 30 NaCl/70 UC1J mix then the lowest 

core salt temperature allo¥1ab~e (with a little safety margin) is 750°c. 

'dith a 50/50 !iaC1juc13 mix th3 temperature can drop t~ nominally 650°c. 

Section 3.3.1.3 mentioned that ternary and higher component mix

tures can further lower the melting point. Figu!"e 3.3-26 presents four 

ternary diagrams for uc13~c14-AkCl, where Ak=alkali or alkaline earth. 

Cne desires to optimize the UC1J/uCl4 ratio so as to hold down temperature 

(which affects corrosion) as well as the content of corrosive UCl 
4
• 

Keeping the U/Ak ratio high maximizes spectrum hardness and BG potential. 

Unfortunately, the isotherms and the eutectic m.p. tend 2.'.·JaY from hizh 

uc13 content. TernarJ mixtures with~ AkCl components behave similarly 

(Fig • .3.3-27). In summary one must tradeoff low melting point (low 

U-III content) and corrosion (high Ak content) against large spectrum 

hardness and BG potential (high U-III content). 

172 



Table J .J-Il • Candidate Core Salt Compositions Under Various 

Temperature Restrictions 

Lowest Temp. UCl~ Lowest Temp. UCl~ 
to be En- Mal to be En- Mol 
countered Carrier Content countered Carrier Content 

(oC) Salt (%) (oC) Salt (%) 

500 Rb Cl "-" 15 700 Li Cl o-60 

550 Li Cl -25 NaCl 18-60 

NaCl ..... 35 KCl 10-68 

CsCl -25 RbCl 5-70 

Rb Cl 15-45 CsCl 40-70 

MgC12 -38 

600 Li Cl 10-40 CaC12 25-55 

NaCl 30-45 SrC12 60-70 

KCl 5o-60 

RbCl 15-55 750 Li Cl 0-70 

CsCl ~55 NaCl 12-75 

KCl. 6-75 

650 LiCl 0-50 Rb Cl 0-75 

NaCl 20-55 CsCl 0-75 

KCl 15-65 MgC12 0-50 

RbCl S-60 cac12 15-65 

CsCl 45-65 SrC12 50-80 

CaC12 BaC12 70-75 
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Fig. 3.3-26 Ternary UCl:/uc14 Fusibility Diagrams 
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CaClz 

The blanket salt will generate little heat; therefore, a low m.p. 

temperature will facilitate its handling. High ThC14 content ma.ximizes 

BG there. Carrier-salts whose eutectic mixtures •.-r.ith ThC14 (Fig. J .J-

28) seem to qualify are PbC12 , LiCl, NaCl, and KCl. 'Ihey also fo:nn 

suitable eutectics with the small amounts of uc1
4 

present (Fig. J.3-29). 

PbC12 has a slight di.sadvantage in that Pb is divalent, further in

creasing parasitic capture by chlorine. 

Under an arbitrary operating design limit of one U atom per 10 

Th atoms and low Ak content (to avoid blanket power cooling and BG loss) 

ternary UCl/ThCl/AkCl (Fig. J.3-JO) mixtures do not significantly 

lower the melting point: all eutectic points iie at high uc1
4 

and 

carrier salt contents. 
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and Carrier Chloride Salts 
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Fig. 3.3-30 1ernary UCl~ThC14 Fusibility Diagrams 



'3~0 
..J J 

Addition of a second carrier salt does lower T (down to 325-
mp 

C) at - 2r:r/o ThC\ content (Fig. 3.3-31); however, though 7Li and 

Pb may not be too absorbing, the high Cl/Th ratio will damage BG a.nd 

neutron spectrum. 

Fig •. 3.3- 31. ThC14/LiCl/Pbcl2 Fusibility Dia.gram 

Fluoride blan..~et salt presents another alternative. 7LiF (Fig. 

3.3-32) could best lower the m~lting point and thermalize the blanket 

~eutron spectrum without parasitically capturing neutrons. NaF looks 

next best. However fluorides solidify near 700°c a.nd eutectic effects 

do not appear until ThF
4 

molar content falls disastrously (to BG) low 

to 2a;1o (Fig. 3.3-32); chlorides melt much lower. 
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Fig. 3-3-33 

ThF j.LiF /BeF 2 and 

ThF 01aF/ZrF 4 
Fusibility 

Diagrams 
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The eutectic points which minimize KCl content are 5.5 UC1J/45 uc1
4

/ 

49.5 KCl for a m.p. of 314°c, or 17 UC1J/26 UCli/'J7 KCl for a m.p. of 

518°C. \·!ith NaCl one might opt for a m.p. of 339°c at 17 uc~/ 

40. 5 UCli/42· 5 ~laCl or 432°C at 21. 5 UC1J/29.5 UC1J49 NaCl. The Cac1
2 

~ernary offers no attractive eutectic points. 

I~one of the above points have UC1/Ucl
4
> l; that could spell 

corrosion troubies (Sect. 3.4.2.2). Still, temperature affects cor-

rosicn as well , so that high UCl 
4 

cou.id yet be worth1·Jhile • Of the 

five cases mentioned above the mix with m•P· 339°C looks the best. 

- Ternary mixtures of 'IhF 4111F /Ak.F behave like their chloride 

counterpart: no eutectic po:L-.ts occur with high ThF 
4 

content. 

Mixing in two carrier salts ~.-i th ThF 4 doesn't help ei ~er (Fig. 

3.3-33): the well known I1SBR salt Flibe ::SeF/LiF) combines with 

TbF
4 

or UF
4 

to reach melting points of 400-500°c, but only at 12'% 

ThF
4 

(for 500°c). Flibe also suffers because Be is scarce and Li 

prod.uces T unless enriched in 71i •. 

Fig. 3.3-6 stowed nigher halides to h<'..Ve lower melting points, 

but they have other problems. 

3 .3 .4. 5 3oili~:"@ :Joint 2.nd. 'l;"'..DOr nr83S1U'~. Chloride;J of ca., ;c, :ra 
0 and 11g all boil in the same range, 1400-1600 c. Their differences 

are insignificant because uc14 (792°C) and ThC1
4 

(928°c) pose much 

lower limits. The boiling points of uc1
3 

and Pucl
3 

are unknown, 

but their melting points compare with those of the carrier salts. 
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3 .J .4.6 Chemical behavior. Halogens react vigorously with the ~ 

kali metals to form a very stable binary compound. Sal ts of alkaline 

earths also exhibit large free energy for fonnaticn (Fig, J .J-12). 

Pb halides are not so stable: Olli.To .. [13] found PbC1
2 

ta react with the 

struct-..iral materials available then. The, 1 f d z Cl t. y a so oun r 2 o cause 

a :>:::lOlV/ precipita:te. 

In addition to having high melting points, alkali halides conduct 

electricity in the molten state, and otherwise behave like electro-

valent compounds. With the exception of lithium fluoride, they readily 

dissolve in water. 

J.).L.7 Gest 2nd availabili-0:-r. Ka.Cl is ver<J abundant and cheap. This 

reduces both direct capital end fuel cycle costs; it also allows other 

options such as substitution of fresh for radioactive NaCl. 

3,3,4.8 Density. The densities of the principal (lighter) candidate 

carrier salts (Table J.J-XII) differ little compared to those of ThC14, 

UClJ , and UCl 4• 

Due to differences in molecular weight, a 50-50 molar mix of 

actinide and carrier salt means about an 85-15 weight mix, respectively. 

Thus the actinide salt density controls the final density. 

3,3,4,9 Heat Transfer Coefficient. Section 3.3.1.4 pointed out that 

~f- ,,_ r OJ l - 0.41 lf o .?~ b_ 0, 1:-"1 

Section 3.3.4.8 showed that the actinide salt controls the density. 

Section 3 .3 .1.6 suggests tha~u..(fuel salt mixture)-::: /A( carrier 

salt). Fig. 3 .J-5 suggests avoiding most of the alkaline earr.h salts: 
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Table 3.3-XII Density (g/c.nr3) of Chloride Salts at 800°C 

§.ill Desyatnik et al [83] Kinosz and R~unin [84] 

Li Cl 1.42 

NaCl 1.55 

KCl 1.52 1.57 

Rb Cl 2.16 

Cs Cl 2.62 

PbC12 4.42 

ThC14 3.36 

UCJ.3 4.87 

uc14 3.17 

BeC12 1.10 

MgC12 1.65 1.68 

CaC12 2.(j/ 2.11 

SrC12 2.77 

BaC12 3.28 

the alkali chlorides and PbC1
2 

offer lO\·IeijlA values. 

In Table 3.3-III, the lighter chlorides offer the higher specific 

heats. In Figure .3 .J-9 they also exhibit higher themal conductivities 

ll 
in the 700-900 C range. CsCl is an exception. 

Ignoring D because the actinide density controls 1 a heat transfer 
I 

fieure-of-merit (FGI) for carrier salts is cp o.33 k0 • 6~\.. -0.47 . 



The results for Section 3.3.1 data (Figure 3.3-34) and the above 

discussion reccrmnend the lighter-weight-salts, and all the alkali 

chlorides. 

A FCZ including the density factor f 0• 8 (Fib• 3.3-35) a..c;::in 

dis:;o'.ll'ages ()n.l~~ the heavie::' alY-.alille earth chlorides. CsCl a.!J.d F'.JC1
2 

look very good then. 

In summary, LiCl, MgC12 , and NaCl look to be the most attractive, 

in th"--t order. SrCl 
2 

and BaC12 } the leas~. This study is not concl u

si ve r however, as it generall:r cioes not inclucie the effects of ac-tinide 

3.3.4.10. Choice in other studies. ORNL in 1956 [13] chose a 

3 NaCl/ 2 MgC12 mix based on the· eutectic point between these t1·10. 

However, as pointed out above, the advantage of a second carrier 

salt disappears when the actinide salt predominates. 

Similarly, ORNL in 1963 [GJ and ANL in 1967 [21] reported 

studies on carrier salt mixtures of NaCl, KCl and MgC12 but with 

only 30 and l&-50% mole of actinide chloride present, respectively. 

Taube [17] generaliy assumes NaCl alone as carrier salt even 

with low actinide contents. He mentions also further study of 

NaF/ZrF2 , but Section 3.3.2.9 precludes F from the core. The 

British [29] also choose NaCl by itself. 
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Figure 3.3-35. Heat Transfer Coefficient Figure-of-Merit for 

Chloride Salts of Interest, Including Density 

FOM = f [850°c](g/cm3)0•8- x cp [900°c](c;;.l/g0 c{· 33 

:t k [850°c](W/ra K) 0•67 x jl-[850°c](cp)-0"47 
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3.3.4.f1 Su..wnary. Table 3.3-XIII surr.:na.rizes the- intercoruparison of 

carrier salt cations. The goal of keeping the core spectrum hard dis

courages use of Be and Li there because of elastic downscatter; Ca and 

K dm·mscatter the least. Na undergoes the most inelastic scatter; Ca 

and K1 the least. Parasitic neutron capture though small, exceeds by 

magnitudes for Li and K over that for Ca, iYig 1 and Na. Ca transmutes 

the ieast into radioac~ivity or troublesome chemicals. 

Cation choice on the basis of eutectic melting point depends on 

the range of acceptable actinide molar contents. Boiling points for 

co.rrier chlorides play no role as they far. exceed those for actinide 

cnlcrides., The che~ical st~bility of the al~li chlorides (NaCl and 

!\C.:.) surpasses that of the ~·<:aj_ine earth chlorides (i·igC12 and CaC12 ). 

!~aCl abounds by far the most in nature and costs the least. Salt density 

affects pumping power needs but the higher densities of the actinide 

chlorides dwarf any differences due to carrier salt choice. The light 

alkalis transfer heat the best. 

In summary, t!aCl costs little and exhibits good physical and 

chemical properties. K and Ca feature better nuclear properties for 

the core salt but the much higher Cl concentration obscures them. Na 

and 7Li look be;>t for the bla:iket sa.1-'u. Final choice must weigh tr.ese 

relative advantages plus the location of eutectic melting points near 

the desired actinide molar fraction. 
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Table J.3-XIII. Intercomparison of Salt Cations 

rating according to core salt goals 
nuclear properties good intermediate £2,2£ 

elastic scatter 
inelastic scatter 
neutron absorption 

radioacti v:i. ty 

impurity mutants 
overall nuclear 

physical properties 

:n•P • 
b.p. vapor press. 
heat transfer coef. 

chemical behavior 

salt stability 

economics 

cost 
disposal 

overall comparison 

core 
blanket 

~,ca Na,Mg,Pb 
K,Ca,B7 Li,Mg 
Mg,Ca, Li Pb,Be 
Na ? 
Ca,Pb Mg, Li,Cs 

Ca,sr,cs 
Ca 

K,Na,Be ,Ba 
K,Mg,Na,Pb 

K,::a,Li,Pb Mg,Ca 
~ o.k. 
Li,Mg Na,K,Ca 

Pb ,Rb ,Cs 

Na,K,Rb,Cs Mg,Ca,Pb 
Sr,Ba 

Li 1Be 
Na,Pb 
Li,K 

Li,Be ,Na,K 
Rb,Sr,Ba 
Mg,Li,Pb 
Li,Be 

Be 

Ba,Sr 1 

Na Ca ,K ,Hg ,Li ,Pb Be 
(same as radioactivity) 

Na 
Na,7Li 

K.ca,Mg,Pb,Sr,Ba Li,Be 
~,g,Ca,K,Pb Li,Be 



3.3.5 Choice of Relative Proportions of Actinide and Carrier Salt. 

In the core 1-re waTJ.t to avoid nuclei which neither fission nor breed, 

but only do1-mscatter and capture neutrons. This means maximizing the 

fissile enricliJnent and the ratio of actinide-to-carrier salt. It is 

also important to ma-d.mize the fuel salt heat transfer coefficient at 

an average fuel temperature of 800 -850°c; hf canprises the parameters 

f'/', cp, andk (Section J.2.5). 

J.3.5.1 i':eutrcn physics of the ThCl~ ratio in the core mi::cture. 

Considerable Thcl
4 

inherently re::;iie:; iri between the core tubes as 

blanket salt a.nd inter-acts. ne"utronically with the ::ore• - Efowever, as 

a first appro:d.~ation 1 Sectio~ 3.5.1 i;nores that modellin5 heter-

ogcnei ty as >:rell as that of tne multiple core tubes. Thus the ThCl / . 4 
uc1

3 
ratio here refers solely to that Nithin the primary loop. 

The addi. tion of ThCl 
4 

to the core salt mixture should 

1. Markediy increase the critical core radius, thereby decreasing 

the power density. This causes 

a. the core fll.L~ level to decrease, which 

(1) extends the life cf the core tubes, and 

(2) decreases the d~mage flu..~ to the vessel, which ex-

tends. its life 

b. the primary coolant power density in the heat exchanger to 

decrease, which 

( 1) decreases out-of-core fuel inventory 

(2) eases heat exchanger stresses 

2. Lead to an optimum Th/u ratio where the prir.iary circuit fis

sile -inve:-.tory is a mi:.limum. The 1956 Oill.JL study [13] 
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obtained a similar result 

3. Increase internal (core) breeding, which 

a. reduces the necessary size of the outer blanket 

b. reduces the import of a :eactor 

4. Soften the neutron spectrum, which 

a. decreases the BG potantial of the reactor 

b. inhibits the useful consumption of higher actinides 

c. nullifies ~ small part of the flu..~ decrease from the 

dilution because the average fission cross sections 

become smaller. 

In su.-:u:iary there are bo"'.:h pros and cons re ~h presence Hhich are 

difficult i;o quantify on a c.::rnmon basis. However, TUalitatively, 3G 

potential and the useful consumption of t1i.e actinides argue for low 

Th concentration ([Th]) while [Th] ---· 0 could mean too frequent a 

replacement of the core tubes. Practically, reactor operation could 

start with high [Th] and wide tubes and later change to low [Th] and 

smaller tubes as confidence in the tube wall life develops. This ver-

satility would probably require only the inclusion of a few extra tube 

ports in the reactor vessel. 

3.3.5.2 Density. This study principally involves uc1
3

, UaCl, and 

ThC1
4
• NaCl molar content may vary only between 30 and 7o% to achieve 

eutectic melting point lowering. Figure 3.3-36 shows the density for 

various ThCl41'Uc1
3 

ratios ~sing the densities and the prescription for 

their addition from section 3.3.1.5. 

For a Pucl/2 Ucl/3.16 N"aCl mu, Taube a;:ui Davudi [123] listed 

J° = 2.92 g/cc at 850°c; for 15 Puc13/85 NaCl, f = 2.12 g/cc. These 
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values both seem low compared to Fig. 3.3-36 (though different 

actinide salts are involved). In the s~~e report these authors quote 

f = 3.526 g/cc for a 1 Pu.Cl/2 UCl/3.65 rTaCl mix at 850°c, which 

seems high. 

The 1963 omrr. paper [6] listed a density of 3.08 g/cc at 649°c 

for a 45 NaCl/25 KCl/30 (Puc1
3 

+ uc1
3

) mL~. Since density decreases 

c·:i th increasing temperature, that value supports Figure 3a3-36. The 

earlier 1956 O?J!L study [13] used / = 2.5 g/cc for a 3 UaCl, 2 '.·1gC1
2

, 

1 (uc1
3 

+ Pu.c1
3

) salt, which also seems consistent. 

3.3.5.3 Visccsity. Section 3.3~.6 recommended 

? (mi.-:ture )-::: /v<- ( ca.rrie:- salt) 

Assuming lfaCl carrier salt, ~hen from Fig. 3.3-5 at 850°c 

~ = 0.012 gp./ S CIJ 

For a 1 PuCl/2 UCl/3.65 traCl mixture, Taube and Da.wu.d.i [123] 

assumed a much higher~= 0.05 (1-o.001(T-850°c)). Similarly, at 

649°c Oili:lI. used 0.0662 ±. 0.0080 for a 45 NaCl/25 KCl/30 (uc1
3 

+ PuC1
3

) 

salt in 1 963 [ 6] and o. 1 0 for a 3 Ha.Cl/ 2 1.1ge1/ 1 (uc1
3 

+ PuC1
3

) salt 

in 1956 [13]. However, neither Taube nor Offi!L indicate any experi-

mental ba::;is uhereas the r recommended nerc is based on recent 

(Russian) measurements [124-125]. This reduction in/ by more than 

a factor of three increases hf by roughly 5a;'~ over previous studies. 

3.3.5.4 Specific heat. From the study of specific heats for 3-

component salts (Section 3.3.1.7) 

and Cp (T) = Cp
0 

[1-iiT (K)J 
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Density 

(g/cc) 

[Thc14]/[uc13] 
Molar Ratio 

·--- -----

4.2 __ . ___ --.- --·---------- . _:_c_, 

4.0 :: ~-==:~,_.~~~-:-~:~~~ -.~'F_:~2~~-~T--~ o. 
· ... --~·-.· ·1 

.. __ _. _______ -- - -- l__ __ --.· -. -_--- -~ - --- ··- -- ·:-- : __ : __ ._:-_- -~ - :· __ -- -- -··- - -- . .. - - -·· -
3.8 - ------ ----------- ------

. . 

- --- --- --- -- - - - - --- -----~----- - r - -

3.6 -~- --~ ~~_:__:_-_>- _· _·-.:::'==._:~----=--· -
~" - 1~0 

3.0 

30 40 50 60 70 

(ThC1
4 

+ uc1
3

) !·Iolar Content (%) 

Figure 3 .J-36 Density at 850aC for NaCl/ThClJUClJ Mixtures Eased 

on Janz _Et .Al [112] Data and Lin<:!ar Addition of 

Specific Volumes of Component Salts. 
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i·rhere 

m2 = mole fraction of the 2-atom alkali carrier salt 

m4 = mole fraction of the 4-atom UC1
3 

m5 = mole fraction of the 5-atom ThC1
4 

M2,M4,M5 = corresponding moleculc:.r weii:;hh 
·, 

c0 
= C /[1-0:T (K)] 

p P,mp mp 
cY.. = average coefficient of linear expansion 

-4 0 -1 
O(i = 3.65, 4.23, and 5.57 x 10 C for NaCl, UC1

3
, .:nd Thc1

4 

Ficill'e 3.3-37 shows the results at the T for each material •. 
= mp 

For a fi:;ced temperature, C changes much less with molar composition. 
p 

Taube and Da1'1lldi [123] assumed C = 0.094 and o.o68 x (1-0.0005 
p 

(T -850°c)) cal/gm°C for 15 Puc13/85 NaCl and 1_Pucl
3
/2 UC1

3
/3.16 

~faCl mixturesr fairly consistent with Figure 3.3-37. However for a 

1 Pucl/2 UCl/3.65 iTaCl mix. a.t 850°c they used a rather high value of 

0.24 ca.l/gmr-:C. This agrees better with the 1963 OfilrL [6] value of 

o.3:!:. 0.03 cal/gm
0

c a.t 649°c for a 45 Nacl/25 KCL/30 (uc1
3 

+ Puc1
3

) 

mix and the 1956 OffiIT. [13] vabe of 0.,2 cal/gm°C at 649°c for a 3 NaCl/ 

2 rnge1/1 (UCl3 + ?u.Cl3) salt. 

The values used in this work a::-e intermediate to the above extremes. 

Although they admittedly contain large uncertainty, at lea.st Section 

3.3.~.7 describes their basis; Taube and OIDIT. do not describe theirs. 
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c 
p ( ca: ) 

91 c 

0.15- -----· 

0.14- --- ·-····-·---:----·· ·---·-· 

o. 1:3 - -- -- . - --- - -

J.12 - -- .... 

o.11~-
0.10 ;-~-----

0.3 O.Ll 0.5 

___ J 
o.6 

NaCl :ilolar 2raction 

Figure 3 .3-37 Specific Heat at Tmp for NaCl/ThClJucl3 ~1ixtures 

3.3.5.5 Thermal conductivity. Section 3.3.1.8 estimated 

k (Tm~.) = 0.04308 T 
0

• 5 P 0
•

8
/ r.r1 

•
8 

f . cal/s cm K 
u ~ ; ~ ~omc 

and 

k: (T) = k (T ) + 6.0 x 10-7 (T-T ) M V 
mp mp 

Table XIV shows.the calculate~rki at T=T , T=T + 100°c, and T:350°c. '-'-t ) mp mp 

The higher k-values seem to occur for high NaCl and Thcl
4 

contents. 
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'!'able J .J-Xnr Calculation of Thermal Conductivity for NaCl/'I'hClVUClJ Mixtures 

NaCl k 
( 10-3 cal 

cm sec'"'F 
Molar ThCli_UClJ 

'l'mp /m.p at T Content at at M ar 
N avg 'l' . mp 

( .%) Ratio cc) (g/cc) M f atomic mp + ioo0c. soo"c 

30 0 740 4.37 255.1 3.40 0.132 1.57 1.94 1.97 

50 0 610 4.02 19s.9 3 .oo 0.168 1.69 1.93 2.26 

70 0 540 3.35 142.7 2.60 0.204 2.10 2.24 2.52 
\D 

°" (713) 3.96 263.2 3.633 1.61 JO 0.5 0.111 2.0J 2.1s 

50 0.5 (540) 3.85 204.7 3.167 0.153 1.63 1.90 2.46 

?O 0.5 (502) .3 .25 146.2 2e700 0.195 2.00 2.15 2.52 

JO 1.0 (700) J.81 267.2 3.750 0.100 1,68 2.12 2.34 

50 1.0 ( 505) 3.79 207.5 3.250 0.146 1.61 1.a9 2.58 

70 1.0 (482} 3.21 147.9 2.750 0.190 1.96 2.12 2.53 

;o 3.0 660 3.66 273..2 3.925 0.0848 1.81 2~29 2.72 

50 J.O 400 ).BJ 211.8 3 .375 0.1343 1.59 1.89 2.95 

70 J.O 425 3 .21 150.5 2.825 0.1838 1.89 2.05 2.59 



Table XV compares some of these [ k J (with T-6oo0 c) to those 

assumed in other studies, ordered by increasing actinide salt content. 

omn. [13] and Taube values seem rather high. Close agreement Hith the 

other f kl (:= 2 x 10-3 cal/s cm K) lends credence to the values assumed 

in this worl<:. 

3.3.5.6 Heat tr2.llsfer coefficient. \h th the above bases, a'!d assUrJing 

(1) The al3orithm developed for hf in Section 3.2.5.1 

(2) A salt velocity in the heat e~changer of 14 meters per second 

(3) An inside tube diameter of 0.40 inches 

(4) /t) = ./{)-:·rt!ll (for these survey purposes), 

~he film coefficient for var~ous mi.."'Ctures a.nd temperatures becomes 

7.0-: (14)0.8 (10-3)0.67 ~ 

(1.46) 0•47 x (1.016) 0•2 I 
:zy 

0.5367 

(g/cc) 0•8 k (10-3 cal/s cm K) 

x C (cal/g K)
0

• 33 
p 

The results (Table 3.3-xvr·) differ very little with mixtuxe or 

temperature. Considering the approx~mations made for the input pt!ra-

meters, no signific~nt trend is detected. Roughly 

hf= 1.2 c2.l/sec cm
2 

K 

The only other value available for comparison is the ORNL [13] 

hf = 0.38 cal/s cm
2 K. Table 3.3-:X:VII shous that the factor of 3 

increase here is predominantly due to a doubling of fuel velocity 

and an 8-fold decrease in viscosity. The latter is mostly due to 

more recent information and higher temperature, and partly contingent 

on picking a composition with eutectic-like effects on viscosity 

(Sec. 3.3.1.6). 
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Table 3.)-XV Comparison of Calculated Thermal Conductivities to 

Those Assumed in Previous MCFR Studies 

Entries arranged in order of decreasing carrier salt concentration 

k 
Carrier Actinide ( 10-

3
cal ) Study salt salt T( 0 cJ sec cm k 

CFJ\L/ 56 [13] 50 NaCl 17 (uc1
3 

+ 649 4.1 
33 MgC1:2 . Puc1

3
) 

ru.ffi/c [21 J 82 NaCl 5·1 PuC13 12.o UClJ 552,5 2.4 

C-JiL/63 [6] 45 ifaCl .30 (Puc1
3
+ 649 1.7 

25 KCl UC1
3

) 

A:..:L/A. [21 J 70 NaCl JO PuC1:3 682.5 2.1 

This work 70 NaCl JO UClJ 640 2.2 

Taube[17] 55 I~aCl 15 PuC~ 850 3.6 
30 UC1J 

650 2.9 

ANL/B [21] 50 NaCl 22.5 PuC1J 615 1.6 
27 .5 UC1J 

This work 50 NaCl 50 UC1
3 610 1.7 

This work 50 NaCl 25 'IhC1
4 605 1.9 

25 UC1J 
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'Table 3 .J-XVI Calculated Heat Transfer Coefficients 

Molar Com;eosition 
h 2 
f ~callsec cm K~ 

at at 
'IhCl./UC1J NaCl T mp + 100 850°C 

0 30 1.22 1.22 
50 1.20 1.23 
70 1.22 1.18 

0.5 30 1.17 1.19 
50 1.15 1.19 
70 1.16 1.11 

1.0 30 1.17 1.19 
50 1.13 1.18 
70 1 .. 14 1.09 

3.0 30 1 .. 20 1.24 
50 1.15 1.20 
70 1.12 l.o6 

'!'able 3.3-XVII Comnarisan of hf Be-:•.-1een This !'fork and the cm;L/56r13l S~uc:_,_r 

Effect of 
This work/ 

Par21!leter CPJ~L 56 [13] This ~ .. !ark CPl~L-56 

Salt Te!!!p (oC) 732 (5s2) 

!1olar % NaCl 83 70 

fCg/cr)) 2.5 2.7 c;:1)0.s= 1.o6 

/(gm/s cm) 0.10 0.0146 cg:~52)-0.47 = 2.1 

c (cal/gm0 c) 0.20 0.15 cg:~6)o.JJ= o.91 
p -3 

10 cal 4.1 2.12 <!:~)0.67= 0.64 k,(s cm ~o ) 

rr {m/s) 6.1 14· C-~1)0.s = 1.94 

h_,..(cal/s m
20c) 0.38 1-14 c~:~) = 3.00 J... 

199 



3.3.5.7 Choice of core mix. A pure fissile fuel would produce 

the hardest neutron spectrum but an H.SR requires carrier salt 

admixture to reduce the melting point. Adding fertile salt 

to the core mix helps reach BG potential by reducing leakage 

through :increased fertile capture, but it also lowers the BG 

?Otential by softening the core neutron spectrum. Another 

consequence will be to i.~crease the critical mass of fissile 

fuel anci the core size. 'Ihis will be good for power density 

(Fig. 3. 5-15) and in-core to out-of-core inventory ratio (for 

control purposes), but there are limits to economical plant 

size. 

An alternative to fertile fuel in the core is to increase 

the size of the outer blanket. However, this also increases 

the size of the overall reactor system. 

The ORNL/ 56 design limited the actinide concentration to 

17 mole precent actinide chloride. Of this, 2/3 of the actinide 

was fertile material. The prime motivation was to keep the 

liquidus temperature below soo0 c, to avoid what were then exotic 

~.truct-..iral materials. 

The British [29] chose an actinide molar concentration of 

3~4V:,; the ?rench [23], 3ofo,following the earlier lead of f.111 [21]. 

The. rea::io_is for these choices are not clearly stated. Ho;iever, we 

sus~e~t they include 

1. Keeping the power density low 

2. Keeping down the plant fissile inventory 

3. Improving the thermophysical properties. 

This study assumed 70% for most of the physics analyses so as to 

200 



fully explore the advantages of a hard spectrum: power density is 

reduced by using a geometry with high surface/volume ratio and limited 

fertile fuel presence (limited reduction in enrichment). By and large 

-th~ enrichment problem is ignored because all fuels have weapons capa

bili ty but 232u-bearin.g 233u, the least so. The better thermophysical 

properties from higher carrier salt content are sacrificed for the sake 

of the highly-desirable hard spectrum and attendant high BG potential. 

3.3.5.8 Choice of blanket mi:c. Since the blanket generates little 

heat, it can avoid high temperatures. This should 

1. Preclude corrosion of the reactor vessel 

2. Allow more choices for the reactor vessel material 

3. Reduce auxili~ry he~ting needs 

For low temperature operation the salt composition should lie 

near the eutectic point(s), but on the side high in actinide content 

for high BG. The French ancl Swiss I·lCFil(U/Pu) desi6-J.S assume 65~ UCl; 

and 35i~ NaCl; the British, 40'% UC1
3 

and 6af, NaCl. For a NaCl/Ucl
3 

mU: the eutectic point occurs at about 65~~ NaCl; for NaCl/ThC1
4

, at 

a.bout 7~ NaCl. We assume here a 65% ThC1
4 

a.nd 35% NaCl, KCl, or 

71iCl mi.:c. Table 3.3-XIII tends to favor a farther look at 7Li.? 

for.the blanket. PbC1
2 

is 2.Il outside possibility yet. 

3.3.5.9 Eutectic mix for flush salt. Section 3.9.5 proposes flush 

.... 

operations for removing residual radioactive salt in core and blanket. 

The best mix for this purpose would probably be the eutectic composi-

tion of the blanket feed: with the NaCl/ThC1
4 

system, any mix between 

25 a.nd 50% NaCl would be good (Fig. 3.3-22). 
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3.4 Structural Materials 

To find materials of suitable stren..:,crth and endurance one must 

anticipate tne environment and the response of materials to it. 

Environment includes radiation, temperature, pressure, fluid compo

sition, chemicc..l ad.di ti ves, condensc..tion, and vaporization. I:Iaterial 

response depends on mechanical strengths, metallurgical phases, and 

chemicc..l interactions (corrosion). 

?.equ:ire::ients on tb.e material 1rill include suitable thermophysic2.l 

properties, ability to fabricate and weld, product availability, a.nd 

e:cistence of pertinent experi-znce for the material. 

3.4.1 'ieneral c~nsiderc..tions and Criteric.. 

3.4.1.1 Plant-life economic3, Initial study usually suggests several 

economical materials. The material cost is important, but the true 

installed cost depends also on size, pipe schedule, system complexity, 

joint make-up, fabrication techniques, and labor rates, Do;mtime and 

life expectancy, fu.~ctions of the mate~ial response, will affect the 

ongoing maintenance costs. Fortunately, metals usually have mm-m 

corrosion rates. 

3.4.1.2 Corrosion, general [80, 126]. The most important engineer

ing task is likely to be finding materials Nr.ich resist corrosion by 

fUel and blanket salt mixtures containing fission products and other 

impurities. This may require a trade-off with system conditions such 

as lowering temperature, decreasing velocity, or removing oxidizers. 

Alternately one might sacrifice some corrosion resistance 

for higher strength; also, the best material might not be readily 

available. The most desirable material will probably combine 
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moderate cost with reasonable life. Sometimes the environment condi

tions change uith time: The structural materi:ll must handle that or 

be changed also. ~erimental loops under similar reactor oper~ting 

conditions are thus invaluable: they allow one to examine actual cor

roded pipe, valves, a.nd fittings. 

:.fa.ny factors can affect corrosion, some of which may be obscure. 

The questions belo1-r help in evaluz.ting ther.i: 

1. i·Ihat is t:1e composition of the corrosive fluid? 

2. ~·/hat is the concent:::"ation (specific gr2.vity, pE.: 1 etc.)? 

3. \·/hat is the operating temperature and pressure? 

.1. Is · .. rater present at any time? 

5. Is air- present, or :.s the opportunit~r for air-leaks high? 

60 Is the system ever flushed, rinsed, or drained out? 

7. Is a slight a.mount of corrosion objectionable fro~ a contam

ination standpoint? 

8. Has a.v specific trouble or problem been experienced with 

certain materials? 

9. '.'That materials are being, or have been, used for valves 

and fi tt i.!:.gs? 

10. \-Jhat were the comparatiYe lives o~ the materials used? 

11. Are there special fabrication, handling, or install~tion 

problems? 

12. ;faa.t is the estimated installed cost or ca.pi tali zed cost 

for the projected life of the piping? 

Metallurgical structure markedly affects corrosion resistance: 

fortunately it can often be altered. Physical chemistry and its 
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various disciplines are most useful for studying the mechanisms 

of corrosion reactions, the surface conditions,of ~etals 1 and other 

basic properties. 

3.11..1.3 Corrosion by electrochemical v,ttacl: [Ro]. Under chemical 

attack, metal ions leave anodic areas of the surface and enter into 

the solution, thus dissolving the surface. This creates an etched 

affect. In the solution they chemically react with other elements 

such as oxygen, chlorine, etc. to form nonmetallic compoundsj plateout 

of these ciarY.:ens the surface wit:. ;;. protective, passive film. Examples 

include rust on iron, oxide layer on aluminun, and "passivation" of 

stainless ste~l by immersion in nitr~c acid. 

\-fhile they remain intac-;;, such films generally protect the metal 

or at leasi; :.:ei;ard further degradation. Hmrever: hii;h stream veloci

~' vibration, and thermal shock can all break the film continuity. 

The pickling of pipe to remove mill scale illustrates controlled cor

rosion by direct attack. 

Galvanic action, or bimetal cor=osion, exemplifies another common 

mechanism. Two dissimilar metals establish an electrical potential 

uhen they contact, or connect by an electrical pathway, in the presence 

of a conducting solution (electrol;-rte). 

In bolted joi~ts, such as pipe flan;es, the rel~tive sizes of the 

3.Llodic and cathodic areas become important. An anodic area that is 

small in relation to the cathodic area accelerates the corrosiono 

1:/here flanges and bolts are dissimilar metals, the bolting metal 

shoul~ be cathodic to the flange metal. 

204 



3.4.1.4 Corrosion nrotection [80, 126]. The means of reducing 

corrosicn include 

(1) Use of corrosion-resistant metals and alloys 

(2) 

(3) 

Protective coatings such as paint, electroplating, etc. 

Cathodic protection by the use of a sacrificial metal 

higher in the electropotential series 

Impervious ;-raphite - for handling hydrofluoric, sulfuric, and 

nitric acids - has some temperature and concentration limits. It is 

unsuitable for use with free bromine, fluorine, and iodine, as well 

as chromic acid and sulfur trioxide. Normally, its porosity :nakes 

graphite unsuitable as a piping material; however, various resins 

used as impregnants ~rill proiuce an impervious material. The pipe 

manufacturer should know what corrosives are to be handled so he 

can provide the proper impregnant. A concern here would be the 

effects of high radiation on the organic resin as well as the 

graphite. 

The use of lined piping systems for corrosive surfaces is rap

idly increasing. Linings include glass, plastics, elastomers, and 

various metals. Lined pipe systems usually rely on carbon steel as 

a main structural component: ease of fabrication and low cost permit 

its use with most linings and manufacturing techniques. Glass-lined 

steel pipe has one of the broadest ranges of corrosion resistance of 

all. It's smooth surface improves product flou, but it has poor 

impact and thermal shock resistance, requiring care and handling 

during installation and maintenence. Thermal shock resistance could 

be a valid concern where one plans to completely and quickly remove 

the fuel from the primary circuit, seveTal times per year. 
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.3. 4 .1. 5 Thermal and radiation~induced expan~ion. Temperature and 

radiation will cause most materials to expand. This will affect the 

choice of materials for core tubes, reactor vessel, and cut-of-reactor 

equipment (pipes, pumps, heat exchangers) for primary, secondary, 

and tertiary circuits. Table 3.4-I gauges thermal expansion for some 

materials of interest: both Mo and graphite look attractive. 

'I able 3 .4-I Coefficients of Thermal Expansion for Some Candidate 

Structur<L. Materials [ 86 197] 
Coefficient 

Material Temp. Range f !J ) ( 10-6/ 0 c) 

Extruded graphite 
- along the grain 20-100 2 

1000 4 

- against the grain 20-100 3 

1000 6 

Mo 25C 5 

Hastelloy N 20-100 11 

Fe 25 12 

Ni 25 12-13 

.304SS 25 17 

Croley 20-100 18 
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Core tubes need to be far enough apart that expansion does not 

cause stresses by forcin& them together. Desigg for lcngitudiDal ex

pansion will prevent bowing and/or breakage (of graphite). 

Proper layout should accomodate expansicn in out-of-reactor piping. 

Expamiion effects in a pump or heat exchanger are more critical: for

tunately radiation levels there, from delayed neutrons,are near three 

magnitudes below that in the core. 

3 .4.2 Chemical Reactions in an MCFR 

Compatible containment materials are those which do not form 

stable eil~riies. E:ca!!!ples ~..re graphite, iron, nickel, and the re

fractory metals. The chlorides of the pure fuel salt are highly 

stable, reacting l.ittle with materials they contact. However, 

over the reactor life the core and blanket salts will mutate into 

a variety of; compositions, begetting additional chemical species: 

fission products and free chlorine f~om fission; other mutants 

through neutron capture; oxygen creeping in through seals. For

tunately, fluid systems can reprocess continuously (Section 3.7), 

which helps to keep these impurities low. 

Chemical reactions bet\-1een these salt mixtures and inccm-

;iatible-container materials could 

i. Precipitate fissile material leading to criticality safet7 

problems 

2. In the presence of high temperatures, high velocities, and 

high radiation fields, cause corrosion leading to leakage 

and maintenance problems. 
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3 .4. 2. 1 Reactions with fissicn-produced l!!Utants. When uranium fissicns, 

the uc13 molecular structure breaks up, creating three chlorine ions and 

two fission products (FP). Table 3 .4-II [9] gives the valencies of: tnese 

these-FF in ~heir most stable state (largest free.energy of ~ormation 

[17,S2t86,127] ~t reactor temperatuxes). 

The FP will only form chlorides if the free enthalpy of formatiai 

exceeds about 20 kilojoules per mole chlorine: FP up to and i.ncludi.Dg 

molybdenum in Fig. 3 .4-1. The gases xenon, kryptai, and probably iodine 

and bromine are inert to chloridizatian; so are the more inert metaJ.s 

such as palladium, technetium, ruthenium, rhodium, and probably tellur-

ium. Based co MSRE experience 1 they will either entrain with the inert 

gases or plate out an metal surfaces. 

Table 3.4-II 

Valency 

-2 
-1 

,Q 

+1 
+2 
+3 
+5 

Valencies of the Fission-Product 
Ele;:ients in I.fol ten Chlorides 

Se, Te 
I 
Kr, Xe 
Rb, Ag, In, Cs 

Elenents 

Sr, Zr, Mo, Pd, Cd, Sn, Ba, Sm, Eu 
Y, Tc, Ru, Rh 1 Sb 1 La, Ce, Pr, Nd, Pm, Gd 
:Lib 

208 



Principal fuel Fission Remarks 
and structural products 
material 

0 -Mo metal Pd(12.66J, Tc[4.01l, Rh(1.73), 
( struct. J - Ru ( 3. 144 l, I(6.17l. Te(7.65l 

<O 
Xe ( 21. 2 l, Kr(0.94), Br Graphite ... 

c: 

cc1
4 

QJ 

E 
Q) 

u ...... no chlorine for 
QJ E 

t.. the sy1ithzs:.s or 
c: 0 

possible: metal ..... ..... 4-

0 chlorides E a... ..., 
u.. ( 18. 16) i 100 -~1oC1 2 -MoCl 

x .... 
><: (corrosion -r·1oc 13 

(0.2Sl c 

0 product l c 
IJ"I 0 
N 

( 1 . 38) 111 -AgCl 111 t:) 
-~~ri ~ Q. s 7 1 ~ ..,~. 3 

( 0. 66 J -CdC1 2 (0.32) :::: 
c -SnC1 2 ::J 

t.. 0 -InCl {0.06) .... 
.LJ 

"tJ :i <O 
-UC1 4 

(? l Q) a... E 
"1 t.. 200 <O 4-0 
Q) 0 4- -UC1 3 

-ZrC 13 
( 2. 1 5) 

w 1/1 4-
t.. E 0 

-ZrC1 2 
0 

>- ID .LJ 
c: fO c. ..... - -PuC1 3 

-YCl ( 3. 02 l t..O <O 
-Prd 3 

( 4. 28 l 00 .r::. ......... .., 
( 1. 06 l .r::. c: -EuC1 3 Q) u 

-CeC1 3 
( 13. 98) .... Q) (5.78) QJ -LaC1 3 0 

t.. er. u.. 
E 

3(10 -N.:iC l -RbCl ( 1. OS J 0 .., 
-CsCl ( 13. 75 J ~ 

-SmC1 2 
( 3. 73) 
(5.48) 0 -SrCl a 

-BaC1 2 
(9.50) .., 

Fig. J.4-1 The behavior o! tissicn products in the molten chlorides fuel_ 

(Yields given represent products fer 100 Pu !issioned)[17]. 
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For the fissioning of 100 Pu atoms the following balance has been 

suggested [17] 

0.008 Se + 0.003 Br , + 0.942 Kr 
~s gu . gu 

+ 1.05 ~bCl + 5.49 SrC12 + 3.03 YC1
3 

+ 21.5 ZrC1
3 

+ 0.29 Nbc15 + 18.16 MoC1 2 + 0.28 lfoC1
3 

+ 4.01 Tcmet 

+ 31.45 Ru t + 1.73 Rh t + 12.66 Pd t + 1.88 Agel me me me 

+ 0.66 CdC12 + 0.06 InCl + 0.324 SnC12 + 0.67 SbC1
3 

+ 7.65 TeC12 + 

+ 9.50 BaC12 + 

6.18 I + 21.23 Xe + 13.34 CsCl gas gas 

5.70 LaC13 + 13.98 CeC1
3 

+ 4.28 Prc1
3 

+ 11.87 NdC13 + 1.44 Prncl3 + 3.74 SmC13 + o.60 EuC1
2 

+ 0.03 CdC13 + traces o: complex compotl.nds like Csuc1
6 

This suggests the production of about 80 kg insoluble metal per 

Gwth-year. That amount of metal deposition warrants serious 

attention to prevent restrictions and plugging. 

Since each Pu atom fissions into ~ product atoms, the average 

1 h uld b 3 chloride ions ner Pu - 1 5 to maintain electro-va ency s o e 2 FP per Pu - • 

neutrality. Chasonov showed that for Puc1
3 

the average valency is 

close to 2.0, indicating a deficiency of Cl ions. However, the re-

mova.l of the relatively-inert metals like Ru7 Pd7 and Te 7 either 

through plateout or deliberately by the reprocessing system, can 

quickly lower the avera..:,a-e valency• Below 1. 5, Cl ions are in excess, 

producing corrosion. 

In summary, tube plugging may occur at some locations and tube 

dissolution by corrosion at others. In-pile testing to high burnups 

is needed to study these competing effects. 
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Experience on molten fluoride systems indic~tes that irradiation 

and fission products do not accelerate corrosion (IlcLain p.800) 

Molybdenum as a fission product with a yield of 18'% (out of 200%) 

of all fission products may remain, in· part, in metallic form. When 

molybdenum is the structural material, the corrosion problems of metal-

lie molybdenum or its alloys are strongly linked with the fission product 

behavior in this medium. Fission fragment MoC12 will react with UC1J 

to form uc14 plus Mo. Likewise the excess chlorine released will react 

with the strongest reducing agent present, UC1.J, to form UCl 
4

• 

3.4.2.2 The effect of UCl. ~resence in the core salt 1311. 
4 - -

Pu!'C UCl,, .,. 

highly corrodes conta:L'1er me-.als, but both theory (stability of cor

rosion product chlorides) and laboratory experience Show that dilut~c14 
fuel salt attacks little: alloys of iron, nickel, or refractory metals 

such as molybdenum resist chloride fuel and blanket salts, provi~g 

the UC1J/uC14 mix contains no more than a few percent uc14• Alloys can 

also include minor amounts of more reactive metals such as chromium if 

the design allows for some surface leach:Ulg. 

Extrapolating from CF.NL experience with fluoride fuel salts at 

comparable heat ratjngs, irradiation should neither release chlorine 

fran the melt nor enhance the attack of the container materials. 
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3 .4. 3 Candidate Materials for an MCFR 

The high flux levels in an MCFR suggest high radiation damage, 

However, due to the unique tube can.figuration the only exposed struc

ture is the core/blanket interface: the blanket shields the vessel, 

reducing its radiation dose by three magnitudes. 

Beyond the high radiation environment of the reactor lie piping, 

pumps, and heat exchangers for the primary fuel-coolant. These fac~ 

exposure to high temperatures, delayed neutron irradiation, and corrc

sicn by salt transmutant impurities. 

Materials in the secondary and possible-tertiary circuits will 

face a much milder environment. However, the amounts of materia..ls 

there greatly surpass those ir. the primary circuit, thereby sensi

tizing their cost: except for the high temperature heiium case, one 

prefers lower operating temperatures so as to allow cheaper materials. 

The cost factor, however, irn.:.st also be balanced with factors of corrosion, 

thermal stress, and avoidance of secondary-coolant freezing (especially 

for active liquid metal) on the intermediate heat exchanger tubes. 

Table 3 .4-III lists the most promising materials for use with the 

different fluids. Strength consideraticns dictate the temperature limits. 

Corrosion tests under MCFR conditions have generall.y not been carried 

out yet. Materials which best resist corrosion by chemical attack 

should be those with small. free energy of chloride formation (Fig. 3 .4-1). 

Low va.;ior pressure (high boiling and melting points) will also allow 

chlorides which form to remain as protective coverings. From avail-

able information (Figs. 3.4-1 and 3.4-2) Mo is a strong candidate •. -
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Table 3.4-III. Materials for Various MCFR Fluid Environment 

Fluid 

Molten Chloride 
Salt 

Helium 

Lead 

Superheated Steam 

Lower Temperature 
Steam and water 

Candidate Material& 

Sta.Utl.ess steel 
Hastelloy N 
Molybdenum or TZM 
Graphite 

Nickel alloys 
Molybdenum or TZM 
Graphite 

Fecra.lloy or C"roloy 
Molybdenum 

Stainless st:=el or 
nic.'<el alloys 

Ircn alloys 

high 

Approximate Material 
Temperature Limit CC 

600 
700 

1000-1200 (?) 
1500 

900-1000 
1000 
1500 

500 
1000 (?) 

550 

450 

3.4.3.1 Overvieu on Iietals. High nickel alloys and refractory metals 

appear to be the only metals compatible with fuel and blanket salt. 

Superior strenc-rth a.nd resistance to corrosion and radiation embrittle 

ment at high temperature recommend molybdenum alloys (particularly TZH) 

for contact with the circulating fluid. 

There is some incentive for using molybdenum alloys for all the 

components (including pumps) which contact the salt. However massive 

molybdenum outside the core would requ.ire precautions against its 

external oxidation: e.g. enclosing the reactor vessel and other sensi-

tive components in a hot box purged with an inert or slightly reducing 

atmosphere. An altern~tive to this would be to use duplex material: 

a protective Mo layer electrodeposited or plasma sprayed onto certain 
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Fig. 3.4•2 !lesistance ·of l~etals to Chloridization Corrosion (11] 
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steels. 

For the less severe conditions of the reactor vessel and the salt 

ducts returning from the heat exchanger, Hastelloy-N er advanced devel-

opments of that alloy might suffice. However, having decided to use 

molybdenum for the core/blanket membrane, a change to a dissimilar 

metal else;1here in the salt circuit could cause galvanic corrosion. 

Also, nickel alloys resist molten lead (a candidate secondary coolant) 

very poorly corapared with molybdenum; they would probably be subject 

to attack 1-1hen the lead leaked through the heat exchanger into the salt. 

3.4.3.2 £.Jo alloys. l·Io offers high temperature strength, good. irra-

diation resistance, and high thermal conductivity: promising traits 

for a material in contact wi"':h fuel and blanket salts at high temper-

atures. However, fabrication of light molybdenum sections requires 

welding and heat treatment: this technology needs development, but 

it is already proceeding for other applications. 

Also, the high specific cost of molybdenum is acceptable only on 

a limited basis: the vessel piping, etc, should use materials which 

are cheaper and more easily fabrioa.ted. Candid.ates include Ho/Fe, 

Ho/~ri and Ti/Zr/1-io (T~·1) alloys. :·Ti th Mo/Fe indications are that the 

swelling for Fe has already peaked at the operating temperatures, 

while that for 1-10 occurs at much higher temperatures. 

The use of molybdenum or its alloys may permit high fuel salt 

0 
temperatures (above 1000 c). This can reduce fuel salt inventory 

throu,,,.c-b. higher power d.ensi ties and allow gas turbine cycles a:nd/ or 

process heat applications using helium as an intermediate and final 

coolant. 
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Mo has an appreciable absorption cross section for neutrons. Such 

reactions also produce signii'icant amounts of technetium. 'Ihis changes 

the nature of the structural material and makes it radioactive. 

Figure 3 .4-1 and the discussion in Sectic:n 3 .1+.2 indicated Mo to be 

strcngly corrosion resistant. The most significant reaction fran the 

standpo:int of corrosion show.d be (Fig. J.3-13) 

UC1
4 
+Mo~ 

uc1
4 

will be a major constituent in the blanket from the neutron transmu

:ation of ThC14. Free chloride from fission of U in the core wi1.l combine 

with uc1
3 

to form uc1
4

• It also reacts directly with Mo: 

~o + Cl2 ~ MoC12 

Traces of oxygen or water will produce molybdenum oxide 1 e.g. 

With all of these reactions, mechanical properties will change. 

3.4.3.3 Graphite. Both carbon and graphite resist coITosion 

and conduct heat well enough to warrant existing uses in heat 

exchangers and pumps. A 1·esin-bonded graphite has found wide 

application in the chemical process industries. Both America 

and France have used graphite with LiF/BeF2 molten salt: Mc

Donnell-Douglas markets a high-strength, woven graphite for this; 

the French company PUK sells a product with graphite connected 

to heat exchar.ger material [27]. 

The high thennal conductivity results in excellent thermal 
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shock resistance. Still one must exert care as carbon and graphite 

are weak and brittle compared with metals. 

Tensile strength varies between about 500 and 3000 lb/in.
2

, 

and impact resistance is nil. Abrasion resistance is poor. High-

temperature stability is good. and they can be used at temperatures 

up to 4DOO or 5000°F if protected from oxidation (burning). 

Silicon-base coatings ( silicides or silicon carbide) and. iridium 

0 
coatings are claimed to give protection up to around 2900 F. 

Based on the existing experience as a structural material 

for molten fluoride thermal breeders and on periodic replacement 

of tubes, we assumed graphi~e for the physics studies here: 2 cm 

thick for the tube wall anc 4 cm thick for the vessel wall. 

3.4.3.4 Heat exchanger considerations. As mentioned in secticn J.J.2.5 

low vapor pressure of the primary and secondary fused salts permits 

thin-walled heat exchangers. These are highly efficient in heat transfer, 

thereby decreasing necessary area and fissil.e -volume out-of-core. 

However, assuming close pitch, they will require development 

and testing to resist the thermal and vibrat~.onal stra:llls over 

a long working life. 

Refractory metals are attractive as they can accanmodate high tern-

peratures·while still affording the good heat transfer of a metallic 

material. A strong candidate is Mo. It does have an appreciable cross 

section for neutron absorptian: this affects delayed-neutrai activation 

but not neutron econcmy or radiation damage there. Of greater concern 

is the welding and joining prope!"ties of Ho, it5 cost, and it5 oxidation. 
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3.4.LI. Materials for the Core/Blanket Interface 

Finding an interface material that can withstand a 1016 n cm-2 

. ~1 
seo flu:x: over an acceptable period of time is indeed a challenge. 

It is greatly eased by assuming periodic replacement of the few tubes: 

an action far less complicated than the conventional replacement of 

fuel elements; just drain the core and blanlcet ~d uncouple the tubes 

u~tsidc the reactor. This is especially feasible if one uses a cheap 

material like graphite. Seci:;ion 3.9, Access and i·Iaintenance, discusses 

this further. 23 Still the tubes may experience a cumulative dose of 10 

- 2 . . t f th n cm in JUS a ew man s. Also irradiation of graphite produces 

11 3tored energy". 

3.4. 5 !faterials for Reactor Vessel 

The reactor vessel will experience 

(1) Low pressuxe 

(2) Temperature higher than the blanket salt melting point 

(3) Radiation damage from a 1013 n cm-2 sec-1 flux. 

A suitable material must meet these conditions; it should also mini-

mize 

(1) Induced radioactivity so as to maximize access 

(2) Cost 

Candidates include graphite and prestressed concrete (of low-

activating compositions). 
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3.4.6 Material for a Lead Secondary Circuit 

3.4.6.1 Steam generator tubes. r:Io alloys normally resist lead cor

rosion Nell, but mj.,;b.t not if a stea.r.i generator leaked in small a.mounts 

of oxygen. Dissolving Mg or Ca as a getter in the lead would help 

lower the oxygen level, but might not suffice. Ont: could also clad 

the molybdenum with an alloy uhich resists "oxygenated" lead; Fecraloy1 

a ferritic steel containing a1Ul'l'.inum 1 forms a p=otective alu.~ina 

fiL~ under these conditions. 

A third, untried alternative, might be that Fecraloy alone can 

resist both stea.n and oxygenated lead. Forming a duplex with stain

less steel could overcome itz poo= high te~peratur~ strength. 

The !)ossibili ty of ma!d.::.g the !:lea t e:cc!icnger tubes of ~astelloy-

U has only slight attraction::;: it would still need a Fecraloy or molyb

denum external cladding to resist the lead. 

3.4.6.2 Remainder r·f the circuit. The ducts carry:i.ng the lead to 

and from the steaia generators and also the steam generator shells 

might be molybdenum, protected from external oxidation either by a 

stainless steel clad.ding or by an inert atmosphere. An alternative 

is Fecraloy, externally clad with stainless steel for strength. 
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3. 4. 7 J.Ia terial for a. Helirn Secondary Circuit 

The main change relative to the lead-cooled design is nigher.tem

pera.tuxes, parallel to a core temperatUTe increase from 810 to 970°c. 

This suggests the need for molybdenum alloys, especially on mechanical 

grounds. However, even though there is no reason to doubt their cor

rosion resistance at this temperature, 'dI1Y supporting evidence is com

?letely la.cldng. British stuciies showed that d.esign variations might 

lower the salt pu."ap opera.ting temperatu:-e from 8oo0 c to 670°c. This 

would ease the engineering and the selection of materials. 

Materials selection for helium cooling should be much easier than 

for lead cooli~g but so far ~as been little studied: unidentified prob

lems could becorae just as ch:ilenging as with lead-cooled systens. 

Presumably a helium cooled system could dr2M on -the extensive 

work already done with respect to HTRs and gas turbines: The MCFR 

version could actually ride on the future HTR program. 

HTR programs have recognised that, in practice, helium is not 

an inert coolant since traces of air, moisture and other oxidizing 

gases can cause corrosion and traces of carbonaceous gas can car

buri::;e structural material:::;. T!lou.gh much uork: re::iai_"'l.s it does seera 

likely that it Hill be possible to specify 

1. The impurity levels acceptable in the helium 

2. I•Iethods of controlling them 

3. \'/hat intentional ad.di tions if any, should be made, for 

example, to render the helium reducing. 

Selected nickel alloys could be used for the turbines and other 

circuit components. This would restrict the need for molybdenum in 

the coolant ~ircuit to heat ~changer -tubes and similar applic~tions. 
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J. 5 Physics of MCFR(Th) and Its Fuel Cycle 

.3. 5 .1 Nuclear Models of an MCFR 

3.5.1.1 Definition of the reactor geometry. Section 3.1.3 conclud

ed that the best V.CFR arrangement might be a small number of skewed 

cylindrical tubes. The chain reaction will center where the tubes 

converge~ However, as no fuel salt boundaries exist along the tube 

axes, critic:ality boundaries blur. 

High levels of f.lux and power generation in the primary salt 

may extend far along the tubes. This will depend on individual tube 

subcriticality, distance of separation between tubes, and angle of 

their skew. For example, if they are near critical by themselves and 

are distant from one another. then their fluxes will follow a cosine 

distribution over the total distance between bends. ,However 1 in

creasing the intertube coupling will cause the fluxes within the tubes 

to fall off more steeply beyond the tube convergence region. 

Th concentration and other fuel. salt parameters will also affect 

neutron distributions because they moderate the neutrons which short

ens their mean free path. Fluxes will also extend into the blanket 

in all directions but with much shorter relrucation lengths. 

The choice of tube arrangement will depend upon a detailed trade 

study of effective core size: extension of the chain reaction out 

along the tubes will :increase exposure of the pressure vessel to 

neutrons emanat:ing from the tubes; making the core size small re

duces stability of the system to perturbations. 
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3.5.1.2 Use of spherical geometry for neutronic calculations. 

Neutronics analyses of complicatel geometries require expensive Monte 

Carlo calculations. For.the present survey purposes, it shoulu 

suffice to use simple one-dimensional spherical geometry featuring 

five zones (Fig. J.5-1): core, core tube wall, blanket, vessel wall, 

and reflector. 

core 

! 
~ore 

I ~ 
l 
ii blanket 

Fig. 3. 5-1 One-dimensional Spherical Model 

reactor 
vessel 
wall 

reflector 

All the tube wall material gets lumped into one spherical shell. 

The validity of this approach, vs. uniform material distribution in 

the spherical. core, will depend upon the number of actual tubes. For 

only three or four tubes, the current thinking, it should do quite well. 

Taking the tube wall thickness to be two cm facilitates compar-

isons with MCFR(Pu) studies. The vessel wall is four cm thick; the 

reflector zone, 40 cm. A check calculation with 20 cm reflector 

thickness showed no significant changes when the blanket thickness 

was 200 cm (quasi-infinite). 

Section 3.5.7.2 studies the effect of blanket thickness, settling 

on a v;.1;lue of 200 cm for most cases. The critical core radius usually 

ranges 25 .- 50 cm. 
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Section 3.3.5.6 gives the densities of individual salts and an 

algorithm for combining them. Densities for graphite and nickel were 

-1 -1 0.1 and 0.09 atoms cm barn • 

A primary difference between an exact calculation and those in 

spherical geometry is likely to be the spectrum softening and other 

effects of the ThCl~aCl blanket salt intermediate between the fuel 

salt tubes. Depending on the clearance and skew angle between tubes, 

a smeared model of such a spherical region would probably include 5-

253 blanket salt by volume. 

In this regard, the calc-.tlations may be better done in infinite-

cylinder geometry. That remains to be shown however, and cylindrical 
i 

calculations cost more. In the meantime, spherical critical U mas~as 

(u) or ·v~'lumes can be corrected. to cylindrical. geometry by use of 

shape factors: 

Fig. 3 • .5-2 displays some experimental and calculated data. A sub

set of these (Table J.5-I) was fit with a least squares program to 

produce the foj,,l.owing algorithm for use in Section 3.5.5 studies: 

log SF(L/D) = 6.399 x 10-2 log(L/D) - 0.6'{/6 (log(L/D))2 

-3 - 9.820 x 10 
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Table 3.5-I Experimental Shape 

Factor (SF) Data [128] Assumed for This Stud.y 

..1LE.... s.F. ~ S.F. 

0.211 0.297 0.9 0.96 

0.257 0.565 1. 0 0.96 

0.3 0.7 1.25 0.94 

0.4 0.82 1.4 o. 91 

0.5 o.89 1.67 o.87 

o.6 0.94 " 0.825 L 

0.7 0.96 2 0.825 

o.8 0.96 8,,79 0.29 
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3.5.2 Neutronic Calculational Methods 

Neutronic analysis of small fast reactors like MCFRs generally 

requires transport theory. ~lodeling the reactor as a one-dimensional 

symmetric sphere permits use of the •ell established and efficient 

ANISN code [129]. 

3.5.2.1 Snatial mesh. A spatial mesh of 1/10 of a mean free path 

:;;;::- :.::t::!rval i·:ould give quasi-exact results in transpod theory 

calculations. Computer storage and cost generally prohibit this. 

A mesh of one mean path (mfp) per interval suffices for most cal

culations. 

In i!CFR(Th) calculatior.s, the neutron mean free path typically 

ranges from 1-10 cm (Table ~. 5-II). \h th a core radius of 30-80 cm, 

a 200 cm blanket and a 40 cm reflector, a uniform one mfp interval 

mesh would mean a lot of intervals. Furthermore, most would lie 

outside the core, leading to possible numerical instability in the 

iterative transport theory calculations. Consquently a coarser mesh 

was used (Table 3.5-II), especially outside the core. This worked 

fine for most of the survey calculations; a few select effects needed 

finer detail. 

3.5.2.2 ~gular quadrature. Most studies were done with an s
4 

angu

lar quadrature. s8 check calculations on the smallest of spheres 

showed increased neutron leakage as expected, but only increased the 

volume by 1. 5-'/o, while decreasing BG by,.._ 0.01. 

3.5.2.3 Convergence criteria. Initial survey calculations satisfied 

~ keff convergence of 0.01 and a critical radius search convergence 

of 1~. Select effects required 0.001 keff - convergence. 
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Table J. 5-lI. Spatial Mef1h in MCFR('Ih) Neutronic Calculations 

Core Vessel 

~ N.ill Blanket Wall Heflector 

Typical mfp (cm) 12 3 10 2 1 

Typical dimension (cm) 30-80 2 200 4 40 

Range of dimensioos (cm) 24-J.36 2 100-200 4 20,40 

Survey No. Intervals 10 1 10 1 4 

(10/16)* Int. Size {cm~ 3-8 2 20 4 10 
II II (mfp 0.25-0.67 0.67 2 2 10 

Detail No. Intervals 20 1 jO 1 14 

(20/46)* Int. Size (cm~ 1.5 2 6.7 4 3 
II II (mfp 0.1 0.7 0.7 2 3 

(\) 
(\) 
-J Multi zone No. Intervals 10+10 2 10+10+32 1 5+5 

(20/65)* Int. Size (cm~ (2.5 1vbl) 1 1. J. 5. 4 J.5 
II II (ntfp (0.2,vbl) O.J 0.1 O.J 0.5 2 J.5 

Intermediate No. Intervals 10 1 25 1 4 
( 10/Jl)* Int. Size (cm~ 2.7 2 8 4 10 

II II (mfp 0.23 0.7 o.a 2 10 

* (no. core intervals/no. non-core intervai.t>) 



J.5.3 Neutron Cross Sections 

This stucy required neutron cross sectiais for Th~ 233u, 2.34u 
1 

235u 233u f" . c 236 , ission products, , Na, Ni, and Cl. Data for U, Mo, 

F, and other carrier salt cations W2.re desir~ble. 

J.5.3.1 Bondarenko 26 group set [98] •. The Bondarenko neutron cress 

3ection library long ago Gstablished itself for fast reac~or calcu-

lations. Testing has revealed deficiencies in the Pu isotopes, 235u, 

and 
238u, but these nuclei· by and 1 d t ( ) arge o no appear in an i·1CFR Th • 

L · kn · 233 ess is 01-m in general about Th a.."l.d U cross sections;. t}l~y cµ-e.~ur-

rently undergoing e:ctensive ~eevaluation for Ei'ITlF/B-5~ For survey 

purposes he~e, the 3ond.c:er..k: values in Pl-co~~ected PO for!il (tran
3

-

port cross sections) should suffice. 

Nuclei missing from the library are Cl and F. Early in the 

study, K substituted for Cl: this was conservative as K absorbs 

more neutrons. Final calculatims used Cl. and F Pl sets derived from 

ENDF/B - IV. 

3. 5 .3 .2 Twenty-six group, Pl set from ENDF /B-IV. Available. 

lat'= in this study was a 92-group Pl set o£ cross sections gener

ated by AMPX.[130] from ENJJF/l3-IV, containing most of the materials 

·or interest here. This was too large and expensive to run so the 

set was collapsed to 26 groups similar (Table 3.5--III) to those in 

the Bondarenko library to allow cross-comparison and -usage. 

The list of material~ included not ail.y Cl but al.so F. Missing 

however were Na and C. Comparison of their nuclear properties indicat-

ed Mg wruld represent Na well, espec.ially since Na content is small 

compared to Cl. For C, the Bondarenko set was used ; C i~ also a minor 

228 



Table 3 .5-III 

I.ewer Boundaries of Energy GrouE. 

Gr cup Bondarenko Set AMPX~erated ~lJF LB-IV Set 

0 10.5 MeV 14.9 MeV 
1 6.5 MeV 6.07 MeV 
2 4.0 MeV J.68 MeV 
3 2.5 MeV 2.23 MeV 
4 1.4 MeV 1.3 5 MeV 
5 0.8 MeV 0.82 MeV 
6 0.4 MeV 0.39 MeV 
7 0.2 MeV 0.18 MeV 
8 0.1 heV 0.11 MeV 
9 46.5 keV 52.5 keV 

10 21.5 keV 19.3 keV 
11 10.0 k;V 9.12 keV 
12 4 .. 65 keV 4.31 keV 
13 2.15 keV 2.03 keV 
14 1.0 keV 0.96 keV 
15 465. eV 454. eV 
16 215. eV 214. eV 
17 100. eV 101. ev 
18 46.5 eV 47.9 eV 
19 21.5 eV 22.6 eV 
20 10. eV 10.7 eV 
21 4.65 eV 5.04 ev 
22 2.15 eV 2.38 ev 
23 1.0 ev 1.13 eV 
24 0.465 eV 0.53 eV 
25 0.215 eV 0.22 eV 
26 thermal thermal 
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constituent. 

3.5.3.3 Effects of resonance self-shielding. Rescnance-regic:n 

cross sections for the two sets described above 1'/ere averaged 

assuming the materials to be infinitely dilute 1 i.e. ignoring 

resonance self-shielding. In 233u most of the reactivity effects 

from fission and capture self-shielding, if present, would cancel 

each other. Self -shielding for 232Th capture , if present, could 

affect BG. 

The Bcndarenko-calculated self-shielding factors for capture 

(Table 3.~Iv ) show virtually no self-shielding in the top 12 

grcups, ;mich cover we.ti tr • .;; core and blanket spectra. :·ihat little 

does occur in grcup 12 fer ~321h, Doppler Broadening partly amelio

rates. 233u is similar. Thus the infinitely-dilute calculations 

appear correct to first and maybe second-order approximation. 
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Table 3.5-IV 

Bondarenko Self-Shielding Factors for 232rh [98] 
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~4 Transmutation Chains and Equations 

3.5.4.1 Chains for actinide transmutation. Figure 3.5-3 details 

the 'Ih cycle burnup chain as it pertains to reactor criticality. 233Pa 

branching - by neutron capture to 234u or by /3 - decay to 233u - is 

very important in a thermal reactor where 234u only absorbs neutrons. 

However, in a fast r.ICFR(Th) spectrum 234u mostly fissions (Figure 

2.i-5) ~ iDUch more so than any other threshold-fission isotope. It 

does not significantly moderate the spectrum or otheI'\·Tise detract. 

Production of 233Pa follo•rn directly from 232Th: 233Th decays 

quickly enough to ignore its presence~ 233Pa decays at the rate of 

ln 2/27.0 days= 3.0 x 10-7 aisintegrations per second per 233Pa atom. 

With¢= 1016 n cm-2 s-1 in core (25% of time),"- 0 out-of-core, and 

a core-spectrum-averaged cross section of 0.3 barns (Table 3.5-V), 

233Pa (n, '( ) reactions occur o. 7 x 1 o-9 s - 1 , more than two magnitudes 

233 slower than Pa decay. In the blanket the greatly-reduced flux 

lowers the ree.ction rate even fll!'th~r~ A thermal ree.ctQr with 0 2200 = 

39-b and p = 1014 n cm-2 s-1 x 0.25 yields a similar rate of 1 x 10-9 

s-1 [131]. 

In summary, 234u production from 233Pa parallels that in a 

thermal reactor,. but a low-threshold fission cross section raises it 

to fissile f~el status and also destroys it faster. Therefore the 

reduced presence of 234u and the 233u-like reactivity behavior of 

234u in an I-ICFR obviate the need for separating out 233Pa to let it 

decay as in an 1·1SBR. Therefore it suffices in these survey calcula

tions to ignore the 233Pa (n, '6) branch, i.e. to con::;true all 232Th 

captures to pass directly to 233u. 
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236Pu 2J8Pu .........__ 239Pu 

L2J7Np_J 
232u ===- 233u ,_ 234u ---'~23 5u ----'-236u _J 

231pa~ 233!.-1 

231 23~h r 
(n, '( )~ 

,.. (n, 2n) 

Figure 3. 5-3 Th .Cycle Burnup Cha:in for Neutrcmic Calculations 



Table 3.5-V 

MCFR(Th)-Spectrum Averaged Cross Sections for Some Obscure Reactions 

N t Cross Section (barns~* Core Blanket 
eu ron 230 233Pa(n, Y) 233Pa(n ,f) 

Spectrum Spectrum 
Group Energy Th(n, rl (%) (%) 

1 6.5-10.5MeV o.oo6 0.01 1.2 0.501 0.0403 
2 4.o-6.5 0.005 0.02 0.8 3.18 0.272 
J 2. 5-4-0 0.0066 0.05 o.8 8.46 0.835 
' 1.4-2.5 0.01 0.13 0.7 17 .15 2.78 '+ 

5 o.s-1.4 0.02 0.3 0.1 19.92 6.82 
6 0.4-0.s 0.034 0.3 o. 22.03 16.5 
7 0.2-0.4 0.04 0.3 14-42 18.5 
8 0.1-0.2 0.05 0.4 7.86 17 .1 
9 46.5-lOOkeV 0.12 o.6 4.0 14·1 

10 21.5-/P.5 l 0.22 1.2 1.48 11.1 
11 10.0-21.5 0.32 2.2 u.778 7.71 
12 4.6?-10.0 0.4 3.5 o. 133 2.70 
lJ 2.15-4e65 0.65 5.J 0.0372 0.521 
14 1.0-2.15 1.1 ..., .5 0.011 0.842 
15 465-1000 eV 1.7 10.5 nil 0.15.22 
16 215- 465 l 0.5 16 l-49xl0_3 17 100- 215 25 1.87xl0 
18 46.5-100 40 4.83-4 
19 21.5-46.5 55 1.74-4 
20 10 -21.5 95 3-95-4 
21-26 nil 

Core average 0.035 0.29 0.53 

Blkt. average 0.12 0.79 0.83 

* cross sections eyeballed from ENDF/B-V. 

In calculating burnup (fuel depletion and replenishment), this study 

also omitted the 
2
3

2
Th(n,2n) and 233u(n,2n) paths as well as the cal-

ul t• f . . 236 ( c a ion o isotopes higher than U Fig. 3. 5-3). These approximations 

should not affect the conclusions of this survey with respect to BG or 

criticality. The result:ing chain was 
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235u --

Each arrow denotes an (n, Y) reaction. 

The corresponding equations, which. describe nuclide activity up 

through 2.3 5u , are 

dU3/dt = < is;,,l" Qi > Th - (C-.14. ¢) U3 (J.5.4-1) 

dU Jdt :: (!Sn, q,) U3 - <~4a. qi 1 U4 (3 .5.4-2) 

dU /dt = ( 6'+Y <:$> u4 - <6s"'¢) U5 (.3 • 5 -4-.3) 

Here 

U3 = 233u content (c;.r.oms) 

u 4 = 234u content (atoms) 

u 5 = 235u content (atoms) 

Th 
232 

= , Th content (atoms) 

¢ ( -2 = neutron flux n cm s-1) 

6;i.,. = cross section (b) for Z3~h(n, Y) reaction 

~'I.= ,, ,. •• " 
233u (n ,abs) " 

63t= II II " II 233u (n, Y) II 

()144= II II II 11 234u (n,abs) II 

~y"' 
II II ti II 234u(n, ¥) II 

zf~= II " " II 23 5u(n,abs) II 

( o ¢1 )= total reaction rate, integrated over the neutron spectrum 

(reactions s-1 atom-1) 

Table .3 .5--VI lists the ANISN-calculated reaction rates for 

numerous cases of interest. 
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Table .3 .5-VI 

Core and Blanket Average Reaction Rates (neaotions/Atom/s) for 'Jome Configura.ticns . of· Interest 

* Configuration 
Nuclide Reaction ~ 1 1:Z 1Ni 1,20 OaZaCa.20 0 1 ~ 1c 120 0 1,1 1C 1JO .21Z .c a.10 0111c 1 20 0 17 1c 1zo 
232Th capture core 6.43-9 o. o. o. 2.40-9 o. o. 

blkt. 2.91-10 4.fJ/-10 4.oJ-10 J .97-10 1.52-10 J .89-10 J.54-10 

233u capture core 5.41-9 9.8/.v-9 9.67-9 9.37-9 2.09-9 9-07-9 7.60-9 
blkt. 2.72-10 .3 .86-10 .3 .81-10 3 ·75-10 1.43-10 .3 .68-10 .3 .,35-10 

absorp. core 7.54-8 1.65-7 1.60-7 1. 5.3-7 2.57-8 1.45-7 1.11-7 
blkt. 2.41-9 J.JJ?-9 .3 -44-9 J .JB-9 1.22-9 J.J0-9 2.98-9 

234u capture cor1~ 9.26..9 1.78-8 1.74-8 l.GB-1..l J.44-9 1.61--8 l.Jl-8 
blkt. 3 ·9.5-10 5.82-10 5.76-10 5.65-10 2.08-10 5.53-10 5.00-10 

absorp. core J .21-8 8.21-8 7 .9.s-s 7.46-8 9.42-9 7.02-8 5.08-8 
[\.) blkt. 6.16-10 9.31-10 9.20-10 9.00-10 J .04-10 8.78-10 7.85-10 
l>J 
CJ\ 

231.J absorp. core 5.48-8 1.17-7 1.14-7 1.09-7 1.90-8 1.04-7 B.OB-7 
bl.kt. i.92-9 2075-9 2.72-9 2.67-9 9.84-10 2.61-9 2 .36-9 

a The nomenclature for each configuration is 

'l'hCl 
4
/uc13 core ratio, 2.3.3u / 2.34u core ratio, reflector material, NaCl molar content ( % ) in 

core salt 



J. 5.4.2 Chain for buildup of 232u-parented radioactivity. 
232u 

buildup in the fuel merits special attention because it heads a 

lengthy decay chain (Figure J.5-4) which culminates in 
208

Tl, the 

emitter of a penetrating 2.61-MeV gamma ray • 

Fig. J.5-4. 
..,-:;i., 
..._,-U Decay Chain 
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The high-energy gamma necessitates remote handling of the re-

cycled fuel and complicates the fuel reprocessing and refabrication. 

This discourages fuel diversion and theft as well as subsequent weapon 

manufacture. For legitimate MCFR operation, which requires no fuel 

fabrication and continuously reprocesses fuel anyhow, it poses no major 

additional problem. 

Some 228Tn will actually exist prior to 232u production due to 

232 Th decay: 

232Th 0( 

1.39 ::r 109 y 

228Ra -...-P----.. •-
6.7 y 

228A , b ~ > 228Th 
c 6.13 h 

This might assist as a ieterrent early in reactor operation due 

to the 2.6-:.IeV gamma signal 1 but being a different chemical element 

Th will easily separate from the U fuel. Therefore it plays no sig

nificant ~ale here. No other isotope besides 232u should be initially 

present. 

232 . I 233 Several paths lead to U in a Th U fuel cycle. 

from a source material (enclosed in boxes in Figure 3.5-5). 

and 233u are obvious source materials in core and blanket. 

Each starts 

About 1 ppm 

230Th normally occurs in thorium; it comes from decay of 236u which 

occurs naturally in most Th ores. 

The route 

should dominate. The routes 
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n3 
Th zz.1,,, 

t ... r) 

Figure 3.5-5. 232u Buildup Chains. Boxes denote isotope which 
exist in reactors at startup. 

233Th(n,2n) 2J~h( jb-) 231Pa(n, y) 232Pa (/-) 232u 

230Th(n, Y) 231.rh(
1 

:,-) 231Pa(n, Y) 2J2Pa( ~--) 232i.J 

23~h(n,'() 233Th( Jl-) 2J.3Pa(n,2n) 232pa(/-) 232tJ. 

will also contribute. 

The threshold nature of these reactions implies that 232u will 

buildup much more in f3.st reactors than thermal ones. 

Magnitude comparison of the various paths can lead to some 

simplificaticns. Ignoring the delay from 25.6h half-life decay 

of 231.rh and 22. lm . half-life decay of 233Th, the differential 

equaticns are 
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" J I ,..,.. cf-,}..\ + cr.'.1," _.,. ',, .._ 6, ..... A. N13 - (fz:z.. + Dzz.. cP) Nz.z.. dl'(n_ dt "° U~N , 2.~ •'I' J'l _,., t.p \: 

where 

t . . f .th . "d N. = cancer. ra~~8n c i nuc~i e 
i 

(3. 5.4-4) 

(3.5.4-5) 

. (3. 5.4-6) 

i = 00,02 1 11,i.; ,22,23 for Th isotopes 230 and 232, 
Pa isotopes 231,3 1 and U isotopes 232-3, respectively 

.4. ( , -2 -1 ) . 16 
'¥ = total flux n 

1 
~m s = typically 2 x 1. 0 

ili·~ore 1 · 5 x 10 in blanket . 

A = probability ()..) for A--decay of 233Pa 
I~ r 

-7 -1 
c: 3.0 x 10 s 

\ \ 232-. -10 -1 
f\u_= , for <X -decay of u ~ 3 .1 x 10 :_ s 

Goen= spectrum-average~ cross section ( <S ) for the 

239 Th ( '{) n, reacticn. 
9Q 

Subscript ¥ denotes (n, '() reactions to distinguish from l~ which de-

notes (n, 2n) reactions and from a blank which denotes total neutron 

absorption. 
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The procedure for determining most l oJ was to average their group 

f (g)J 
values ((Ji ) over a typical calculated MCFR spectrum. ANI::iN calcul-

ations did this for cr02l'cp (Table J.5--VI). Table J.5--VII similarly 

evaluates 0 111 , '111 , and CTz.z. • .2.:valaations for a"~r and o-\3 data est

imated from the literature gave results too low to warrant more de-

tailled evaluation. 

Where pointwise data is unavailablP-; ~!CFR spectrum-averaged reac-

tion rates ( ~ 6 ) can be estimated from fission-spectrum averages by 

[ ;.. J (FS) cp6 = _-v,. c5 
-xl 

Here, 

[ ~'.J = ratio of flu..~ to f~ssion-spectrum fraction in tne first neu

tron energy group 

= 5 x 1015 , typically for an MCFR(Th) core 

= l x 1013 , typically for an MCFR(Th) blanket 

Calamanu [132) ani Gryntalds [133) ~valuate~ the fission spectrum 

average for o0~T and o;
3
N to be 14.2 and J .J mb, respectively. Fitting 

Calamand's empirical correlation for 
(5 (FS) = 343• A 2/3 e -0. 9816 F T(MeV) mb 

Then for 233Pa(n,2n) with 

- (Fs-) 
cf UN = 21.0 mb 

~ = A+1 (-Q) = 
T 

234 
233 x 6.518 

Table J.5--VlII sununarizes these results along with all the others above. 
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Table 3.5-VII 

Some MCFR(Th) Spectrum-Averaged Four-Group Cross Sections for Actinide 

Transmutations [134] 

r::J {b} S;eectrum (%2 

SnergiJ 231Pa 231?a 232u 

~ Range (n, Y) {n,f) (n,abs) Core Blanket 

0.8-1 o. :.rev 0.01 1.2 1. 97 49.2 10.8 

2 46.5-800 keV 0.43 0, 18 2.08 48.3 66.2 

3 1-46.5 lceV 3.5 o. 3.0 2.4 22.9 

4 0,465-1 keV 61. o. 14. 0.1 0.17 

5 therr:i.al 200. o. 155. o. 2.1-7 

Averages 

r Core 

l Blkt, 1. 2 0.25 2.3 

Spectrum 0.36 0.67 2.1 
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Table 3.~-VIII Svaluated Production and Destruction Coefficient for 

Reaction Reaction Activit:ds-lL 
Coefficient* Symbol DescriEtian ~ :ri:lan~et 

;:j._ 021: (5 03\¢ 232Th(n,2n) ?xlO-ll 1.xl0-13 

cZC2\. ('\ ~ 
~ 02t 232rh(n' '( ) 4xl0-9 2x1C10 

-1 

c-'11'6'¢ 23 lPa(n ''() ?xl0-9 6x10-10 
-All 

:/ 
13 

cs ¢ 
13TJ 233 ?a(n ,2n) ixlO-lO 2x10-lJ 

_, 23 J23r-;¢ 2T ;J(n,2...'1) -11 2xl0 - 3.xl0-1.4 

_1J 
::;11' 

23 :.Pa(n ,abs) -8 7xl0-lO 
-..,; 11 2xl0 

( 

/313 
\ 233Pa (/~ - ) 3.0x10-7 J.OxlO-? 
/' 13 

?22 Y22¢ 
232u(n ,abs) 4.xlO -8 1.xl0-9 

> 22 
232u ( o<.) 3.i.x10-10 3.i.x10-10 

r) oJ 230Th(n, Y) ?.xlO-lO 6.xlO-ll 

o- ¢ 
13 

233Pa(n ,abs) 1.lxl0-8 4x10-10 

* 
5 ri ? d . ff. . t d \ r. I ; are pro UCtl.OO COe 1.Cl.en S an : r ~ 3.!'e cestruction coef-

ficients. Their use in the differential equations helps in visual 

checking and bookkeeping of terms 
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The probability ratio R of path ZJOTh(n, Y )231._rh to path 232rh 

(n,2n)231rh (Fig. J.5-5) is 

cs N 
R = oo oo 

C:) 02N N02 

For N JN = 10-6 ( 1 ppm) mentioned above, get 
. .· e~ 10-6 x 7 x 10-10 -5 . 

R = = 10 in core. 
7 x 10-11 

-6 6 x 10-ll 
= 10 x 6 x 10-4 in blanket 

1 x 10-13 

Thus the 230rh(n, ¥) 231.rh path can be ignored. 

-7 -1 ..+.. In the destruction o:f N 13 , ).. 
13 

= .3 .o x 10 s far exceeds '-I' er 
13

: 

ir, the core by a factor of ne.s....~ 30; in the blanket, by three magnitudes. 

In the destruction of N22 , 6 22:/> far exceeds .A 22 and t~us becomes the 

governing time constant (of about 10 mos.) in the approach to 232u eq-

uilibrium concentration. 
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'laking La Place transforms of Equations 3 .5.4-4 through -6 

s 1t22 -
1

'1 ~ = rf.. 23 ~'·23 + d.11 /J( 11 + o( l.J(J(_ lJ -/ 22 /11(_22 

'Vt = -
1

- \ NL G + c% 23 ~23 + J(ll '1111 + cX.13 !l{ lJ 7 
22 s+ D 22 l 22 J 

f 

;1,( _1{{ 0 - c< (/;( - 6 1( 
S 11 - 11 - 022 . 02 I 11 - ll 

( 

IV( = - 11{ o cX /f [ C 
11 s+ /.\

1 
L . 11 + o2 02 j 

il 1 r . o , /JJ 1 
1 lJ = s + fl 1J l 1 - l3 + IA 02'f . 'l 02 ) 

c· 

Assuming K. constant = ~:. for 02 and 23, then -1·1 (s) "" J.. 1AL 
l. l. 02.. s 01. ) 

and substituting, get 

0 

ti/.,, 

+ ~ ['11 o + o/0~- 11. :1. ·] 1 
S /~ I:!) 5 ... r,"!> 
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row initially one would have 

Then 

~i ::: l "" (, t-
..J...,, 

Z7.. ~ (:; +-f-'n) $...-pd 

....... ;.i:,3 
:J..oz..y 1(_ c 

5 .s t-31.3 
cl.. 

!-: ormali:;inf, 232u to 233u concentration cne has 
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Setting G (3,·) -
I 

-/!>; t 
-~ 

; :::i, 

and 

get 

n l ' 1 /I\- b il · f t" ,. ~·1 r,r · :.e can now exp ore 1.22 .. 23 u oup as a unc ion c.1. ,, 02; 11 23 , i.e. 

To calculate the radioactivity we construct and solve the decey 

equations for the 232u daughters -in Figure 3.s-4. 22
4aa, 

22~, 
216Po 1 and 2~b all decay relatively instantaneously, so they can 

be skipped. For a fuel outside the reactor with a given 
2.32u con-

centration one then has 

232tJ 72 y 'r 228'Ih _1_.9Y....._~> 2~i 

i 

60.6 m 
O.jo 

60.c:n 
~ 

20STl .3 m 2.6 EeV 

For uuroose of simplification, we take the 232u concentration here ~s 

constant. The differential equations a.re then 
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I, \ 

0.36 )i 32 N32 - '). 18t:18 

1·1here 

n22 ccncentraticn of 232u 
92 

N08 
II II 228Th 

90 l: 

'1T32 
II II 212ni 

83 

N18 " " 208Tl 
= 

" 22 = ln 2/72y = 3.1 x 10-
10 

s-
1 

f-
08 

= ln 2/1.9y = 1.2· x 10-
8 

s-1 

Taking Laplace transforms 

s .iVl1s -1(,~ ; o .. 3b ~ .3z. ~n - ~ 18 11111 s 

4.,s = 
s +- ~18 
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13t S+-hL 2 tit,: +- ~oS ~og 5 

s1or-11{~-= Azz. trti.. - Ao~ 'Vloi 

4Loi ::. S +- )o! l 1f 0°r "'"" >.u. 11.zz. J 

S 1LzL - 1v'l2~ ::: ~ ). l Z.. '11. 2.'L 

Al{_ 1.1. 
\ 0 

= ry~z .. s +- ~l7-

.. 1.,a 

-r o:~b An \01? '1t:i D. ~b )i ~t ).Ml ~ l.'Z. '1Jl 1: 

( s~A1-s) c S+)-n.) (s +'>or) :3( S+). 19 }( s+ ~3l)( s + ~o8) 

There are an infinite set of possible situations and correspon-

ding solutions associated with different reprocessing schemes. Cf 

most direct interest is the situation where 
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vrhere 

F(a,b,c) = e-at/(b-a)(c-a) a 

208 S = emission rate fo:;.· 2.31-;.rev Tl ;;~.:i.s 

and the units of A
1

oN 18 are 
206

Tl-decays/s. Substituting in N23= 

19 gm 233u metal cm-3 x 6.c2 x 1023 233u atoms per 233G 233u and t~e 

[ ~; 1 , one gets a source rate 

6.02 x 1023 4 -8 1 S = 19. x x 0.36 x 1.9 x 10- x 1.2 x 10 x3.1 x 10- O 
23.3 

rote that for at least one Fi the exponential numerator should 

be near one and its denominator very small so thatz'F. is large. 
J. 

Section 3.5.11 .2 evaluates S for situations of interest. 
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3.5.5 Pertinent Physics Metrics 

J. 5. 5 .1 BG: actual breeding gain. The conventional definition 

of BG is 

BG = rate of fissile production 
rate of fissi.Le destruction 

(3 .5 ... 5-1) 

The question then arises: which materials are fissile and which 

fertile? Convention says 234u is fertile, but in the very hard 

i:CFE neutron spectrum it behaves like a fissile: 6-f exceeds tSy over 

most of the neutrcn spectrum (Fig. 2.1-5), suggesting a bare 

critical r;iass smaller than that for 237Np ( 69 kg), 240ru ( 159 kg), 

or 241.<\m (114 kg) [135]. 232'=-"h and 238u cannot sustain a chain 

reaction. 
?33 ?3/1 235 -· . , . ..,.,.,.,~ Thus i:-re laoel - -:_-

1 
- -:-U, ;:i.;:id. u as r :i.ssi_es l.n an ,~.J~ '--1 

232 233 -· . -Th and U as non-rissi~cs. 

BG can mean the instantaneous BG at any given point in time (of 

the burnup cycle) or a time-averaged BG such as over a given LHFBR re

fuelling cycle or reactor life. As ·the surve.7 nature of this study 

precludes a detailed fuel. management analysis, this study deals 

only with instantaneous BG, presumably on equilibrium cycle: 

BG = ~~--T_h~c_a~p_tur __ e __ r_a_t_e ____________ _ 

rate of 233u, 234u, 23 5u fission 

This certainly differs in 234u treatment fran that for a thermal Th;233u-

MSBR: however each reflects the physical real-ties of the corresponding 

neutron spectra, and this definition does agree with equation. (3. 5c 5·.-_t•) 

above. 
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3. 5. 5 .2 BGX: BG extended to zero neutron leakage. BGX 

gauges the EG potential of a reactor design in the event that 

neutrons which presently escape from the reactor (outer) blanket 

(CB) were instead captured there in the same proportions as 

present. 

BGX == ( l+BG) r l +I-Th capture ~ 
/ L total abs rate_; 
" OB 

7 -1 
I 

.J 

This metric thus indicates what additional BG can be obtained 

through a larger blanket. 

J.5.5,3 BGP: BG potential associated with the core spectrum. 

The theoretical limit to BG f0rns another valuable metric of an ECFR('I'h). 

Taube calculated previously-unheard-of BG = 0.7-0.B (BR = 1.7-1.8) 

for an MCFR(Pu). 

Section 3.,1 •. 1.1 defined BG potential. a.s the num:ie:c', of neutrons 

available for breeding per 233u fission. Tha.t ignored ~11 .actinides 

except 232Th.and 233u. The net result depended primarily on ~(ff 

for 233u and indica.tei a potential for BGs up to 0.4 on the 23~h/233tr 

fuel cycle. 

The ideal situatio:a would be for 232Th to capture neutrons which 

leave the core: i.e. for none to leak out the blanket nor be_l~~t to 

parasitic capture. Then BG = -V -2. ·However_, for the MCFR here_:-we 

must return from utopia. and allow at least for parasitic losses due 

to necessary core salt components. This then gives 
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BGP = (I) -2) 
reactor 

~ (parasitic captures) 
(.__, core . 

I. reactor (fissions ) 

3.5.5.4 cp core" The core-averaged total flux will primarily 

indicate the rate of damage to, and thereby replacement of, the 

graphite tubes. 

The median core flux energy is found as-

swn.ing a constant lethargy flux within a group's boundaries. 

This metric proves to be a valuable barometer of BGP (Fig. J.,5-6) 

since il and 6'f. increase wi:.!'1. fast neutron energy while ~ decreases. 

J.5.5.6 Power density. Together with (E?, r1. , this metric core .,, 

determines ¢ • It also affects heat exchanger design: core the 

higher the power density in the core fluid salt, the faster must heat 

per unit fluid volume be removed in the exchanger. 

3. 5. 5.7 ¢ (vessel), total and > 100 keV. Unlike the core tubes 1 

the MCFR design and operation plan does not readily tolerate the re-

placement of the reactor vessel. Therefore the neutron damage 1 

especially measured by the flux above ~00 keV, should not exceed 1013 

-2 -1 n cm sec or so. 
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Flu.x
Spectrum
Averaged 
<~ -2) 

Flux-Spectrum-lveraged Energy (keV) 

Figure 3.5-6. Variation of Utopian BG (Ignoring Parasitic 

Losses and Leal;:age) with Core Flux-Spectrum 

5ardness. 
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3.5.5.8 Fuel inventory and doubling time. Doubling time (DT) provides 

a pertinent measure of the economics and physics of a breeder reactor: 

the time required to breed enough extra fuel to start up another re-

actor. That should really encompass the whole fuel cycle: core + 

blanket + primary loop + in-plant stockpiles + transport + fuel fab-

rication + fuel reprocessing + out-Df-plant storage. 

However, perhaps because solid fuel reactors all require silni.lar 

ex-reactor fuel cycles, DT conventionally measures just the time for 

duplicating core and blanket. To facilitate comparison, this study 

adopts that definition also except that the MCFR must also include 

its full primary circuit com:.ents: 

Here 

DT = 
u + u 

0 b 

BG production rate 

u. = U content inside the reactor vessel; more precisely be-
1. 

tween the ex-vessel bends of the tubes (Fig. J.2-9,-10 1 

and-11) 

U
0 

= U inventory in primary circuit beyond (outside) the 

reactor vessel: piping, pumps, and heat exchangers. 

Section 3.4 indicates the volume V 
0 

= 2-3 m3• 

Ub = Blanket U content 

This should result in a conservative comparison of the ?·iCFR 

fuel cycle to the solid fuel cycle of other breeder reactors: solid 

fuel will require much more inventory in storage, transportation 1 

decladding, and fabrication operations; the MCFR, little. Both 

cycles should involve similar amounts of chemical processing, but 
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the MCFR going from liquid to liquid state, may require fewer steps 

and therefore less U. 

The odd geometry of the skewed tube con.figuration increases the 

in-vessel U content, U. , considerably beyond the calculated critical 
J. 

spherical mass, Us. If there was only one cylindrical tube (N=l) 

then the volume V. associated with U . would be 
l. l. 

(3. 5.5-3) 

where 

Vs = critical volume in spherical geometry 

SF = L/D-dependent shape factor (Sec. J.5.1.2) 

L critical cylinder length. With a single cylinder, L = H 

H = distance along tube between bends. Considering the 2 

meter blanket surrounding the core , we estimate H = 5 m 

D = critical cylinder diameter 

Rearranging Eq. 3. 5. 5-3 , get 

(J.5.5-4) 

Since SF depends on L/D, Eq. 3.5.5-4 is transcendental; it must 

be solved iteratively or by graphical intersection technique. 

If NI' 1 and the tubes lay su.fficienUy apart from one another 

(loosely coupled), then Vi (N ;> l)~N Vi (N=l). However, this is 

not of interest because we prefer strong intertube neutronic coupling 

(Section 3.1.3.2). 

With strong coupling, if N tubes were not skewed but lay ad-
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j acent to one another, then their ccmbined cross sectional area 

would approach that of a sjngle large tube f then 

Vi(N > 1) =Vi (N=l) of Eq. 3.5.5-3. 

In contrast, when skewed the maximum, the tubes closely approach 

one anc:thiET only near their midpoints. Then no tube sustains the 

neutron chain reaction Ver;{ well outside the close-approach zone. 

The critical geometry of that zone should resemble a square cylinder 

(L/D=l), somewhat squeezed at its middle into the shape of an hour 

glass or a wheat stack ( D ) . 
The large mean free paths of fast neutrons tend to negate the 

"tubular" protusions of core salt from this geometry: next collisions 

will probably occur in the neutron-absorbing blanket. Then with 

L/D:::::: 1 

v JSF(L/D=l) = NiT"Dt 
2

. Dt I 4 

where 

Dt = diameter of a single tube 

Dt =: (4 vs IN trSF(L/D=1))
1
/ 3 

vi (N > 1) = N ir H o//4=H((v/o.cn)2
N11"/4)l/3 

= 0.94 H (N V
5

2)1/ 3 (3.5.~5) 
Figure 3.~7 displays the results of Eq. 3.5.~3 and 3.5.~5. 

The differences in Vi correspond to the differences bell;ween zero and 

ma::d.mwn·akew angle respectively. Thus the true results would lie 

intermediate. For the present study we take V. at some value of low 
l 

significant figure slightly below the Eq. 3.5-7 line (for N=3).: This 

should.result in a conservative estimate of DT. To get u
1 

or U
0 

we 

multiply V. or V by U /v • 
1 0 s s 
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Figure 3.5-7. 7ariation of In-Vessel Primary-Circuit Vol'W!le 

<1i th Critical-Sphere Volume for Maximum- and 

Zero-Angle Tube Skew 
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3. 5.6 Fuel Cycle Modell?-ng 

3. 5.6.1 Fuel cycle model. Figure J. 5-8 describes the actinide flow 

scheme. (Section 3.7 describes the chemical aspects of the fuel cycle.) 

Th supply to both primary circuit and blanket i!!aintains the ':'h con-

centrations. U exits with fractional. removal rates p and b respect-

ively, passing into the shim tank. b is actually a net removal rate: 

part of tl:ie removed blanket U returns. 

Prima')' 
Circu..IT 

I (:rncl. core) 

@® 

Bla.n~e-t 

Fig. J.5-8. Actinide Flow Scheme 

Fraction f of the shim tank inflow feeds the primary circuit, 

simultaneous with pUP and fission product removal. The remaining 

fraction g = 1-f is exported as BG. 

Extending Sec. 3.5.4.1, U varies ll1 the blanket according to 
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du3Jdt = < 6-n-.< 4 \ T~ -<~ct>\ u3b . - b U3b (3.5.6-1) 

dU4b/dt = <' cs'.n- 4i >o u3b - <cs'~~\ u4b - b u4b (3.5. 6-2) 

dU~dt = <'0~lf ~'>a u 4b - ( 6 5 0.4> \ u5b - bU5b (3.5.6-3) 

Similarly in the primary circuit 

rIDJ/dt = (<fw ¢\ Th5 - <ISj .. cp > 5 u35 - pUJp 

+ f(pUJp + bUJb) (3.5.6-4) 

dIJ4pidt =(~rtP) 5 u35 - (o<!c. 4l> 5 U4s - pU4p 

+ f(pU4P + bU4b) (3.5.6-5) 

dU 5,/ dt = <!l'"1'r ~) s U 4s - (65 .. ct> ) s U 5s - pU 5p 

+ f(pu 5p + bU5b) 

Here the subscript s denotes the spherical core region. The in-

tegrated reaction rates may differ slightly in few-tube geometry, 

but they can be adjusted later to reaction rates from assemblies of 

higher Th concentration. 

We define here 

Us = UJs + U 4s + U 5s 

Ub = UJb + U 4b + U 5b 

U. = U. V Iv , i = 3 ,4, or 5 for 233u 231iJ, or 235u. 
J.p l.S P' S 

$ = v,jv5 

V = Volume in the primary circuit 
p 

V = Volwne of a critical sphere s 
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Then' substituting in Eq. 3. 5.6-4 through -0 for the I uipJ -

3. 5. 6 .2 Equilibrium fuel cycle. We now study a specific situation of 

interest - the equilibrium cycle where compositions have stabi.J..izec and 

r ciJ i 3 I dt ~ each c o. The starter fuel. does not affect the equilibrium 

composition; only the feed material. and neutron spectrum control it. 

This section seeks to determine the relations which express 

1. The equilibrium proportions of actinides in primary circuit 

and blanket 

2. The equilibri1,;I11 breeding gain and/or reactor doubling time. 

ANISN calculations provide the reaction probability rates (per 

atom)\ 5"~) • In addition we specify the core uranium concentration, 

and blanket thickness. Together with a critical core radius search, 

this fixes u
5

,Ths' and T~. Nine unkno'Wl'ls remain: u35 , U4s' u5s' 

u3b, U4b' U5b' f, b, and c. There are seven equations, 3.5.6-1-

J.5.6-7. That suggests that we al.so choose the reprocessing rates b 

and c; these will then determine f, and from it,the BG export and 

doubling time • 

Now setting dUij/dt .. 0 for each i and j 1 then from E~. 3.5.6-1 

through 3 .5.6-3, in the blanket: 
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u.3b = 
( OTur 4>) b 

Tl\ (3.5.6-9) 
b + <o-)a.¢)b 

u 4b :: 
<~~lb )h 

u.3b (.3. 5 .6-10) 
b + < cf''k. di> b 

u5b = 
< ()14)' cb) b 

u4b (3 .5.6-11) 
b + ( Csa. ¢ \ 

Normalizing uraniwn contents to Tl\, get 

where 

u4b = ~b 

u5b = 

In the core, by equations 3.5.6-4 through 3.5~6-6, get 

u4s = 

(Cn,r4 >s·Th5 + b.f U3b 

(OJ4.b>s +p~(l-f) 

<6~¢)5 u35 +bf U4b 

< ~ cb >s + p .s ( 1-f) 

< 6~r<h >s u4s + bf u 5b 

< 65 .. cP ) s + p .s ( 1-f) 

262 



Normalizing to Us and setting c = p !; : 

< CS~r ¢/s ts + fl_ ~b 
~s= 

( 
6 3<l. qi >s + c(l-f) 

+ V\.. u4b 
u4s =. 

( 6";,;r d> L sljs 

( <5'~c\i ls + c(l-f) 

( 6''\~ 4>) s U45 -t-'1 Lls!:> 
u5s = 

<6s-.4> ls + c(l-f) 

nere 

u... = u. /u 
J.S J.S S 

t = Th /u s s s 

v'l. = bf·~ 

~ = nvus 

Now to calculate these requires .lmowledge of f. Smmz;.ing Eq. 

3.5.6-5 through 3.5.6-( gives a recursion formula suitably weighted over 

all the actinide contents: 

4 

cUS + 4: <ir,f4>)5. Uis + (c:r.s~c:!>)s u5s - (cS-..t¢)s Th_s 
f + ~----.i.o.,;;---~--~--------------------------------~ 

c us + bub 

Normalizing numerator and denominator to Us, get 

.;; .. 

f = 
c + .,~(<5., <t>)s llis + (6"sa. ct>/s. Ll~s - <cr-n.t'<Pls ts 

c+b·'1>·~ 

Our iterative procedure wi.ll be to 

(1) Choose b 

(2) Calculate { uib ~ and ~ 

(J) Make initial. { uis \ ~ess 
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(4) 

( 5) 

(6) 

(7) 

( 8) 

Choose c 

CalCulate f by t:q. 3.5.6-15 

Calculate corresponding f u. 1 and u = r u. L l.S } s l.S 

If j us-1 I<: E , renormalize l uis 1 and us 

Reset starter guess and go to (4) until desired range 

of c is covered. 

(9) RetUin to (1) until desired range of b is covered. 

The BG export rate is 

il = (1-f)(cU + bUb) e s 

The doubling time with resfect ~o reactor inventory is then 

ut 
I1I' = -------- (3.5.6-17) 

( 1-f) ( cU s + bUb) 

where 

ANISN calculates U and reaction rates (Table 3 • .5-VI), s 

Ub depends on removal rate b (Eq. 3.5.6-9~10 & 11) 

Fig. 3-5-7 provides the means of getting U. from U 
l. B 

U = 2-3 ~.as discussed in Sec. 3.5.5.8. 
0 

3.5.6.3 On the choice of U removal rates c and b. This section 

studies how c and b affect the core 233u;234u ratio and blanket 

U content (1Jb ) using reaction rates calculated for an MCFR model 

with 30/35/35 NaCl/ThCl4''uc1
3 

molar composition and 7/1 
2
33u;231iJ 

ratio in the core salt. Section 3.5.8 shows the importance of high 

Z33u;234u ratio in the core salt. Ub should be minimized because 



it degrades BG export (u e) and increases doubling time (DT); it 

also generates unwanted power and radioactivity in the blanket. 

Figure 3 • 5-9 shows how increasing b quickly reduces Ub to nil. 

The total U inventory (Ut) then comprises just the primary circuit 

contents, Ui + U
0

• Meanwhile, Ue rises from oblivion to its max

imum level. Since Ut and Ue '!a.ry with b in opposite directions, 

their quctient DT (Eq. 3.5.6-17) varies even more strongly with b 

(Fig. 3 .5-10). Core 233u;234u ratio also varies markedly with b in 

Fig. 305-lO. 

All these comparisons argue for b::? 10-7 , but not much beyond 

that. Fig. 3.'>-11 shows thc:.t high c keeps 233u/34u high and or.J.y 

slighUy affects DT adverse~y. It seems to waITant .c as high as 

10-
6
/s, but not crucially so. Note that c = 10-7 implies a primary 

U removal rate of p=c/~ = c Vs/V • 1'hus the requirement on p will p p 

typically fall a factor of 10 or more below (be far less stringent 

than) that on c. 

A rate of 10-6/s implies the removal of 1 ppm of the U per second, 

or a complete processing of that zone every 11.6 days. Though that 

may be doable, a rate of 10-7/s or full processing in 116 days seems 

more reasonable while imposing no severe penalty. 

Detailled analysis in other studies shows the same b and c be

-7; havior patterns there. Thus we adopt b=c=lOs as a reference for 

this work. We also conclude that physical reprocessing limitations 

should not prevent us from achieving near-optimum 233u/234tJ ratio 

and DT and small Ub. 
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Fig. 3.5-11 
Sensitivity of 
Doubling Time and 
233u/234-u Ratio to 
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3.5.7 Reactor Desi,gn: Configuration Trade Studie 

3. 5.7.1 Inner blanket stud.y. Taube studied [17] inner blanks.ts up 

to 1.1 m b radius for spherical MCFR(Pu) and (fluoride) MF"fR(Pu). In 

each case the outer blanket remained one-meter thick. With pure fissile 

(no fertile) salt in.the core, the BG slightly increased 'for an r:ICFR(PU) 

and decreased for an lIFFR(Pu). Fig. 3. 5-·12 shows the changes by zone in 

tne MFFR(Pu study: inner blanket breeding increases with its volume, 

but also softens the core neutron spectrum. The result is increased 

core BG but lower total BG, more so for F than Cl salt. Thus for a 

Relative 
BG 

Q.20 

0.10 

o.oo 

-0.10 

Fig. 3 .5-12 

BG outer bl. 

R • 60 cm R 

0 2 
Rel~tive Inner Blanket Volume. 

80 cm 

. I 

2.37 3 

Impact of Inner Blanket Volume on BG for a ~1FFR(Pu) 



fixed reactor diameter, which controls the overall plant size, an :inner 

blanket does not appear worthwhile relative to just increasing the out

er blanket thickness. Furthermore even if marginal BG advantages were 

found, the added engineering complexity would probably discourage it. 

To verify the affect of an inner blanket a study was made in spher

ical geometry. Figures 3.5-13 and 3.5-14 show the results for:a 

ccnstant total blanket thickness of 200 cm. As the IB diameter increas

es, the annular core moves radially outward. As a result 

1. The core volume increases 1 decreasing the power density 

2. The core spectrum softens 

.3 • Neutron leakage from the reactor increases 

4. Inner breeding increases and outer breeding decreases resulting 

in a strong net dec~ease 

The accelerating BG decrease is primarily caused by the increasing neu

tron leakage and secondly by the softened core spectrum effect on BG 

potential. 

3.5.7.2 Cptimum outer blanket thickness. A study was made to determine 

what constituted an infinite (outer) blanket thickness to BG. It assumed 

no inner blanket. The study considered ThC\/Ucl3 molar ratios in 

the core of 0,1, and 3. The NaCl molar content in the fuel salt 

was 30/o. The results (Fig. ,3.5-15) indic~te that 2 m is near in

finite. 

Figure J.5-16 shows that the outer blanket also shields the 

vessel frcrn the high core flux: a two-meter thiclmess reduces 

the damage ( > 0. 1 He V) flux by over 3 magr.i tu des do~·m to the level 

of the .delayed neutrons. 
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Figuxe 3. 5-13. Decline of BG a.nd Median Core Clux Energ'J 
with Increasing Inner Blanket Size 

Bases: - 30/35/35 molar proportions of Na/ThCl~Uc13 
in the core 

- 200 cm total (inner+ outer) blanket thickness 
- Ni reflector 

160 

3. 5. 7,3 Reflector. A pair of .AAISN calculations determined the 

effect of reducing the reflector from 40 cm graphite to 20 cm 

using a keff-precision of 0.001 or 0.1%, P1 cross sections, and 

SS quadrature. With a 2 m blanket, the BG dropped from 0.3448 
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Size. 
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- Ni reflector 
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to 0.3442 or 0.2%. The critical radius increased from 26.11 

to 26.14 cm or 0.1;-G (a critical Yolume increase of 0.3%). Thus 

cutting the reflector thickness in half barely sho:vs up above the 

accuracy of the calculaticns. lhis result corresponds well to that 

of the previous section: namely that two meters constitutes a 

!'lear-iri.l'inite ol.::.:Ji:et thickness. 

Comparism of C a.nd l!i reflectors fer a 3/1 Th/U core ratio and 5-;n 

ti".: ck blanket showed no det~ctable differences. For a o/ 1 Th/u core ratic 

and 1-m thick blanket, C performed much better (BG=0.1o6) than Ni (BG= 

0.0~0); the critical core r~iius differed little. The BG difference 

probably stems from the mode:-ating power of C: neutrons reflected by C 

stand a much better chance cf capture by Th than tho~e reflected by Ni. 

This recommends C for cases ~mere a non-infinite blanket is used. For 

.2, 1.5--2.0 m thick blankets and 65/35 ThClJNaCl mixture, a neutron re

flector appears unneeded. 

3.5.7.4 Core tube material. In an MCFR (Pu) stud,y [75], a 20 

;fo/So Fe alloy for the core/bla.nket wall reduced BG by 0.04 rela.'tive 

to a C wall. As the 2(J/~ i:lo dominated the neutron absorptions there 

(61%), 100,:~ I:lo tubes might reduce BG by c.2. The MCFR(Pu) study 

assumed in-core cooling with the tubes occupying 5.9% of the core 

volume. In the present i'lCFR(Th) concept the 2-cm tubes occupy several 

times tha~ proportion of volume but they lie more on the periphery. 

Thus a EG effect si~ilar to 0.2 mi.;b.t be e~qiected. 
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3.5.8 Reactor Design: Con"k""Olling the Core 233u;234i.J Ratio 

3.5.s.1 Basis for studying the ratio. Z34tJ content affects the 

Section 2-adduced goals: hard neutron spectrum, high BG, and min

imum presence of Pu and other heavy actmides. Although 234u 
content is not a design (independent) variable but rather a physics 

consequence (dependent variable) , still design variables like NaCl/ 

UC1J/ThC1
4 

molar composition can influence it. Therefore we study 

its effects as if it were an independent variable, looking at 233u/ 
234u = J,5, and 7. 

The MCFR model used as a basis in the study included a core saJ.t 

molar composition of J0/70/0 NaCl/UC1J/ThC14 and a 200 cm blanket. 

J.5.8.2 Effect of the ratio on spectrum, BG, and Pu presence. 

Fig. J.5-17 shows that ZJ4t.J softens the neutron spectrum ( (E/ 
core 

decreases. This is probably due to a higher ( C5 inel) / { 6 fiss > 
ratio for 234u canpared to that for 233u. 231;; also reduces BG and 

power density. Table J.5-IX shows that the major BG reduction stems 

- · 23L 
directly from the lower (-i)<Sf - oc..) value for , 'U, not from spectral 

softening. This same phenomenon decreases the reactivity of high 

234u systems: that accounts for the larger critical volumes and lower 

power densities. 

Intuitively, a high ratio will minimize the presence of Pu and 

other heavy actinides (the third goal): 234u heads the chain that 

leads to them. 

In summary, a high ZJ3tJ;231iJ ratio promotes all three goals of 

ha.rd neutron spectrum, high BG, and min:iJnal Pu presence. 
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Table 3. 5-:!:X Calculation of Neutron Production by the Two Principal 

U Isotopes 

233u;234u 

Ratio 

value for ( v 6 -+- - a.._) 
234u Uavg 

J 3.27 2.74 

5 1.18 2.91 

7 3.33 1.02 

3.5.8.3 ~ffect on reactor fissile inventory and doubling time. 

Because 234u is a fissile MCFR fuel, the reactor U inventory varies 

litUe in this study. However, the U export rate (Eq. J.5.6-16) does 

increase with decreasing 234u content, reaching 0.25 ?·ff/yr for the 

ratio 233u;234u = 7. Figure 3 .5-18 shows the consequent effect on 

doubling time. This recommends a high 233u /34u ratio; however, 

significant effort to reach higher ratios may not be warranted. 
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Z33 I Z34 . Core S1Llt U U Ra.t10 

8 233U/23L Figure 3.5-1 • Variation of Doubling Time with Core Salt 'U 

Ratio 

Ba.sis: 30/70/0 ~rac1/uc1/ThC14 molar sJ.lt composition in 

the core, 200 era blanket, C reflector; b = c = 10-7/s 

3.5.8.4 Deducing the ratio on equilibriwn cycle. Given a set of 

reaction rates and choosing b and c, the equations of Sec. 3.5.8.2 

specify the 233u/234u ratio. However, this ratio for the fuel cycle 

will depend on the reaction rates used. These, in turn, depend on 

the ratio assumed apriori in the neutronic analysis of the equil-

ibrium fuel cycle. Figure 3.5-19 suggests that the two converge 

near 233u/234u; ~for b:e=1o-7 and near 12-~-13 for b=c=1o-6• This 

is for a 30/70/0 Na.Cl/Uc1
3
/ThC1

4 
molar composition. Similar behavior 

is presumed for other MCFR models. 

The results of later calculations with the refined set of P1 Cl 

cross sections (Sec. 3.5.3.2) suggest a slightly lower value, nearer to 

233u/234u = ~and 11~ for 0 = c = 10-7 and 10-61 respectively~ 
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Figure 3.5-19. Calculational Approach to the Equilibrium Core 

233u;23~ ::tatio 

Bases = 30/70/0 molar p~oportions of NaCl/ThC1
4
/uc1

3 
in the 

core, 200 cm blanket 

~.5.9 Reactor Design: Choosing the Core Salt ThC14/uc13 Ratio 

To approach its BG potential (BGX or BGP) the reactor must 

capture its excess neutrons in fertile material. One means of re-

ducing neutron leakage from the reactor is to thicken the outer 

blanket (Sec. J.5.6.2) so that the fertile fuel captures or reflects 

most of the neutrons which escape the core. Another way is to add 

fertile material to the core fuel thereby reducing the~ neutron 

leakage. However, this also softens the neutron spectrum, which 

lowers the BG potential (BGP). 

With an MCFR(U/Pu) Taube reported [17] BG up to o. 7-0o8 with such 

techniques. The following subsections study the optimum fertile 

cC11.tent in an MCFR(Th) core. They assume a salt mixture of .30% 
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NaCl and 70'/o (UC1J + ThC14) and a 233u;234u ratio of 7/1. 

3.5.9.1 Effect on BG. Fig. 3.5-20 shows the results of ANISN 

calculations. Neutrons leak significantly from a one-meter blanket 

so the choice of reflector affects BG. Then one prefers ThCl/UC1.J = 

o. 

When the blar.ket thickness exceeds 2 .o m however, few neutrons 

leak and the reflector has little effect. [Th] = 0 then produces 

the greatest BG because it engenders the hardestneutron spectrum 

(Fig. 3.5-21) and consequently, the most excess neutrons (Sec. 3.5.5.5). 

Fig. J.5-20 also shows the BG from the 1956 ORNL study [13] of an 

MCFR(Pu) which. included a Pb core-reflector and a graph.i.te-..noderated 

thin blanket. The larger -V Yal.ue for Pu causes the high BG. Few 

neutrons leak despite low fertile content, but this is because of 

high (83%) carrier salt content. BG could actually be higher were 

it not for the spectrum softening and neutron absorption by the 

carrier salt. 

3.5.9.2 ~ffect on reactor fissile inventory and doubling time. 

Substituting ThC1
4 

for uc1
3 

decreases density. However, the critical 

core radius increases near proportionally, and volume increases even 

faster. Thus, overall., Th dilution increases the spherical critical 

mass Us (Fig. J.5-22) and the corresponding mass in the tubes Ui 

(from Fig. J.5-7). In contrast, the primary circuit volume outside 

the vessel, V
0

, remains fixed, so U
0 

decreases. 

While V
0 

exceeds Vi' Ut=Ui+U
0

+Ub ~ecreases. (Ub plays little 

role while b210-? .) Eventually the Th proportion reaches a level 

where the internal volwne Vi exceeds the fixed V0 • Then Ut begins 
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Fig. 3. 5-21 Effect of Th Presence in Core Salt Upon Core Neutron 

Spectrum 

to increase with increasing Th/u ratio. This Ut-minimum occurs 

near ThCl~c13 = 1-2. 

In the 1956 ORNL stud;y [13 J of an 1·iCFR(Pu) -the minimum plan-t inven

-tory occurred a~ a 238u/Pu ra-tio of 2 (Fig. 3.5-23), similar -to -this vrork. 

1he 11CFR(Pu) total fissile inventory however lies roughly a factor 

of .3 below that for the present MCFR(Th) study: the reason is great 

dilution of the Pu fuel mixture by carrier salt(8.3% molar content). 

In Fig. 3.5-2h. the BG export rate Ue for b:e=l0-7/s (defined 

by Eq. .3. 5 .6-16) stays fairly constant as the core Th/u ratio changes. 

By Eq. 3 ~5.6-17 then, DT behavior must closely follow that of Ut. 

Fig. 3. 5-24 shows that the lowest DT clearly occurs at a ThCl. Juc1
3 

ratio I 0: somewhere a.round 1-2. 
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3. 5. 7 .3 Effect on power density and flux levels 

The po~·1er density limit of 10 Md/liter (Section 3 .2.2.2) reflects more 

a premonition cf problems than a recognition of any specific .. ones. 

Still, flux levels in the core tubes and the pressure vessel closely 

relate to power density (section 3 .2 .2 .3). Figure 3. 5-2 5 shows 

how ThC14 dilution of the core salt markedly reduces power density 

and fluxes alike. 

The skewed-tube geometry will further increase the critical mass 

(lowzr the power density). A cylinder with length-to-diameter ratio 

(L/D) near 1.0 requires about 10% more critical mass in low density 

metal systems than does a sphere; •·1i th L/D ~ 2, about 4o% more. The 

heterogeneity of multiple skewed tubes further increases critical 

mass as does neutron capture and scatter by the blanket ThC14 in 

between the tubes. Altogether these effects should reduce power 

density and fluxes by more than a factor of two canpared to spheres, 

A:wlied to Fig. 3.5-25, the result is that ThCl~c13 = 0.1 now 

satisfies the power density criteria of <. 10 MW/l. 

At higher ThClJUC1:J ratios the > 100 keV flux in the vessel 

13 -2 -1 22 -2 falls below 10 n cm s or ( 10 n cm in 30 years. That 

level will allow operation over the reactor life for many metals. 

1-ieanwhile the core flux level will be - 1023 n cm -2 mo -l. 

Presumably, most materials won't be able to take many months of that. 

This emph<1sizes the importar.ce of cmr design: straight tubes, easily 

replaced, and not touching one another. 

287 



Fluxes 

Power 
Density 
(m·r/1) 

0.1 

--- I --- -

----~-~~-

--------
' 

0 2 3 4 

Th/U ratio in Core Salt 

5 

cDcore 
(total) 

$vessel 
(total) 

<±>vessel 
( > 1 OOkeV) 

Power 
Density 

Figure 30 5-25. Reduction in Flux and Power Density as Th 
Presence in the MCFR(Th) Core Salt Softens the 
Neutron Energy Spectrum 

Bases: 2 m C reflector, 233u/234u in core 
7:1, Na/Actinide in core 30/70. -

288 



Isotopic 

<cf I a;_> 
in the 
Core Salt 

10 

0.1 

-- - :·: - ; __ --
- -
--~-:-=--·-==-.=- _-...:...:: 

- -- -- - -· -----~----- -
' 

234u 
··------~--

-- -~--~:__:_ ------ . - -_ :-'. __ 

~~~~~~::~~=1 
-- ------------ ----!---· . ._____. 

---l-----·-----L-- • 

0 2 3 4 5 

Th/U Ratio in Core Salt 

Figure 3.5-26. Spectrum Softening of Th Presence in Core Salt: 

Effect Upon the Fission-to-Capture Rate Com-

petition for Key Isotopes 



3.5.9.4 Effect on actinide fission rates and 233u/234u ratio. The 

spectrum softening effect of ThC1
4 

content (Fig. 3.5-21) reduces the 

average fission cross section relative to the capture cross section, 

especially for even-A isotopes which do not readily fission (Fig. 

3.5-26). This favors accumulation of higher-A nuclides which section 

2.1.2 showed to be undesirable. Figure 3.5-27 confirms this effect 

on the 233u/234u ratio. Section 3.5.8 showed that 234u presence 

further softens the spectruw. 

Equilibrium 

Ratio in 

Core Salt 

- - -·--- -- ----, 

2;~~~-~j 
~==-~=~ 0 :---:---- --.~-=i 

0 1 2 3 

ThCl /uc1
3 

ifole Ratio 
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Figure 3.S-27. Effect of ThC14 Content in Core Salt Upon 

233u;234u Ratio 

Bases: 30{~ UaCl mole content in salt 

7/1 ratio for 233u/234u 
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J.5.10 Reactor Design: Core Carrier Salt (NaCl) Content 

Like ThC14, NaCl substitution for UC1J in the primary salt 

significantly reduces the fissile inventory outside the core tubes, 

but also degrades thaneutronic performance in the core. This 

section analyzes some of these physics conse~uences assuming a core 

salt composed of zero ThC14 and a 233.:/234u ratio of 7. Results 

are compared with those from ThC1
4 

substitution (Sec. 3.5.9). 

J.5.10.1 Effect on BG. NaCl decreases BG through parasitic ab

sorption and moderation of neutrons. Fig. J • .5-28 combines the results 

f~om the present MCFR(Th) study with the behavior derived from an 

HCFii.(fu) study by Taube. The results suggest 

1. Generally minimizing the NaCl content 

2. Absolutely avoiding NaCl. mol.ar content 8Cf/o 

Fig. J • .5-29 compares NaCl substitution relative to ThCl.4 

substitution on an expanded scale. One sees that ThC14 diminishes 

BG slighily less than NaCl does. The probable reason is that most 

neutron capture in ThCl.
4 

contributes to BG (even considering the 

four Cl atoms), whereas none of that in NaCl does. Table J.5-IX 

supports this. 

With a thinner blanket, the ThCl.4-NaCl difference would prob

ably be much greater. 

3.5.10.2 Effect on reactor fissile inventory and doubling time. 

Figure 3. 5-JO shows the results of this study. Similar to Sec. 
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3. 5. 9 .2, NaCl substitution for UCl3 increases the fissile inventory 

in the core tubes within the vessel. However, the larger inventory 

outside the vessel decreases faster. Thus the total inventory 

(primary circuit plus blanket) decreases with increasing NaCl 

content. 

NaCl substitution also decreases the BG export rate, but only 

tlighUy. Unlike ThC14 substitution, NaCl substitution continues 

to decrease DT down through J(Jj, UC1:J molar content. However, beyond 

that point Sec. 3.5.10.1 indicates that BG should fall off drastic-

ally, with consequent DT inc:-ease. 

3.5.10.3 ~ffect on nower density and flux levels. Figure J.5-Jl 

shows how NaCl substitution for UC~ decreases the power density and 

flux levels. However, ThC14-substitution causes an even faster de

crease. In both cases the blanket composition remains constant. 

Thus the greater fall-off in flux from adding ThC14 to the core salt 

must stem from the higher microscopic absorption cross section for Th 

than for Na (Table 3. 5-X:), resulting in less neutron leakage from the 

core. 

The difference that ThC14 makes relative to NaCl might allow 

the use of a thinner blanket. 

3.5.10.4 Effect on 233u;234u ratio. Substitution of non-fissile 

salts for uc13 softens the neutron spectrum because it substitutes 

a source of elastic- and inelastic- scattered neutrons for one of 
. 2JL... 

fission neutrons. In a softer spectrum, the rate of lJ (thresh-

old) fission decreases and 233u (-1/v ) capture increases. Both 
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Table J.~x 

Some Pertinent Microscopic Absorption Cross Sections 

Cross Section (mb ) 

Element ~* Blanket* 

Cl 15 6.5 

Na 1.0 1.7 

Th 230 11 

* As calculated for an MCF'li(Th) with core salt mixture at 30/35/35 

NaCl/uC1J/ThC14 molar composition. 

changes increase the 234u content. 233u capture increase also de

creases the 
233u content, giv:ing a double effect. All three effects 

work in concert to decrease the ratio (.Fi.g. 3. 5-32). 

Differences between NaCl. and ThCl.
4 

as salt substitutes appear 

to be small.. NaCl. mostly scatters elastically while ThC1
4 

scatters 

more inelastically. The different shapes of the NaCl and ThC1
4 

curves 

in FigL_J.~32 may reflect these differences: Th inelastic scatter 

should contribute more to spectrum softening at low non-fissile con

tent where the neutrons stil.1. exceed the inelastic threshold energy. 
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3.5.11 Mutation Effects 

J. 5.11.1 Significance of actinides which emit alphas. Reactor 

irradiation transmutes actinides into long-lived alpha-emitters: 

they increase in atomic number (Z) and weight (A) through (n, ~) 

reactions and f-decay; they then generally decrease slowly in z 

and A through alpha decay, finally becoming a stable nucleus. 

Alpha emitters are undesirable because 

1. They pose a long-lived radiobiological hazard 

2. They produce neutrons through ( <X ,n) reactions 

3. Some produce neutrons also through spontaneous fission 

4. They destroy reprocessing chemicals 

The radiobiological hazard wL.l. depend upon 

1. The probability cf the isotope reaching the public en

vironment in an ingestible form 

2. Its radioactive half-life: very short,- and very long-lived 

isotopes present little danger 

J. 1he biological-elimination half-life:. how long before the 

body removes it naturally 

4. ~he chemical affinity of the isotope for specific organs 

or other members of the body. Thos:? which seek out bones 

are labelled carcinogenic (cancer causing) 

5. The available energy per decay 

6. 1he occurrence ~f secondary radiations by reactions such 

as ( \J... ,n) for high energy alphas 

7. 'Ihe quantity of isctope present. 
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Combination OI these factors cefines the toxicity of an isotope - just 

how much of a practical threat it pJces. Table 3.5-XI includes a tax-

icity classification alon,s with other pertinent physics information. 

The moderate half-lives of Pu plus their early preeminence in the act-

inide burnup chains warrant their highly toxic classification. Ca.rein-

o~enicity further emphasizes avoiding their.production. 

The problem with (DI. 1n) reactions as 1·1ell as spontaneous fission 

neutrons is that neutrons penetrate gamma shielding: i.n addition to 

harming workers directly, they can activate the surroundings, presenting 

longer-term hazards. 

frmnerous lie;ht elements (up through Al and Si) undergo these re-

actions with alphas. Fig. 3.5-33 shows some relative yields. F, 

though not included there reacts almost as stron;:sly as Be. F 1 Li 1 

a.nd Be e.re candidate materials for (blanket) salt mix; this phenom-

enon argues against their use unless the neutron signal and hazard 

are desired for non-proliferation pur?oses. Section 3.7 mentions the 

use of ? 1 0 1 r;g, and ::-a with various reprocessing schemes; this 

phenomenon i,muld discourage their use there some;rhat. 

The threshold-like behavior of the ( C>( 1n) neutron yields per re-

action (Fig. 3.5-33) makes isotoyes emitting higher-energy alphas part 

ticularly hazardous. These in.clud.e 212Ei1 
212Po1 

216p07 
220

Rn, 
22~a, 

236Pu 242c d 244c , m, an m. However, when one considers the half-lives 

a.nd quantities actually present, the principal ( o<.,n) sources are 238
Pu, 

242em, and 23 9Pu while the main s. F. neutron sources tend to be 242cm, 

244cm, 238Pu, 24oPu, and 24~. These all really emphasize a strong 

desire to avoid Pu end higher actinides. 
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Table 3. 5-Y..I Hazard Characterization of Potential HCFR (Th) Heavy 

Elements [34, .50, 51, 136] 

Alpha S.F. 1 GWe Carcin-
Hali- Alpha Hali- FER ogenic Tox-
life Energy- life Cone •. Bone icity 

Isotope (years) (MeV) (years) (£j__g mix ) Seeker? ~ 

Pb-212 10.64 h 1 (beta decay) 
?o-212 45 s i.:.65 

-216 0.15 s 6.779 
Bi-212 60.6 m 8.78, 6.05, 6.09 
Rn-220 55.6 s 6.2883 
Ra-224 3.66 d 5.6856 

-226 1600 4.7845 I 
Th-228 1.913 5.4233 I 503405 

-230 7.7+4 4.6~' 4.621 1.5+17 
-232 1.40+10 4.01, 3.95 1+21 
-234 24.1 d (beta d.ecay) II 

Pa-231 3.28+4 5 .01,-· 92, 5. 03 l.1+16 
U-232 72 5.320:;, 5.2635 8+13 

-233 1. 592+5 4.824, 4.783 l.2+17 
-234 2.44+5 4.744, 4.7Z2. 2+16 
-235 7.04+8 4.401, 4.365 3. 5+17 
-236 2.342+ 7 4.494, 4.45 2+16 
-238 4.468+9 4.196, 4.15 8.19+15 II 

Np-236 1.3+6 (beta decay) 
-237 2.14+6 4. 788' 4. 770 1+18 

Pu-236 2.85 5.768, 5.721 . 3. 5+9 
-238 87.74 5.4992, 5.4565 4.77+10 4.1 yes 
-239 2.411+4 5.16, 5.14, 5.10 5-5+15 2.5 yes I 
-240 6537 5.1683' 5.1238 1.340+11 .3 .s yes 
-241 14. 7 4.8cn 260 yes 
-242 3.76+5 4.901, 4.857 6.7 5+10 yes 
-244 8.3+7 4. 589 ' 4. 546 6. 55+10 yes 

Am-241 432 5.4857' 5.4430 1.147+14 o.6 I 

-2il 7380 5.275, 5.234 2.0+14 7.9 
Cm-2 162.8 d 6.1129' 6.0696 6.09+6 34.0 

-244 18.11 5.8050, 5.7628 1.345+7 0.5 
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3.5.11.2 Significance of 23 2u Prod~ction. Section 3.5.4.2 derived 

the equations for producing 232u and its daughter (principally 208~1) 
. . F. 3 5 34 h -'-h ult· 232u . hm t . ratl.ioact:ivi ty. :igure • - s ows , e res ing enric en in 

core and blanket sal~s assuming the =onstant 232Th/233u ratios indi-

cated. The time to reach equilibrium concentration in the core re-

fleets the time constant of 1/0-¢= 10 mos. estimated in Sec. 3.5.4.2. 

The several-magnitude higher 232u concentration in the core 

comp~red to blanket reflectc the 1000-higher production coefficient 

c<23N in that harder neutron spectrum. This means that fresh blanket 

U will contain not only far less fission product hazard but also far 

232 less U haze.rd. Thus it constitutes the biggest threat to prolifer-

ation. It is therefore ver-J important to mix it with irradiated core 

U so as to "spike it" into a less proliferation-hazardous form. 
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~-re uould. like to estim<:.te '11hat level of radiatio:!'l nazard this 

232u dau;-hter activi t;:,r actuz.ll;r poses to theft, diversion, and weapo~1s 

u£ t Th · · · t · 1 ~ 233u r · 11 rP.2..Il ac ure. e minimun cri ica mass oI or weapons use rn 

r:Dr.iinally be 6 kg L133]. Hi th a U metal density of 19.2 g/ cm3 [50] 1 

that i~plies a radius of 4.2 cm. 'i:he correspondi~ flux from a 

sphere of such cateri~l is ~iven [139] by 

where S = uniform source rate ~ A 18 N 18 (see Eq. 3.5.4-8) 

~ = radial distance from sphere center 

R = sphere radius 

For a "" R 

At a distance of 1 meter from the sptere 

cp = ~ [z.R (100 + R) - ('",/1. t-ZD( R + 10
4

- '/.'"') 
l<-<100 ><-

In ( 1 F< + 100)] 
100 

For 2.6-MeV photons the dose conversion factor is 3 .6 x 10-6 ?..em/~ 
per unit y flux [81 ~... Tb.en t}}e dose 

D ( 
Rhrem ·)\ 3 6 10-6 I J...2 cm \ = • x x ! : x 0.049 

\ 2 / 

~ I - t!J' I F, ? l >l'f ~"32. \oq ) 

303 

rN ' 
: 22 ! x. 

I N2'l I 
l ..; .:. 

fOr 
a = R = 4.2cm 



_FromFi.;ure 3.5-34 [rr2/N23J is typically 10-3• Fig. 3.5-35 presents 

208 the results for D. One sees that after 10 years the dose from Tl 

app:racnes 

D(s-u.rfacc) = 45 Rem/hour 

D( 1 meter) = 45 r.i.":te;n/hour 

To remove most of this a.:id other radiation one could chemically 

separate the uranium in the core salt from the 208Tl and all other 

actinides and fission product.;;. However, this would not separate 233u 

from 232u. Then, in only two weeks the suxface dose would again reach 

1 Rem/hour. Furthermore, if only 99% removal efficiency was achieved, 

a -} Rem/hour surface dose from 208Tl alone would be present in the 

interim. 

From this one concludes that a highly efficient scientific group 

with laboratory facilities (such as a national laboratory) might be 

able to make a bomb without getting a deadly radiation dose, but all 

others would encounter difficulty. 

In addition to these complications, the tell-tale 
208

Tl signals 

would continue to emanate from the separated waste as well as from the 

new regenerating·souxce in the separated u. All these troubles must 

discourage subnational g-roups which contemplate ta.king and using 233u 

for ueapons purposes. 
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The effect of such activity on a conventional solid fuel cycle, 

uould probably be to require costly shielding and remote handling to 

:protect the ;·mrkers. This means in fuel fabrication plants and, :pos-

~ioly 1 at t!le end. staces of :;>rocC:Jssing pld.il-Cs. A molten salt fuel 

cyclC:l autouates the re9rocessing far more; the shorter time out-of-

core should. also reduce the activity due to neutron absorption re-

actions ;ri.th each member of the decay chain. 

:-!eanwhile, in any b::-eeding ;;ain set aside, the :;:-2.diation hazard. 

'.Till start add.i:n.g to tl1at fl'Oi:l fission products a;.1d actinides and in-

~ 1 TJ th . . t bl • . h 232
7T cre2..se :cor sever:::. ~rears. nus e o:i.c;ges pro em \"Tnl.C u pre-

3ents i:.1 a molten s;:i.l t th.orii.:...-:i cyclz should. be transport of breed.in~ 

gain: radiation 1rill ::i.a'.a:: tb fuel umrieldy (heaV'J shielding and re-

mote handling) and hazardous, thereby somewhat unattractive to diver-

sion a."l.d "to ue.::.pons manufact~e by subnatior.al groups. 

Since 
23 2u and 233u are chemically inseparable this radiation 

haz<.U'd i-Till continue to manifest itself for many multiples of the 

23 2u 72-year ~alflife, i.e. for centuries. By leaving the breeding 

gain in chloride foI'r.I it is ready to startup another plant, without 

3.5.11.3 Impact of fission product concentration upon neutron physics 

performance. ANISN calculations showed that a FP concentration of 

5.8 x 10-4 a cm-l b-1 ~0.10 [Uf. il J jn an MCFR(Th) reduces the 
l.SS e 

3!1 by O.o<:J7 out of 1.34 or 0.5%. Within the accuracy of the cal-

culation, this amount of FP did not aff:ct the critical dimensions. 
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Figure 3. 5-36 shoi·rs the FP effect on BG calculated by Taube 

et al for an 1-!CFR(Pu): [FP] = 2 x 10-4 = O.lO[Pu] appears to cause 

a similar BR loss of 0.01/1.45 = 0.7%. [FP] = 1.0 [Pu] seems to 

produce a (prof~~t~onally) larger loss of about 10% in BR. 
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BR 
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. 1.1 
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Fig. J.5-36 Impact of Fission Products upon the ER of an MCFR(Pu)[17] 
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3 • 5 .1.2 Summary 

Section J.5 attempted a first cut at optimizing the reactor des

ign and composition and also analyzed some of the consequences there

from. 'The first six subsections defined methods, data, and models. 

Sec. 3.5.7 discouraged the use of an inner blanket and showed 

that two meters constitutes an infinite outer blanket. In that event 

a reactor reflector contributes little. In addition to achieving 

maximum BG, the 2 m-blanket greatly reduces the flux dose to the 

reactor vessel. Sec. 3.5.7 also favored graphite as the core tube 

wall material because Mo strongly absorbs neutrons. 

Section 3. 5.8 showed t.1at design decisions which favor a high 

233u;234u ratio in the core salt produce 

1. A hard neutron spectrum there 

2. Higher BG and lower DT 

3. ~tinimal presence of Pu and other high-A actinides 

Fortunately, within the ranges of interest, all the trade studies 

indicate that the 233u;234u ratio on equilibrium fuel cycle will 

exceed 7. That is sufficiently high to achieve the above gvals; 

additional major efforts are unwarranted. 

Sections 3.5.9 and 3.5.10 revealed that both ThC1
4 

and NaCl, 

acting as diluents in the core salt, greaUy reduce flux levels and 

the amount of outr-of-core fissile inventory. They also reduce BG. 

The combined effects of inventory and BG produce an optimum DT near 

a U molar composition of ~bout 30% and a Th/U ratio of 1-2. Th.is 

and the lower flux levels explain the preference of other HCFR 
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studies for a fissile molar content of 15-30 'J,. However 1 low fissile 

content will decrease the 
233u;234u ratio, an indication of greater 

transplutonium buildup. Thus the true optimum remains to be found 

and will depend on final assignment of priorities. 

DT of 20-30 years appear feasible. This is high compared to 

quoted DT 13-20 years for an MSBR on the Th fuel cycle. However 1 

an HCFR(Th) should build up less transplutoniwn. 

Efforts to lower DT should focus on the out-of-core inventory. 

tiote also 1 that, compared to conventional reactors, the absence of 

fuel fabrication and decladding operations and the minimal trans-

portation and storage needs provide additional fuel inventory ad-

vantages which are not taker. into account here. 

Section 3.5.11.1 quantified somewhat the basis for avoiding 

transplutonium buildup. Sec. 3.5.11.2 pinpointed fresh blanket U 

as the greatest proliferation hazard. By imnediately mixing it with 

core salt, one adds not only fission product activity, which is 

chemically removable, but also 
2
32u-daughter radioactivity which 

is not. The radioactivity will discourage U handling 1 but not make 

it impossible. Sec. 3.5.11.3 showed that the presence of too much 

FP can seriously redace BG. 
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3 ,6 Safety & Kinetics 

J.6.1 Physics of ~eactor Safety and Kinetics 

3,6.1.1 ~ffective delayed neutron fraction. Delayed neutrons 

frcm fission cf 233u, 23 5u, and 239Pu amount to o.co27 1 o.oo65 1 

and 0,0022 of the respective total neutron yields. At first glance 

this suggests that the effective delayed neutron fraction
1
<3eff for 

a 233U-fueled 1-:CFil. exceeds that fer a 239?\l-fueled Ll·lFBR. nowever, 

most of the tf.CFR. fuel lies cut-of-core in the primary circuit. 

1his makes J f~ much smaller. 
; e I 

Passing through a core less than 2 meters high, with a ve-

locity of 9 meters per second, the fuel is present for only 0.2 

seconcs. iach decay half-l:..fe of the six delayed-neutron groups 

(Table 3 .6-I) far exceeds t!".at. Therefore the delayed neutrons 

originate near uniformly throughout the primary circuit and .?eff 

diminishes by the ratio of fuel in-core to that in the total cir-

cuit: by 0.2-0.3 t~Peff = 0.0005-0.0008. 

3 .6 .1.2 P!'ompt neutrcn lifetime, l • l increases with the median 

fission energy~ 1 r3Dging from 5x10-? for an LI-PER (190 keV) to 
m 

3xl0-9 fer Jezebel and 233u Godiv-a (near i.6 EeV). For the inter-

meciate l-JCFR(Th) with Em = 400-700 keV, l should ~ 10-8 s-1• 

3.6.1,3 Temperature coefficient of reactivity. Reactor stability 

depends on several coefficients of reactivity. In a molten salt 

reactor, the temperature coefficient due tc expansion dominates. 

In 2!1 i'iCFR the very hard neutrcn spectrum nullifies any Doppler 

coefficient of reactivity. 
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Table J.6-I 233u Del?Yed Neutron Characteristics 

Group Half-life (Sec) Relative Abundance (%) 

1 55.~ 9 

2 21. 30. 

3 5. 25. 

4 2. 28. 

5 o.6 5. 

6 0.3 J. 

Section 3.3.5.6 indicates a typical temperature coefficient 

of salt density of 0.0004 t/ f f c. ANISN calculations (Section 

3.5.8.J) reveal that 0.050 brfr lowers reactivity by 0.034 &/ k, 

a coefficient of o _.68 & /k I Aflt • Applying the above gives 

-27 X 10-5 ~kk Oc-1• U . 4 0 00068 t t suig /-'eff = • one ge s a s rong 

negative temperature coefficient of -40 4- f c. 

For comparison, a. Pu-fuelled LMFBR t}'Pically exhibits 

-0.4 to -0.5 ¢ /°c [140], a.ssuming .f3eff = 0.003. Calculation 

for a 1000 MWe MSBR gave an isothermal temperature coefficient 

of -0.9 x 10-5 Llk/k fc [131]. However this comprised a -4.4 

x io-5 i>J:./kfC for the negative Doppler coefficient of thorium 

and positive coefficients for the thermal spectrum graphite 

moderator and fuel salt density. The latter stems from a neg

ative salt density coefficient of -0.03 /::.k/kj f.f/f for their 

lo~ctinide fluoride salt mix. 
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3 .6 .2 Analysis of ~'.o:nnal Cperations 

3 • 6 .2. l Reactor startuo. MCFR coolant circuits and salt supply will 

need preheating just like an !·~BR does. A salt of subcri ti cal fuel 

cc:ncentration or even a low-melting non-fuel saLt could flow test 

the circuit. Cne might approach zero power criticality and sub

sequent rise to power by gradually adding fissile fuel through the 

clean-up loop to a subcritical fuel salt. 

3.6.2.2 Reactor central. A limited stu~ [29] indicated feasible 

control of reactor and. pm-1er level by manipulating ·the secondary 

circuit conditicns: mainly varying the flow rate of salt through· 

the core and heat exchangers. The negative temperature ccefficier.~ 

will hold the salt temperatw-e nearly constant at all power levels. 

The absence of tte heat transfer and fuel pin temperature differentials 

of a solid-fuel reactor allow this direct response. 

3.6.2,3 Reactor stability and inventory ratio. The amoui1t of fuel 

in the primary circuit outside the core fixes the effective delayed 

neutron fraction and affects the reactor stability. The British 

[29] shot·1ed that an MCFR(U/Pu) should be stable to small reactivity 

pertuxbations ii the fraction of primary circuit salt in the core e::c.. 

cee'ded 2<fi,. Engineering studies of their r.mFR designs met this re

quirement with a margin. The primary circuit flow rate seemed to. 

have little effect upon the del'l.yed neutron ·concentration in the core. 
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Table 3.6-II Fuel Inventory in a 11 .GWth MCFR(Pu) Pilant [23] 

Specific heat exchanger power 1 KH / cm3 
(conservative data) 

Total volume of heat exchanger for 11 m3 
llCrlf ( th ) 

P"uel fraction-of heat e~ch.anger volume 0.3 

Fuel volume in heat exchanger 3 .J m3 
Fuel in the duct 1·1ork 1.0 m3 

Total fuel out of car-:: 4.3 m3 
Fuel in core 1.0 m3 
Total fuel in system 5.3 n? 
Mean specific power of fuel in the 
whole system llGW th 

5.3m3 

Plutonium content of fuel 

Power rating of whole system 

2.1 rn/m3 

0.8 gPu/crrr3 

O.J85 kgPu/MW th 

Taube ana.:.yzed a 11 GUth 1-ICFE(Pu) and inventoried (Table 3 .6-II) 

the fissile fuel salt in the primary circuit. Assuming a power density 

of 11 M!·ith/li ter and conservative heat exchanger performance 1 81;~ 

of the fissile fuel salt is out of the core. For a given heat ex-

changer rating, as the total plant po1-rer decreases the inventory in 

the heat exchanger l·tlll also by about 0.3 m3 fuel per GHth. Little 

change occurs in the core or piping. Therefore according to the 

BJ"i..tish analysis, this plant should operate at lm·rer power. 
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Table 3.G-III compares Taube's results to those of 3ritish de-

si&"D.s a.nd a 1956 OilirL study. The Jri tish designs contain only 56-64~·6 

of the primary circuit fuel salt out-of-core, reportedly mostly in 

the duct uork. Unlike Ti1ube but in agreement 1·1i th the British designs, 

the O?lrL/1956 study also attributed a large portion of the inventory 

to pipinc betueen core 2.lld heat exchanger. 

Table 3 .6-III Volume Distributions in Some MCFR(Pu) Designs 

CRNLL26 [13] Taube 123] British [2~] 
Distribution Volume Distribution Volume 
ou~f-core out-of-core Qua.Litative 

(m3) (%) err?) (%) Proportions 

Core 3.30 1.0 

HX plena 0.35 10.0 

HX tubes 1.62 46.2 

HX subtotal 1. r:n 56.1 3.3 76.7 

Piping 1.54 43.9 1.0 23.3 dominant 

Out-of-core 3.51 100 4.3 100 
Subtotal 

Total 6.81 5.3 

% Out-of- ' 51. 5 81.1 56-64 
core 
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Fig. 3.6-1 shous a typical :British design [29] with large :1eat 

exchangers to compensate for lower thermal conductivity values for the 

fuel salt. They have given considerable thought to reducing duct 

lPngth but find that unconventional methods tend to be less reliable 

or less easily maintai~ed. Increasing fuel velocity can reduce duct 

cro:;s sectional areas, but lioits due to vibration and p1.1L1ping pouer 

cost:; r..ay occu=. 

The choice of intermediate coolant will also affect out-of-core 

inventory by its influence on heat exchanger arrangement and temper-

atUTe conditions. 

3. S.2.4 Reactor Shutd.mm. Easically the i.:CPR requires no scram 

device because the strong temperature coefficient holds the system 

steady. Adding blanket salt or other absarbe~ should quickly reduce 

pm·rnr and temperature. ifoving part or all of the mal ten core fuel to 

geometrically-safe, cooled holding tan:.~ will accomplish full shutdo•m. 

Criticality safety calculations must be sure to consider criticality 

increase as 233Pa decays ( t 1 = 27. 0 d) ta 233u. There decay heat 1·1ill 
2 

help keep the salt molten, while natural circulation cooling holds 

doi·m the fuel vapor pressure. 

3.6.2.5 ChanGe in physical nro~erties due to transmutations. As 

232Th and 233u transmute to actinides higher in z, the individual salt 

melting points (excluding eutectic effects) lower (Fig. 3.6-2). How-

ever, since uranium isotopes predominate in the burnup chain, very 

little higher-Z material appears. Similarly, boiling point and vapor 

pressure should also change little. 
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3.6.3 Analysis of Accident Situations 

Continual removal of volatile fission products frcm the salts 

during cperaticn eliminates several obnoxious species fran being 

present in an accident. ~1any of the remainir.g haz3rds would stay 

in the salt. Thus 1 no accident can occur which corresponds in se-

verity of radioactivity to the meltdOi·m of solid fuel systems. The 

major concern then becomes ttat no primary circuit failure lead to 

critical masses forming. 

3 .6 .3 .1 Small leal<:ages. Leaks between core ~"ld blanket pose nc 

serious chemical threat as t:i.e salts are cOlilpatible. However, other 

factors influence whether tl:~ pressure difference shoulC. force 

core salt leaks into the blcnket or vice versa. 

Higher temperatures in the core salt may produce higher vapor 

pressures there than in the blanket. The core salt also circulates 

under pump pressure ~.rhl.le the blanket salt need not. If a reserve 

tank automatically replaced fuel salt leaking into the blanket, the 

system could simultaneously approach supercriticality and high 

temperature, a strong temperature coefficient not withstandinr;. The 

high temperature could further abet the deterioration. In contrast, 

blanket salt leaking into the core would only dampen the criticality: 

hm·rever, this could result in degraded system performance. 

An anomalous rise in concentration of 233u or fission product 

in the blanket, or a rise in temperature there (due to increased 

fissions), or a drop in core salt pressure would signal. core-to

blanket lea1<<'.ge. Leakage of blanket salt into the core would decrease 

the core mean temperature and bla.ri.ket salt pressure. 
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The secondary coolant circuit should be pressurized slightly 

higher above the primary one 1 and the tertiary even higher. This 

will cause less active coolants like helium or lead to leak in":.o 

the molten salt. He is inert and the salt cleanup system, \-Jhich 

a..i.ready separates the fission product gases, would remove helium 

as well. Lead interacts ~-nth nickel-bearing alleys, but not with 

:10 er graphite. Traps at certain points in the circuit :rould locate 

the positicr. of .:.ead _eakage. 

The ccnt.airnnent building 1·ri..2.l catch leakage cf volatile fission 

products from the primary cirauit or blanket ta the air, similar 

to t1SR.::, 1·ri. th appropriate detection and leaktight barriers. 

3 .6 .3 .2 Loss of flm.,... Leaks, pipe break, heat exchanger plugging, 

and pump failure can all reduce flow in the primary circuit. Figure 

3.6-3 analyzes the consequences. In most events the reactor shuts 

down and the fuel drains to a safety tank; th·.:re fission product 

decay and delayed neutron-induced fission continue to generate 

heat, but the high capacity of the salt restrains the temperature 

rise. 

The effect of a si."lgle pump failure depends upon the primary 

circuit arrangement. With single pur11ps per channel (Plan A in Fig. 

3 .2-8) failure of cne pump would shut ciown one whole core channel. 

The fuel salt in that core chanr.~l must then drain out to stop full 

pm·er production in it. Subsequent replacement by void, blanket, or 

carrier salt would cause a large loss of reactivity thereby shutting 

down the reactor unless 

(1) 'Ihe separation between channels was such that they were 
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individually near critical, and 

(2) Missing reactivity could be added through enrichment 

enhancement 

Then one could continue operation on a reduced scale, e.3. 6/7 for 

six out of seven channels still operating, until a more opportune 

time occurred in which to drain the whole core and replace mal

functioning eq.iip.1ent. 

~iith multiple subchannels per core channel, each with pumps 

and exchangers as in Fig. 3 .2-8-B, C and D, failure of one pump 

still allows partial reactor operation until a better time for shut

down and repair. If one ope:-ated the Plan B or C subchannels or 

the plan D heat exchanger at less than full efficiency, then their 

full use is available in the event of one subchannel failure. This 

would however, increase out-of-core inventory and capital costs 

though. Should the core tubes be connected in series as in Section 

3,2.6.4 then any i!l-core malfunction (leak or pipe break) would 

require system shutdown. 

Should both re,:;ular and emergency power supply fail, all 

pumps would fail unless they are steam turbine driven. However, 

electrically driven pumps are easier to include in the containment 

and also easier to supply for pre-testing, etc. Inertia would 

help electric pwnp run-down rates, or sane short-term auxiliary 

supply might have tc be provided until full dump of fuel has taken 

place. The fluid could also drain through a "freeze val"ire" by 

gravity into a natural-convection cooled tank which has a non

critical geometry. 

In the event that flow ceases and core salt remains in place, 
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the strong negative temperature coefficient will control the temp

erature and povier: initial temperature increase will decrease 

density, which decreases reactivity and thereby power, until some 

equilibrium state is reached. HCFR(Pu) studies [29] with a simpli

fied reactor model showed that the temperature rise of the salt for a 

reactivity step of up to $1 should be less than 300°c; for 7 pumps 

failing out of 8 1 less than 230°c. 

In summary, it appears that reactor stability ccncern over 

out-of-core inventor</ may preclude the use of out-of-core subcharmels 

as well as ~ctate se!"ies ccnnection of the core channels. This 

means designing the system fer high reliability to minimize shut

do'\-m and for rapid repair of heat exchangers 1 piping 1 and pumps 

when shutdmm does occur. Rapid repair will entail expedient removal 

of all the core salt followed by a salt flushing of all radioactivity 

from the system. The strcng temperature coefficient should disspell 

any criticality accident concerns. 
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3.6.3.3 Structural failure. Failure of the tubes separating core 

and blanket would lead to no chemical or compatibility problems. 

Dilution of the core salt will reduce reactivity; only if core salt 

were replenished as it entered and displaced the blanket, could a 

reactivity increase occur. Even then the system could accomodate 

tP.mper~ture rise from moderate salt additions, as ample margin 

exists above operating temperature on a short term basis. The 

limit to the permissible rate of such salt addition needs to be 

established. 

Vessel failure would reCillire rapid dumping from both the 

circuit and the catchpots. Dump tanks should probably be sized 

to ccntain the contents of cne secondary coolant circuit as well 

as all core and blanket salt. Relief valves on the secondary 

system will protect the primary circuit from pressurization result

ing from a major steam generator failure into the secondary system. 

In the event of a major circuit failure;operating pressure 

would play an i.nportant role in the subsequent fate of the fissicn 

products and the containment. The molten salts themselves ex

hibit low vapor pressures. Although high pUI!1pi.'1g losses can cause 

primary circuit pressures up to 460 psi, lead secondary coolant 

~cts essentially like a hydraulic system with little stcred energy. 

Missile formation is therefore unlikely and it should be possible 

to demonstrate a containment which will not be breached from this 

cause. 
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1:fi th a high-pressure helium-cooled system one must ask whether 

an accident might aerosolize the core salt. However, a properly

designed reactor vessel coul.d withstand the full helium pressure fro'.:! 

a severe rupture between the coolant and primary circuits. Thus 

release of activity to the reactor containment cell would not occur 

except ooder a si.mult2!leous double failure. The cell itself is 

small and can economically be made in the form of a prestressed 

vessel to withsta11d missile damage and to act as an additional 

barrier to fission product release. A final low pressure building 

containment would prevent release from small leaks in the earlier 

cc:ntairJ11ent stages, 

3.6.3.4 Emergency cooling. Unlike solid fuel, molten salt can quickly 

transfer into a geol!letrically-safe tank. Gravity can provide a 

failsafe trai;sfer method frcrn reactor to holding tank (Figure 3 .2-11): 

a pipe wherein the salt is normally kept frozen 1-1ould open naturally 

upon loss of electric pm·1er. 

In the tank, the salt 1·rill circulate naturaJ.ly as heat from 

fission product decay transfers through tube walls to air convected 

by natural draft tm·iers. Otherwise pressure would build up from salt 

vaporization. The absence of mechanical moving parts will make this 

whole system hi~~.ly reliable; multiplicity could add even further in

tegrity. A forced draft system would probably lcyout more compactly 

and cheaply. 
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A second cooling option would circul~te naturally a low melting

poir..t salt or NaK through U-tubes in the tank to boiling water heat 

exchangers. Air-cooled condensers situated in a normal or forced draft 

stack would condense ~he steam formed. Alternatively, the heat could 

transfer directly to a large boiling pool, thus accomodating decay heat 

for a protracted period without makeup. Condensers or make-up water 

would be provided for continuous operation. 

A catchall salt bed below this apparatus would serve as a backup 

for any leaks or breaks. The heat of salt formation would greatly 

aid in absorbing decay energy. An independent cooling system might 

remove decay heat. The bed would also dilute the fuel salt. Proper 

choice of tank diameter would insure subcriticality. 

Recovery from emergency tanks or beds would require heaters, 

drains, and pumps. When carrier or blanket salt is added for dilu

tion and/or heat ~bsorption by latent heat of formation, a method 

tc separate out the dump salt would also be needed. 
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3 ,6 .J. 5 Comoarison of t·!SRs to others. J:.l.SRs should be biologically 

safer because 

1. The plant continuously removes volatile fission products 

2. The fuel is already molten and in contact with materials 

designed for that condition. 

The removal of volatiles frc:m the primary circuit still requires 

attention to their presence elsewhere in the plant. However, it 

should not be difficult to insure the integrity of a storage medium 

below ground. .liter a suitable decay period sane of the gases may be 

releasable to the atmosphere. 

In the event a pump fails or other flow loss occurs, th~ cnly 

concern is that decay heat L-ight build up vaporization pressure. 

However, the same coils which preheat the fluid could also cool the 

fluid. 

3,6,3.6. Precipitation out of eutectic mixtures. After the temperature 

of a salt mixture falls to the solidii'ication point, the composition 

of liquid changes, sliding along the liquidus curve as crystals 

separate out (Figure 3.6-4). ~ith low initial uc13 molar ccntent, 

cooling precipitates out NaCl crystals, thereby enriching the fluid 

in uc13• With high initial UC1J molar content, cooling produces uc13 
crystals and NaCl-enriched fluid. In either case the liquid migrates 

to the nearest eutectic point (nadir) composition and causes a concen

tration of uc13• Thus one must consider possible criticality situ

ations and design geometries to prevent them. Probably precipitation 

of uc13 crystals from a uc1
3
-rich fluid is the less-serious case. 
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Fig • .3 .6-4 Migration of the Liquid Composition Along the Eutectic 

Path a.s the Salt Mixture Cools 

3.6.3.7 Boiling off of salt mixtures. In the event that the carrier 

salt had a boiling point much lower than that of the actinide chlorides, 

one could postulate a positive temperature coefficient ccntribution in 

that temperature region. Fortllllately evidence from section 3.3.3.5 

contradicts this: carrier salts appear to be less volatile than 

actinide chlorides. 
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3.6.3.8 Containment. Solid fuel plants generally feature triple 

containment: fuel element, reactor vessel, and u.~n the contain

ment building. The MCFR will feature reduced FP radioactivity due 

to continuous gas cleanup but it. will inherently have only double 

containment of piping and a building. A second radiation hazard 

~rises from activation of the secondary coolant and nearby equipment 

by del~yed ne~trons in the primary circuit. 

To further contain these hazards, a low-pressure leak-tight 

membrane might be forr.ied around the walls 1 floor~ and ceiling of 

the reactor system. This membrane can also forD part of the duct-

in;:; for the inert gas circulation required to cool the concrete 

structure and shielding and inhibit vessel oxidation. Heat losses 

with insulation restricting the concrete temperatures to below 70°C 

would be about 200 watts/m
2 

with 40 cm of insulation. This would 

equate to about 3 MW total heat removal by water or air cooling. 

The ~ain biDJ..ding would constitute the tertiary containment. 

Its volume must be sufficient to contain the stored energy of any 

gases present. In the lead-cooled design these are cover gas vol

umes at lovr to moderate pressure. The helium-cooled version may 

require a larger outer containment volume and/or intermediate pre

stressed concrete contai.nment(Sec. 3.6.3.3) 

3.6.3.9 Resistance to external threat. C'ne can postulate a number 

of scenarios wherein external explosion or impact threatens tre 

reactor integrity directly or through a loss-of-coolant accident. 

These could involve gr0W1d or aerial bombs 1 planes, and space re

ent:rJ projectiles (e.g. meteors, missiles, space laboratory), by 

either accid-=nt or intention. An individual, a subnational group, 
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or another country might intentionally initiate. Nature threatens 

with earthquakes, tornadoes, and dam breaks. 

In many or most of these situations one could anticipate the 

danger. Most reactors already lie below eround level. Still the 

vessels generally sit high enough to be rupture-prone to strong 

explosions er lmpacts. Such an incident could release volatized 

fission products and actinides of consequence greatly exceeding 

a simple bomb er other initiating event. 

To protect against these threats an MCFR could uniquely trans

fer its fuel to a storage tank (section 3.6.3.3), located remotel~ 

under additional earth (Figu:-e .3 .6-5) or in an otherwise hardened 

''bunker" • 

core 

containment 

t-----------ground 
level 

------'! st~:f ! 
Figure 3 .6-5 Hardened Storage Tank 

3.6.3.10. Molten salt combustion support. Molten salt itself does 

not burn, but will support combustion with solids such as wood, coke, 

paper, plastics, cyanides, chlorates, and anmonium salts and with 

active metals such as aluminum, sodium, and magnesium. Water from 

spray sprinklers or low-velocity fog nozzles provides good fire 

protection. 
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3.7 Fuel Processing [17, 81 1 141-146] 

This section analyzes the chemical aspects of the reactor fuel 

cycle: principally preparation of the ThC1
4 

blanket fuel and repro

cessing of irradiated blanket and core salts. 

Some processing should occUI' continously, some batchwise. E~t~~= 

wise will generally be easier, more efficient in separation, and more 

economical. This study does not deal with the near-identical concerns 

associated with starting early cores up with Puc1
3 

or 235uc1
3 

instead 

of 
233uc13. 

Th02 is converted to ThC14 , mixed with reprocessed blanket 

salt, and fed into the blanket simultaneous with blanket salt 

removal. Blanket reprocessing separates out bred UCl 4 (pre

dominantly ~233uc14 ), reduces it to uCL
3

, and admixes that to 

rep~ocessed core salt, forming the core shim material. This 

constitutes a spiked fuel, suitable fer BG export as well as 

for positive reactivity shim to the i-:::FR.(Th) core (simultaneous 

with irradiated core salt removal). 

Core salt reprocessing removes fission products, oxides, 

corrosion products, and chlorine transmutation products; part 

continuously and. part batchi·ri.se. It also readjusts the chlorine 

stoichiometry. 

3 .7 .1 Principal Salt Reprocessing Methods 

The MSR ccncept inherently avoids many of the ccnventional 

reprocessing stages, especially fuel element dissolution and 

refabrication. The absence of these stages removes the need for 

high decontamination stages in reprocessing. Proliferation concerns 
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also discourage ~ decontamination: residual radioactivity 

makes weapon construction hazardous. Eliminatine; ail these stages 

!:'3ducss costs. 

This leaves just tr.e separation stages: core salt cleanup and 

bred-U extraction from ·U1e blanket. The most promising methods are .by 

1. Solvent extracticn frcm aqueous solution 

2. Volatility 

J. P-.;rometallurgy 

4. Pyrcchemistrj (molten salt electrolysis) 

:-re first review the chemist!'""/ of t..11e heavy elements. 

3. 7 .1.1 Chemistrr of the he iV'/ elements [81 ]. The separation 

processes, especially those based on solvent extraction, take ad

vantage of the scmewhat unusual chemical behavior of the actinides. 

Elements in the analogous lanthanide s~ries all exhibit similar 

che~istry: the presence of three, relatively loosely~bou~d, outer 

electrons cau~es each atom to exhibit a positive valence of 3. 

The actinides also all form a tripositive (III) valence 

state. However, some also evidence loosely-bour..d :ir.ner elec

trons. This leads to tetrapositive (IV), pentapositive (V), 

and hexapositive (VI) states. 

'1.'nese higher oxidation states evidence different stabilities 

( 1able 3. 7-I) which facilitates extraction and separation of the 

heavy elements. 'l'h and U differ pronouncedly 1 'l'h evidencing 

mostly just the IV state. 

331 



Table 3 .7-I RELATIIB STABILITIES OF OllDATICN STA'IBS CF THE 

ACTTI:IIE ~z1zr;Ts [81 J 
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**** **** * ** 
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*** *** * 

Tte III and IV stat~s easily precipitate from aqueous solution 

as fl.ucrides; the V or VI states do not. The fluorides of the 

III and IV states do not volatilize; the VI-state fluorides do 

at fairly low temperatures. The IV and VI states appreciably 

dissolve in certain organic liquids; the III-state nitrates remain 

virtually insoluble in these liquids. 

3.7.1.2 Solvent extraction from agueous solution. The extraction 

of actinides from aqueous solution by an organic solvent is the 

most advanced process: it has been widely used since about 1951. 

233 l . f . di t d The 'Ihorex version extracts U from aqueous so uticn o irra a e 

1h fuel elements [72 J. It relies on the stability differences 
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between 'Ih and U in higher valence states (Table 3.7-I). 

The facility of 3olvent extraction for rnulti~ta.ge oneraticn 

without consuming add:l.tional heat or chemicals particularly benefits 

1. Situations requiring extreme purification. Use of enough 

stages can lower the ganuna activity from fission products 

in the extracted uranium to belrn·r that of natural uranium. 

1hus cne might not "ant to furnish this capability to a 

foreign nation. 

2. Situations where the properties of two metals paral.lel 

one another so clc5ely that a single precipitation or 

crystallization ca-: not separate to the degree required. 

Thus this method may not be needed for Th-U separation. 

The dissolution step for a chloride salt has to be the simplest 

of all: just add water. Different organic solvents separately 

ertract the U, Th, and wastes. Addition of Cl2 and cc1
4 

subsequently 

rechloridizes U and Th. 

Disadvantages associated with this method include 

1. Extra criticality precautions fer H-mcderated fuel solutions 

2. Multiplicity and complexity of steps 

J. Large waste volumes 

4. Large shielded space required 

5. Additional steps needed to produce solid wastes. 

J.7.i.3 Volatility nrocesses. Volatile UF6 (b.p. 56.4°c) easily 

separates from fission product and Th fluorides. 'Ihe ability to de

contaminate to low activity levels parallels that for solvent e~trac

tion. However, the volatility method requires fei·Ier steps and therefore 
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smaller volumes of highly-radioactive wastes compared with aquecus 

processing. 

Volatilization should work especially well for processing a 

Tr.F /!·i aF (or other fluoride · carrier) blanket salt mix. Cne would 

oxidize +-he bred UF I+ to UF 6 , separate it by distillation 1 chloridize 

it, and re duce it to uc1
3 

• The rernaini.."lg Tb.F 
4 

would return to the 

blan.l.:et. 

Distilling uc1
4

, uc1
5
, or uc16 from a mix of ThC14 and chlorides 

cf the structural materials and fissicn products would be more diffi-

cult: more volatile chlorid~s compounds exist and their vapor-pres

sure r;;.ilges overlap. Howev~r, considerable less development effor't 

has been expended on method~ for separating volatile chlorides; the 

problems may be solvable. 

3.7.1.4 P;yrometallurgical processing. In the 1950's ANL developed 

pyrometallurgical processes to recover and purify fissile and fertile 

material. from breeder reactors. Although demonstrated on a pilot

plant scale, much engineering development remained to evolve a 

workable and reliable process, especially in view of criticality 

restrictions. 

A typical process would use a molten chloride flux to contact 

the oxide fuel and a molten metal to extract the actinide. Hence the 

need for high temperature (pyro). 1:-l'ith molten chloride salt fuels 

only the extractant is needed: for chloride fuels, Dillon [28] 

proposed a Mg-Zn alloy. A similar metal may work with Th/U cycle 

chlorides. 

Pyrometallurgical processes decontaminate by factors of only 
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about one hundred. With them one must handle fuel remotely. This 

poses no problem for molten salt processing: it requires no fuel 

fabrication or other handlingj everythine; is done remotely anyhow. 

Leaving in raCioactivity also inhibits use of the material for 

weapons. 

Because of its compactness, pyrometallurgical process can operate 

close-coupled to the reactc~ and en a rrn1ch shorter cycle than the 

aqueous rcute. If econcmical, a pyrocher.iical processing plant could 

easily be acccmodated within the reactor building due to its small 

size. Preliminary work indicates that capital and operatir.g costs 

may be high becau3e of the 3mall batch type operations needed. 

Detracticns include lcw recovery rates and the development 

needed to cope with temperatures above 1ooo0 c. High temperature 

equipment of great reliability that can be operated and replaced 

remotely is hard to design and expensive to test. However, work 

alr~ady done indicates that the difficulties may be overcome. 

3.7.1,5 Molten salt electrolysis. Techniques exist to deposit 

~ctinide oxides and carbides from molten eal t solution through 

electrolytic reduction [143] e.g. 

;... +2 ( ) 2 - ( ) Uv2 soln + e ~ uc2 solid 

at the cathode. At the anode: 

Similarly 'Iaube [147] men"tioned reducing actinides directly in their 

molten chloride mixture. The Cl2 released could be used to chloridize 

ThC2 for blanket feed (section J.7.7). 
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J.7.2 Core Salt Processing 

Cn equilibriwn cycle, the core fuel will include carrier alkali 

salt (e.g. ~aCl), fissile uc13, diluent ThC1
4

, actinide transmutants 

(e.g. Pac1
4

, tJpC1J 1 and PuC1J) 1 impurity oxides, fission products in 

various forms and states (section 3 .4.2.1): structural corrosion 

products, and sulfur ( from chlorine transmutation). Some of the 

mutants may fcrm cor.iplex chlorides like Cs2uc16 a.~d ccmpounds like 

UI and US 1 which precipitate out at sundry temperatures. 

Core shim material r.iust replace irradiated core salt near-

continuously so as to maintain criticality. The fuel burnup rate· 

( i.6 gm/min for a 2250 Ml·Jth plant) fixes the rate of shim replacement. 

Actual core salt reprocessing can still occur batchwise or continuously. 

The choice will depend in part on the allowable inventory of core salt 

in reprocessing and the allowable level of FP concentrations in the 

core. The latter depends on 

1. The reactivity worth of FP 

2. The effect of lower Th/U ratio or increased reactor size 

on reactor performance. 

3. The effect of FP on BG 

4. Acceptable radioactivity levels in the primary circuit 

(high levels necessitate remote reprocessing and extra 

plant shielding). 
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3 • 7. 2. 1 Recovery options. The first opticn is whether to clean up 

th& salt (remove the bad part) or just recover the 233uc13 and scrap 

the rest since ~iaCl is so cheap. Solid fuel cycles conventionally 

take the latter approach. Here we choose to clean up the salt because 

1. NaCl radioactivity precludes easy disposal 

2. -2.:nrichment in 37cl(if chosen) would forfeit cheap cost 

ar&\.lments 

3 • Discarding non-uranium actinides would mean poor fuel 

utilization since every actinide atom can eventually 

fission in this spectrum 

4. Continuous gas removal gives a good start an salt cleanup. 

It might be feasible to just remove the parasitic neutron ab-

sorbers and corrosion agents: let the salt accumulate the rest of 

the mostly-radioactive nan-volatile mutants,some as substitute 

carrier salt. The advantages are 

1. A suitable place to store non-volatile radioactive wastes 

2. The reactor will transmute many of the wastes into a less 

hazardous form. 

3. The radioactivity will add to the heat source. 

4. The r::i.dioactivity discourages diversion of the core salt 

for weapons purposes. 

Potential disadvantages to watch for and control are 

1. Change in viscosity and other thermophysical properties 

2. Mutant plate-out causing flow blockage, radiation sources, 

or other problems. 

The enumerated advantages seem real enough to warrant this 

basic approachj practicalities may require some modifications. 
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3.7.2.2 Continuous removal of mutant gases. Fission produces Se 1 

Xe, Kr, r2 , and Br2 , which are all gases at reactor temperatures 

(section 3.4.2.1). Threshold reactions also produce He and HT gas. 

Cne to:1 of fuel from the core of a fast breeder contains 2 x 104 Ci 

of 8\r, 100 Ci of 131xe (after cooling 4 mo:iths) 1 130 and 0.7 Ci 

of l31r (after cooling 4 and 6 months, respectively) 1 O.]J Ci 

of 129r 1 and 2200 Ci of T. In 311 HSR circuit rupture, these ~-10uld 

all present a radiation hazard. Gas accumulation \·rill also build 

up pressure, affecting circulation. 

In remedy for the MSBR1 CP.NL proposed a cleanup system which. 

recirculates g~s L"1 leaps a~ross each main salt pump. Injected 

helium nucleates bubbles which absorb gases, the small-particle 

fog of inert metals (Pd, Tc,Ru,Rh, and Te) and some of the volatile· 

chlorides (Fig. 3.7-1). '.-lhile in a hold-up tank to reduce decay 

heat, some of the metals and chlorides deposit out. Passage through 

traps and beds removes Kr, Xe, water, etc., before returning to the 

helium injector. About 2a;S of the bypass flow undergoes a long delay 

in ':!hich all isotopes except the l~year 8~r decay to an insignificant 

level. 

Presently 
8
\:r levels frcm reactors are small enough to discharge 

directly to the atmosphere. Should nuclear power abound. in 30-40 

years it may be necessary to separate out 85ic; low-temperature 

fractionation looks like a promising method. 

Evaporation and fractionation can also concentrate tritium for 

lengthy storage; this is presently done in solid fuel reprocessing. 
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An intermediate h.alf-li.fe makes 137cs one of the more 

troublesome fission prcdu.cts (Fig. 2.1-2). Figure 3c7-2 

shows that only a small portion of the A=l.37 yield comes 

direcUy to 137cs. Though the gaseous precursors decay re-

latively quick, continuous gas extraction could remove a lot 

of them before non-gaseous 137 Cs formed. This would 

1. Lower the activity of the circuit 

2. Avoid the more difficult removal of CsC12 or other 

compound later 

J. Help isolate Cs for individuali.zed volume reduction. 
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Fig. 3.7-2 

Eeprocessing Characteristics 

o: :he A = 137 Fission 

?:·cduct cha.in. 

. ~~;mian 
1
j 

10· 

10· 

10'"' '--_________ .__-!..~...!. 

The main design parame"ters for gaseous fission product removal 

are 

1. The absorption required in the delay beds 

2. The heat removal needed to avoid excessive temperature 

rise in the charcoal traps. 

Cne form of delay bed iB a trough of swimming pool size. Low pressure 

steam forms above the pool and passes to condenser uri.its. Such a system 

would dwarf the reactor in size. Alternatively, one might store the 

gases safely and reliably at hish pressure .. 

3.7.2,3 Removal of non-p,aseous fission products. The inert metals 

(section 3.4.2.1) not escaping as fog will likely deposit in var-

ious parts of the primary or FP removal circuits. External processing 

will remove the remaining 50-60% of the fission products as nee-

essa.I"/ unless on-line treatment processes can be developed. 
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Section 3,7,1 mentions three possible processing methods. 

Cf these solvent extraction frcm aqueous solution is the best 

established. However, economics may require the reprocessing plant 

to serve !i1Ultiple reactor facilities. Reprocessing at a different 

location, would mean 

1. Increased out-of-plant inventory 

.2. Increased hazard of radioactivity, sabotage, and pro

liferation 

Combined with the disadvantages mentioned in Secticn 3. 7 .1.2 this 

argues for consideration of the less-developed processes of section 

3,7,2.4 Ccntrcl of the oxy,.-en levels. Cxygen and oxygen-containir.g 

compounds react •,ri.th uc13 to precipitate uranium oxides and oxy

~hlorides. Oxygen can enter the salt through air, water vapor or 

transmutation of F. The vagarious nature of air and water vapor 

entry necessitates keeping the oxygen content well below saturation. 

A continuous gas bubbling system (with chemical reducing agent) 

should help; so should the appreciable capacity of the salt for 

oxygen. 

Experiment indicates difficulty with simple methods of salt 

cleanup such as the small change :in solubility by temperature 

adjustment. An alternative effective method routes the bypass 

gas flow through a bed, where the gas mixes continuously with 

injected liquid ~IaUC14 • Greater stability of Al2c3 causes it 

to form over A1Cl3 (Fig. 3,7-3), The .solid alumina then separates 

out by filtration or cyclone. 
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3.1.2.~ Removal of sulfur imnurities. Several nuclear reactions 

convert chlorine to sulfur (Figure 3.7-4). Mass balance and Co.ulomb 

barriers combine to inbibi t most of these reactions, but high flux 

levels bolster production. 35c1 converts to 32s, 33s, and 36s. 37Cl 

should produce only small amounts of 34s (favoring a 37Cl enrich~ent 

again). A. natural chlorine-fuelleC.. system will produce more sulfur 

than the salt solubility can hand.le. Phosphorus, thol.16h p~esent is 

only tr2..llsi tory, dec~yiil.6 quicld.y to sulfur. 

The presence of sulfur, or of any other element capable of 

compounding with uranium, need not adversely affect the feasibil

ity of the system: simple ~djustment of temperature and uc1
4 

content can induce precipit~tion in a clean-up circuit. Because 

one can reliably predict the production rate of these mutants, 

the concentrations in the core could be safely maintained close 

to saturation~ then even an inefficient removal process would 

suffice. 

The effect of the sulfur presence will, in part, depend on its 

oxidation state. For molten sulfur, the oxidation-state equi

librium is fairly well fixed; the predominant state tends to be 

positive (Fig. 3.7-5). The "positivity" also increases with 

irradiation (Fig. 3 • 7-6) • 

J.7.2.6 ~aintaining the chlcrine stoichiometry. Each actinide atan 

ili.itially binds three or four Cl atoms. Although fission splits 

each actinide atom into two product atcms 1 the net valency reduces 

(in part due to inert gases) and an excess of chlorine occurs. 

This can lead to several corrosion agents, especially uc1
4
• (The 
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Reacticn Reaction Q-value (MeV) 

J. J5,,..,1 r V) )6 1 
4 - \r;,I ~ C . 

6. 37c1 (n,O<.) 34p 12.4. s 34s 
/}-

25.3 d 335 
/J.-

(n, ~34P12.4_s 34s 
~ 

0.615,_ 9.89 

0.935 

8.58,1.92 

6.28 

-J.98 

~-1.29 

Figure J.7-4 Nuclear Reactions Which Produce Sulfur in an MCFR(Th) 

intense fission fragment irradiation of the salt produces short-

lived ions ;1hich quickly oxidize UC1.J to uc1
4
.) 

To hold dOim the concentration of uc1
4

, and excess Cl in general, 

one can react the fuel salt at a modest rate with metal of natural 

uranium or thorium or with other reducine agents. 

3.7.2.7 Storing troublesome fission products by usin5 them as 

carrier salts. Section 2.1.2 points out that, of all the fission 

90 137 products, Sr and Cs should present the most trouble. Ho1·rever 1 

Sr and Cs belong to the alkaline earth and alkali classes of ele-

men-ts examined in section 3.3.4. T'nus a good way to man.;.ge these 
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Fig• 3 • 7-6 Effect of length of irradiation time on the 3 5s

species distribution, 150°c [148] 
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long-lived salts might simply be to use them as carrier salts SrC1
2 

an~ CsCl. Unlike natural Sr and Cs, they would not increase in 

radiological hazard, but rather decrease. This would also apply to 

some of the other fission products, especially RbCl c..nd BaC12• 

,-,.7.2.s Comparison to 1-!SEH reprocessL11g. In l.:S:9R reprocessing 

cf the fuel salt (Fig. 3. ?-7 ) a volatility precess (Section 3. 7. l.J) 

first extracts uranium and immediately returns it to the primary 

circuit. Subsequent steps proceed more slo:vly and sometimes tor

tuously. They especially ir.clude 233Pa extraction by a li~uid 

bismuth contact process and :-are earth extraction. After 233Pa 

dec2ys to 233u, it returns tJ the reactor. 

U3B?.s must carefully hc.:idle tri ti urn gas produced by 
6
Li 

(n, cJ... ) reactions: releases to the environment r:rust be strictly 

ccntrolled. 

Reprocessing for an 1·1CFR(Th) should be much simpler: enhanced 

233Pa and 234u fissionability makes it unnecessary to separate and 

hold up 233Pa. Also an l·~C~ produces magnitudes-less tritium. 

3 • 7 .2. 9 !·'.aterials reouirements. The processing plant may re~ire 

special materials. 'rhe tran:;fer lines will probably be molybdenum 

tubing; scme of the. large vessels may be graphite. For an ESBR 

a frozen layer of salt protects the wall of the. fluorinator from 

corrosion, 
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3.7.3 Blanket Salt Processing 

Blanket salt processing must extract uc1
4 

and convert it 

to uc13• Some degree of separation may be initially accomplish

ed by slowly cooling the salt mix to precipitate out ThC1
4 

until a eutectic composition is reached (Fig. 3.6-1). 

A low need for high purity plus a desire for compactness 

favor pyro;>r'Jcessing with chlorides. Should the blanket salt 

be a fluoride, oxidation to UF 6 and subsequent distillation 

(section 3.7.3.8) appeals. 

UCl 4 reduces to uc13 relatively easy using Hz, alkali 

(Na,K,etc.), U, or Th. For ~etal.lic reduction, rod, gauze 

or turnings are popular. Us:il'lg alkali (Ak = Na or K), the 

chemical reaction is 

UC13 + AkCl 

This results in a tjQ/50 molar mix; lower :in uranium content 

than desired. Any Ak:Cl initially present would even further 

reduce the UC1J molar content. This leaves cnly Th or Hz 

as alternatives. 

Th metal is toxic and flammable. H2 produces HCl, which in 

turn might be used to chlor:il'late the thorium oxide feed (section 

3. 7. 7) • A possible direct route to reducing UCl 
4 

may .-be by 

electrolysis, releasing c12 which could, in turn, chlorinate Th02 
feed. 
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Blanket salt should well accord batch reprocessing. The frequency 

of blanket reprocessing will depend on 

1. The tolerable 233u co.ricentration in the blanket which d~ 

pends on 

a. Allowable power production in blanket which depends on 

( l) Maxi.mum desirable heat removal capability from 

blanket salt 

(2) Neutrro damage to reactor vessel 

b. The amount of 233u inv~tory to be tolerated in the 

blanket, which depends on 

( 1) Proli..fera:.ion hazard 

(2) Financial worth of 
233u 

c. The loss in BG it causes 

2. The optimu'll reprocessing economics which depends on 

a. 233u separation efficiency 

b. Blanket reprocessing costs 

3. The demand rate for 233u in the core shim tank which depends 

on 

a. The tolerable size of the shim tank, which depends on 

(1) Criticality hazard 

(2) Proliferation Hazard 

(3) Financial worth of 233u 

b. Fuel burnup rate in the core. 

Regarding BG (le above) , Figure 3. 7-8 shows that Taube found a sig

nificant BG loss as the Pu/38u ratio went from 10-.3 to 10-2 • An 

IiC?R(Th) should behave similarly with 
233

u/Th ratio. 
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3.7.~ Starter ?uels 

3. 7 .L.1 Starter fuel for the core. Until 
2
33u becomes aYail

ab..i..e, ;.1cF:t( 'lh) reactors must start up with highly-enricned 
23 

\-

?.~,::;.c~cr) [18] 

or Pu. Pu most clo::;ely matches the critical dimensions and 

characteristics of the equilibrium 233u cych. It also avoids 

mining ne';-r uranium (at a rate of 1000 parts U fer 72 parts 
23 5u) 

and uses up existir'8 stocks of Pu. 

This conflicts ,,i th the desire to a.void Pu 1 but requires only the 

one transport for the :;tarter cor~ fuel. To start vri-th highly-enriched 

235J Houli l:iter require 2. CO:!.'C ;;comet:-y cn::..."lgC (sr.ialler tube di:>...."!leter 
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or wider s:~eH angle) or thoriu.:n dilui;ion of the 233u. When 233u be-

comes available, it can start up new reactors. 

Replaceable tubes would also permit variable core dimensions and 

composition. One might then even start with a slow neutron spectrum 

a.nd core mix of loHer e111'ichoent until dufficient 233u is bred to aper-

t "'-' d · '<!'7.'l;:i (mh) a e .. ne esi.:;n av.!! -- l • 

3.7.~.2 Prenara.tion of Thc1
4 

for blanket. Th principally occurs in 

roc~s as Tho 2, the sa.r:ie form considered for solid fuels. The neces~ary 

tecr..nology alreaC.y exists for converting oxides into chlorides: the 

princi::i01l method to recover t:1ori1L";1 and. uranium frora spent solid. fuels 

::iap:pens to ·ac c.. c=:lorid.e vol;::. ;ili ty _;irocess ~·Iherei:J. ThC1
4 

occurs as an 

intermediate step. 

In this process, a gas mL'Cture of Cl2 and cc14 attacks the oxides 

at 700-350°c to form volatile ThC1
4 

and other chlorides. Sintered 

metal filters remove solids from the gasj salt sorption traps at con-

trolled temperatures separate the chlorides into.different fractions. 

One could also form ThC1
4 

while 

(1) ~educin~ blanket uc1
4 

to UC1
3

: 

Th+ 4 uc14--4 UC13 + ThC14 

(2) "Gettering" excess Cl (released from the uc1
4 

molecule by 

fission) from the core salt 

Th + 4Cl---ThC1
4 

HoHever, these methods require metallic Th which is pyrophoric and 

difficult to obtain from T'uG2• 

Another possibility would be to use the rtCl product from blanket 
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salt reduction along with lots of heat to drive the reaction 

Th Cl 
4 

+ 2.H20 

I.Test of the heat would be recoverable a!ld might come from the reactor 

itself. 

3 • 7 • 5 Fuel Cycle Summary 

Fig. J.7-9 summarizes a typical HCFR(Th) fuel. cycle. On equi-

libriwn cycle an MCFR(Th) blan.1<et consumes natural thorium and breeds 

233uc1
4 

• Blanket reprocessing separates out the uc14, reduces it 

to uc1
3

, and feeds it into the core as shim. Small ~nounts of Th, 

23liu , and 232u also carry over in chloride form. 

Continuous core reproce~sing should result in 

1. Gases vented tc atmosphere following suitable decay 

2. Very small long-lived FP waste which could remain at the 

plant until the end of the plant life 

J. ~Yo actinide waste 

4. A few .. ~ommercial byproducts, e.g. S, non-radioactive FP, 

and possibly 90sr and 137 Cs radiation sources 

5. Renovated core salt still highly radioactive, mixed in 

with the blanket product shim. Host of this radioactive, 

weapons-grade mix returns to the core, but some goes out 

as BG in a form non-conducive to intimate handling. 

Section 2. 5.2 advocates minimum transport of weapons-grade 

and radioactive material. 1'he one shipment of starter fuel in 

and shipment of BG out CDnstitutes ~he. only major transport, nil 

compared to the usual reactor fuel cycle. 
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3 .8 Safeguards 

3 .S .1 r:ational Fuel Ir.ventory 

Although out-of-core cooling greatly increases the fuel in

ventory in the primary circuit, fuel safeguards does not suffer: 

1. Fuel diversion from the primary circuit requires shut

ting down the operating power plant 

~. High radicactivi. ty raakes di versicn um'lielct,r. 

The inventory in the reprocessing stre~~ >rill depend en the 

reprocessing mode (batchwise vs. continuous) and on the reprocessing 

eoals (degree of separations. The only other fuel accumulations 

r.fill be i_r: the ::him t2J'lk 2.nC in the breedir.t; c:;ai_ri. expert I cct:--1 

highly radioactive. 

The absence of fuel fc.brication and fuel element reprocessing, 

and associated transportation eliminates most out-of-plant inven

tory. Thus, unlike other reactor fuel cycles, the national in

ventor/ of an MCFR basically comprises only the power plant inven-

tories. 

3.S.2 In-olznt Diversion Potential 

FF and 232u-daughter radioactivity in the molten fuel should 

discourage diversion prior to reprocessing. Selective reprocessing 

could remove just the neutron absorb.:!rs and corrosive agents 1 

while allowing high-activity non-vo~atile emitters to remain. 

(This cIOuld sinrul.taneously manage some of the cumbersome waste). 

After appreciable reactor operation, long-term radioactivity and heat 

generation rc.tes may prohibit salt use for iieapons. 
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The most sensitive (weapons-attractive) material should be the 

low-burnup uc1
3 

or uc1
4 

e:rtracted from the blanket. Processing re

motely and then mixing immediately with (reprocessed) radioactive 

core salt should safsguard the uc13 . i;o stage should ever hold 

encugh loH-burnup 233uc1
3 

to •·1crrant seizure for quick bomb 

manufact::re. 

,) • i3 .3 Facility :-'.cdificati~ 

Presumably a country could modify its HCFR.(Th) to produce Pu 

by simply substituting UC1
4 

fer ThC14 in the blanket. This could 

be dcne either in the salt sc_ution or in a separate capsule. 

But then a research reactor c~ other neutrcn sources would serve 

almost as well. Thus safeguards cannot prohibit such steps: they 

can only seek to induce ramifications to, a.nd external signals of, 

such modification. Signals would include higher heat production 

in the blanket and fewer 2 .6-r•ieV photons from 232u daughters. 

Designing a blanket with limit.ed heat removal capability should 

preclude significant Pu manufacture. 

3.8.4 Desired Radioactivity in 1ransnorted 5reeding Gain 

The best opportunities for diversion or theft of core salt 

would occur with stockpiles and transports of breed:L-1g gain. Still 

even though the fuel be packaged for safe handling in transport, 

the presence ol 232u dauehters and radioactive fission products in 

the .iuel will make it unattractive for handling in weapcns con-

struction. Furthermore, this radioactivity will necessitate un-

wieldy shicldin~ during transport. 'Ihe subject radioisotopes should 
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1. Have lo:-r neutron cross secticn to avoid neutronics penalty 

2. Be non-volatile so as to not pose a hazard in a transport 

accident 

J. Be d.i.i'ficult to separate from the cor2 salt. 

Troublesome long-lived fission products might be ideal. 

3 .8. 5 Radiol..o~ical Sabot:l.g_e Threat 

Fission reactors inherently induce high levels of radioactivity. 

A terrorist could deliberate~y release radioactive gases and, by 

mems of explosive devices, n.dioactive aerosols. Although an 

L.SR. :plant ccntinucusly purge'- it::; fuel, r.ruch of the problem. re

mains: the same amcunt of f~ssion products have still been gen

erated per r::·:e and must eventually be disposed of (transported 

frviil in-plant safe storage to some final safe storage). Cnly 

semipermanent storage at the MSR. site can alleviate. the transpo:i;-

·ca.tion risk relative to other reactors. But even then, such a 

high fission product concentration might also attract saboteurs. 

In contrast, a fusicn reactor produces only tritium •.-1hich is 

conceivab~y dispersable. I~-plant recycling further mitigates the 

problem. However, the only near-term economical fusion reactor is 

projected to be the hybrid t·1hich will produce '1reapons-grade fissile 

fuel a.gain. 
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3. 9 Access and !1aintenance 

The goals for 5.11. nuclear pcl·1er plants include efficient 1 

reliable, and safe reactor operation. This entai.13 adequate 

inspecticn and opportunity for maintenance and repair. ;:Iith l~Rs 

one can drain the fuel, flush the system with clean salt, and then 

replace the ':/hole reactor vessel or individual heat exchar..ger 

t:nits. However, with out-of-core cooling, the primary circuit 

emits delayed neutrcns; these activate circuit equipment and the 

secondary coolant, inhibit:i.rJG access and maintenance there. 

J. 9 .1 Ccmpa::tness cf 2!l I·:CFR. 

Figure 3 .9-1 indicates tr.e compact laycut of an ECFR. and 

compares its cverall size to that for a typical ILFBR and o. 

lower-poi·1ered ~-!SEB. In British 11CFR(?u) designs, no item of 

plant exceeds 6.5 m diameter; this permits prefabrication of the 

vessel in the shop, thus reducing construction time and interest 

charges. 

3.9.2 Intrinsic P.eliability 

'lhe !1SR avoids intricate mechanical devices: it needs 

1. to complex refuelling mechanisms 

2. Few of the clcse tolerances p!'esent in solid-fuelled re

actors 

3. ~!o mechanical control devices in the core or blanket. 

This implies the high system reliability of a chemical or hydraulic 

356 



plant: pumps, heat exchangers, and cor.taining materials ':Iill cperate 

reliably so lcng as they de r.ot exceed proven limits of ccrrcsicr:, 

thermal expansion, and salt velocity. 

HSR3 demonstrated that with proper design c~e can maintain an 

active fluid-fuel syster.i •·ri thout ur,du:; difficulty. Such design 

should entail easy replacement of pump and heat exchanger or in

sit~ repair. As an example, a U-tube heat exchanger allows the 

major components to expand ~"ld c.lso permits plugging any leaking 

tubes from the less-active coolant circuit side. These features 

do cost some extra fuel inventory though. 

3.9.4 Comparison of Primary Circuit Ccnfigurations 

In nuclear reactors radiation inhibits access to the primary cir

cuit. The liquid nature of MCFR fuel allows the removal of most 

of the radiation sources during reactor shutdown. 

Cne would like to design the primary circuit to allow reduced

power operation while repairing a small ox-core portion of it in a 

shielded cell (Fig. 3. 9-2) • Then removal of aie "tube" circuit from 

operation would still leave (n-1)/n o! the reactor in operation. Ad

versely the primary circuit must lie close to the core so as to min

imize out-of-core fuel inventory. 
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Because of this the radiation fields of the core and adjacent sub-

channels overlap. Therefore unless robots can do the job, replacement 

or repair of any component (heat exchangers, pump, piping, etc.) will 

probably require removal of all the radiation sources: i.e., shut 

down and clean out of the whole reactor. 

In that event one might ask, are multiple loops in each sub-

channel still needed? Probably they still buy you time to wait until 

a scheduled maintenance period occurs - like that for replacing the 

in-core tubes. 

one of tuo 
subchannels 
per core tube 

1'-"'' \.;:;::=::::i"-= shielding 

--:X? 
reactor vessel 

Figure 3.9-2. Top View of a 3-Tube Reactor with Subchannels 
in Shizldec:1 Cells , 
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3 .9. 5 Reactor f,!aintenance/Replacement Procedure 

Upon shutdmm the core flui.d may drain or be pumped into safe 

geometry tanks. Cperators could then flush the primary circuits, 

first with (irradiated) blanket salt and then with fresh blanket 

mix. The latter might first clean up t~1e blanket region 

its elf. Each mix would need a separate drain tank. Both tanks 

and lines ri'~ht require au:ci.liary heating, 'iater or steam coulci 

acccmplish the fin~ clecnup: chlorides dissolve easily ir. ~:ater. 

~Ii th a clean system, operators could d~couple and replace the 

graphite tubes just like fuel elements, only much faster: 

1. ro delay time is nee·:ied for radioactivity to die dm·m 

2. Low radicactivi.ty gr~atly eases the handling problems 

3. Spent tubes will require no extensive storage as for spent 

fuel elements; they should be easily disposed of. 

4. Cnly a feu (N=3-6) tubes are involved. 

Core tubes 1·rill probably require the most frequent replace

ment of all the solid reactor components due to the combined effects 

of radiation, corrosion, and high temperature. Frequency of re

placement might be similar to that for L~·iR and UiFBR refuelling 

(6-12 mos). Even more frequent intervals can be tolerated without 

significant penalty. 'Ihe costs of replacement tubes will be neg

ligible also. Cne would like to remove the tubes without dis

turbine the reactor vessel. Cnce in a great while, the reactor 

vessel or a graphite vessel llller could also be replaced. 

J,9,6 ~eactor Shielding 

Cut-cf-core ccoling may cause scrne unique shielding problems 
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due to the circulation of de~ayed neutron emitters. Assuming a 

delayed neutrcn fracticn of O.OOJ, a total.-to-core volume ratio 

-of four, --;) = J seccnc'.ary neutrcns per fission, a core power den-

sity of 10 ~il:ith per liter, neutron multiplicaticn factcr k in a 

5-in. pipe-::: 2/3 (a reasonable arbitrary guess), one gets a neutrcn 

scurce rate cf 

S = · 10 MW :t. lcV >( }3-il de/12>1~&. n<M-1-s. " _c_o_~_v_o_I. __ 
Cor!..l,rer l·'-cZ.x10-•"ws ZDOl"lal/ -to+-. vol. 

The surface flux on a cylindrical source is [149] 

where A = neutrcn mean free path (cm) 

B buildup factor, normally applied in use with photcns to 

add scattered flux in with the uncoilided flux. Thus 

B is usually near 1.0. 

h half-h3ight of the cylinder measured in units of ~i in 

evaluatint; G, h = 6 is the same as h = oo • 

R = cylinder radius (cm) • 
\, f-t4n-' (a./.:) 

G-( ~I.)= 1 J.x e,- x sec.. 'f d'j ; 
0 

1hus on the surface of a 5-inch diameter pipe 1 with ) = 10 cm 1 

I ¢ 13 -2 -1 
G( oo, 2.5 x 2.54 10) = 0.73 and = 1.825 B·S:::..10 n cm s • 

Treating a pipe as a 2 meter-lonG' line source, then at a distance 

meter cn·ray from its midpoint [149] 

¢= SR.2 

2a :s • ~, (45°, o) = 0.32 3 • s ~ 1012 
n 
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1·1here a = 1 m (distance away) 

F (¢, b) = r*' e-'c sr..c ¢' Jct>' 
0 

In summary, an unshielded 5-in pipe will produce d~ed neutron 

12 13 -2 -1 fluxes of the order 10 - 10 n cm sec nearby. 

This flux level could appreciably activate the primary circuit 

environment, causing delay and difficulty in mainienance. Routing 

ciltanate subchannels through separate shielded cells outside the 

vessel (Fig. 3.7-1) would partly circumvent the problem: then if 

one s~bcha.nnel broke down, the oper~tor could divert flow to another. 

After a suitable decay time the broken subcircuit could be entered 

and fixed. 

The delayed neutron radi~tion stems from relatively short-lived 

emitters; it will quickly stop once reactor operation does. The high 

gamma radiation from fission and activation products lasts much 

longer: it will continue during shutdown. Cont:inuous fission 

product cleanup helps to keep these gamma radiation levels down. 

3.9.7 Radiation Sources in Reprocessing Equipment 

Section J.5.10.1 reported the neutron production from decay 

alphas. To avoid these neutrons, the process should avoid use 

of light elements, especially Be ,F, B, Li, Al, 0, Mg 1 and Na 

(in decreasing order of importance). 

The presence of 232u, especially in col'e salt reprocessing, 

will also produce penetrating radiation. Section 3 .5.10.2 dis-

cusses this in more detail. 
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J.10 Auxiliary Plant 

J .10 .1 Power Cycle 0 ptions 

Generally the primary coolant transfers heat to 

1. An intermediate liquid coolant which generates steam for 

a_ turbine, or to 

2. A gas coolant which pass~s di!'e-:::Uy to high-efficiency gas 

t1ll"bines and/or process heat ap~lic~iio~s. 

Melting point, corrosion, and activation (by delayed neutrons) con

stitute the main concerns in the auxiliary plant. 

3 .10 .1.1 Intermediate liauid coolant for steam cycle. Liquid 

metals and fused salts, bec~-.ise of their high boiling points 

and thermal conductivities allow operation at high temperatures 

and low pressures. This prommtes excellent heat transfer with

out expensive and hazardous high pressure equipment. Low pressure 

especially permits use of thin heat-exchanger tubes. 

Research earlier on Na-graphite reactors and later on LMFBRs 

has produced a broad base of Na technology. Similar technology 

exists for the low-melting eutectic Na-K mixture. Either one, but 

especially NaK 1 avoids problems of coolant freezing. NASA-Lewis 

has also pioneered the use of K with a K-vapor turbine, getting up 

to 6 5% efficiency. That cycle would probably need more study though. 

Unfortunately, alkali metals react vigorously with both steam 

and molten salt. A small leak on the high-pressure steam side could 

spell disaster. If the alkali leaked into the molten salt , removal 

by processing would be hard. Sodium would react with uc1
3 

to form 
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NaCl and pure U metal; the latter could plate out or otherwise 

accumulate. 

Lead behaves better chemically as it reacts little with either 

salt or steam and should not enlarge any leaks. Lead costs a lot 

but that has not discouraged. the British from choosing it. It will 

require development of suitable J:l1.L'7lps and components especially in 

regards to corrosion. The inertia associated with lead's high density 

will also require high strength construction. 

Lead will need auxiliary heating to prevent freezing during 

low power and start-up conditions. The cooler parts of the lead 

0 circuit could use low alloy steels but regions above 500 C may 

require other materials: t~e superheater will need duplex tubing 

as lead attacks nickel-bearing alloys. 

Molten salts compete favorably with liquid metals: they 

exhibit thermal conductivities intermediate to water and the 

poorer of tne licruid-metal3. Their specific heat capacities parallel 

water 1 s. Furthermore, an intermediate coolant of molten salt 

should more closely match the primary salt in physical proper-

ties, thereby reducing freezing and thermal stress problems. 

They wil.l cost far less then liquid metals. Table J.10-I shows 

th~t a wide choice in eutectic melting points exists among 

candidate salt mixtures. 

Considerable experience exists in pumping and general use 

of molten salts , especially in salt baths and petroleum refining 

annlications which feature constant high temperatures and con-

tinuCJ~s system operation. Salts work well with Hastelloy N. 



Table 3 .10-I Eutectic Melting Po.:.nts of Some Salt Mixes [112] 

Salt M:i_x M.P. (oc) 

ZrF J/NaF 500 

HaBF
4 

408 

ThClJPbC~ 395 

92 NaEF JB NaF 384 

2 (LiF)/BeF2 364 

ThCl~laCl 36c.-370 

ThC1JPbC12/LiCl 325-335 

N al;Q 2jN aID 
3

/KKO 142 

NaAlC1
4 

108 

However steam leakage into the coolant salt could produce 

locally high corrosion. Processing difficulties would arise 

if the coolant lea.teed into the .fuel salt. For these latter 

reasons the British decided against molten salts for the sec-

ondary coolant. 

3 .10 .1.2 Coolant for gas cycle. co2 or other oxidizing gas leak

ing into the fuel salt, would react to form uo
2

• That could over

load the oxide removal section of the salt cleanup plant. 

Inert helium avoids this problem. He cooling is also under 

development for other reactors along with a He gas turbine. It 

should work well with molybdenwn heat exchanger tubing although 

this is noc yet fully endorsed. 

Both France and the Soviet Union are considering gaseous 



aluminous chloride to power the first stage of gas turbines; dis

sociating r.n 2 (N;;?4 ) gas, the second stage. 

Lower turbine working pressure with gas should permit more 

component prefabrication. That should lower installation times 

and save on construction and interest charges. Avoiding the steam 

generator and tertiary circuit also reduces costs, the extent 

depending upon the gas cycle efficiency. 

Poor heat transfer properties of gas will penalize the cycle 

with a larger heat exchanger. This means higher out-of-core fuel 

salt inventory. One must also analyze the safety of a pressurized 

secondary coolant. 

3 .10 .2 Aux:i..:..iary Hardware 

3.10.2.1 Pumus. Pumps that circulate molten salts experience un

usual metallurgical, chemical, physical and mechanical conditions. 

Salts exhibit temperature-dependent physical properties. At tem

peratures near 700°c they corrode many structural materials and 

deteriorate chemically if exposed to air, water or water vapor. 

ORNL successfully tested single-stage centrifugal salt pumps 

in the ~.iSRE and in loops at 650°c up to 16,coo hours. Two-stage 

semi-axial pumps may require basic development \'rork. Both pump 

designs will require development and testing to successfully in

crease sizes to the range needed for a 1000 MWe plant. 

Both pump designs separate the high-temperature pumping ele

ments from the primary shaft seal and bearings: this allows the 

latter parts to operate near ambient temperatures and to use con

ventional lubricants. An inert gas buffers the space between the 



high-temperature pumped salt and the pr:imary pump shaft seal. 

Elastomeric seals and lubricants must be protected from excessive 

gamma heating and radiation damage. 

Initially, mechanical pump designs avoided rubbing JJarts in the 

salts; now pumps with journal bearings in the salt have operated 

successfully. 

No direct experience exists with high p:>wer, continuously-

running lead pumps. The design principles t·rould probably follo1·1 

the sodium pump design developed for Il1FBRs but with higher power 

and strength requirements. 

3 .10 .2 .2 Core /blanket seal. Section 3 • 7 emphasizes gu..::i.rciUg against 

core fluid leaks more than tlanket leaks. Therefore, the core tubes 
; 

should be a single entity throughout the reactor with no pressure 

seal between core and blanket salt. 

One solution might be to route the core tubes through a second 

tube or sleeve which penetrates the reactor vessel. However, such 

a sleeve will itself experience high radiation damage and require 

replacement. It would also thermalize neutrons. Thus we prefer to 

create a blanket seal on the core tube (Figure J.l~l). Low blanket 

pressure enhances the feasibility for it. One could also design a 

catcher for limited blanket leakage as part of the blanket reproces-

sing stream. Then, no seal at all might even work. 
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Fig. 3.10-1 Alternative Interfaces Between Core Tube and 

Reactor Vessel. 



3.10.3 Filling, Draining and Dump Systems 

Two tanks below the reactor vessel serve for filling and drain

ing. Each ca.n contain the whole salt inventory of core or blanket. 

They provide for quick dumping of the core and/or blanket or for 

accumulating salt leaks from the reactor vessel. Two more tanks 

function as standbys and as delay tanks for salt removal for pro

cessing, one each for core and blanket. An emergency cooling 

system would remove the decay heat from any ta.'1k through the same 

lines used for preheating. 

Mechanical pumps or gas pressure can transfer the salt. For 

initial filling the fuel or ;,1a.nket salt will be brought to sit_e 

in solid form. Electric :imII:ersion heaters or steam coils that 

pass below the surface of a salt bath melt the salt under inert 

gas in SIIIW non-critical batches. Heating a solid bath. of salt 

from the bot tom alone can develop sufficient pressure to rupture 

equipment or expel the molten salt through the solid surface. 

Once molten. the salt can be .pumped·. into the reactor. 

The primary salt circuits will require preheating to about 

6oo0 c ; the seCiJndary, less. In some areas it will be more economic 

and convenient to heat whole spaces such as the reactor vault and 

processing plant; trace heating is better for longer lengths of pipe

work as in secondary pipes to the steam generators. Submerged. 

centrifugal pumps circulate the salt. They are of a type 

which permits no contact of the salt with the pacld.ng gl<l?ld. The 

ORNL 1'1SRE encountered no particular problems with preheating. 
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The MSR uniquely separates, concentrates, and stores part of its i·:a.stes 

;·ri thin the plant for neutron economy, safety, and corrosion protection 

of the reactor. Being already in the form of a concentrated heat 

source suggests the possibility of dissipating the decay heat by puir

tin;; it to uork. One use could be for preheating.. Relium or a low

melting point salt like Flibe (363°C) could be the heating agent. An 

alL""Ciliary heater imuld provide a oackup heat source, especially prior 

to accumulating sufficient fission product ua.ste. 

3.10.5 Overall Plant Size 

Building layout in the 3ritish MCFR(Pu) design is compact: the 

reactor vessel and primary c:...rcuit are smal.l; the plant requires no 

elaborate fuel handling machinery. The skewed-tube configuration .:;nd 

tube replacement machinery here forfeit some of ~s compactness. 

If inline pyrochemical reprocessing proves practical and economical, 

it should fit in the building with little size increase. This in

cludes the attendant control and maintenance areas. If feasible, 

high pressure storage of fission gases would al~o save much space. 



3 .11 Economics 

Several earlier sections have mentioned potential economic 

advantages with MSRs, and MCFRs in particular. This section 

attempts to summarize these and others; many come from an in

ternally-published British study for an MCFR(Pu) [29] •. 

3.11.1 British Stud;y Results 

The British compared a lead-cooled MCFR(Pu) to 2.11 Ll1IFBR of year 

1990 design. 

J.11.1.1 Capital costs. Here they found 

1. The HSFE avoids elaborate control sy3tems and complex fuel 

handling equipment. This implies cost savings through 

compactness and s:..mplicity. However necessary c:ru:d.liary 

systems :increase costs. 

2. Component smallness allows shop fabrication in nearly all 

cases. 

3. The simplicity of a chemical type of plant should 

a. Ease erection, testing, and commissioning procedures 

b. Rech.lee construction time with consequent savings in 

interest and overhead charges. 

4. If full advantage could be taken of the higher temperature 

potential 1 further savings on plant costs could accrue 

with the lead secondary-coolant/steam plant system. 

5. Should secondary cooling by helium prove feasible (satisfy 

safety requirements), the associated temper~tures possible 

':'Tith it might permit use of gas-turbines.- Significant 
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savings might then accrue from skipping a tertiary cir-

cuit and using a layout integrated in a pre-stressed con-

crete pressure container vessel. 

J.11.1.2 Fuel cycle costs. The British study assumed 

:i; Off-site solvent extraction of heavy metals 

2. Removal of residual fission products 

J. Cn-line removal of volatile fission products and salt 

clean-up. 

4. A reprocessing cycle of three months cooling-off delay 

period and three rr.onths processing and transport time. 

5. A one-month stoc.~:ile of fresh fuel at the reactor site. 

Comparison of fabrication ~d reprocessing costs showed a definite 

advantage for an MCFR over the oxide-fuelled LMFBR, as expected. 

If the maximum fuel salt temperatures can increase from the 

Boo0 c of the reference lead-cooled case to 920°c, the MCFR(Pu) 

inventory could reduce by 25~. It would then approach that for 

the oride-fuelled LMFBR; the doubling time also would then fall 

to a value . similar to that of the U'1FBR • 

The British also examined the on-line pyrochemical process in 

the hope that it would reduce inventory over the aqueous process. 

While it appeared technically feasible, the initial cost estimates 

were discouragingly high. These stemmed from 

1. Batch processing of small ''non-critical" qu:mti ties, 

2. The remote operation and maintenance involved. 

This area needs further study. 
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J.11.1.J Summary. MCFRs appear to offer better economics than 

Ll1FBRs. The fuel cycle costs above as5Ullle the well-established 

aqueous processing for heavy metal; :an on-line high-temperature 

process only cleans the salt up. Potentially large capital savings 

in a high temperature MCFR warrant further study of its plant 

design, maintenance problems, and safety. 

J.11.2 T~ansnortation Costs 

Transportation of conventional spent reactor fuel incurs large 

easts through 

1. The high rad:ioactivi"':.y of the fuel 

2. The considerable residual heat 

J. The presence of fissionable materials. 

These necessitate 

1. Extensive shielding materials 

2. Small packages or package cooling 

,3. Cumbersome handling proced.ures 

4. Security (safeguards) 

5. Special accident procedures during transport. 

The transportation problem largely determines the cons-;.ruction sites 

for reprocessing plants and the cooling time of the spent i\J.el before 

reprocessing [i-44]. An MSFR with in-plant reprocessing avoids all of 

this except for 00 transport. 

372 



3.11.3 Outage Penalties 

An t:lCFR may experience less downtime than a conventional llffi: 

HCFR core tubes should wear out more frequently, but low activity 

and the fewness of number should simplify tl:J.e task. However, problems 

related to peripheral equipment malfunct.i., ·i:. still apply 1 and could be 

greater with a new concept. 

J.11.4 Other Costs 

Graphite tubes should be cheap. NaCl will be dirt cheap. Tto2 

abounds in nature more than 002 • An MCFR avoids fuel element fab

rication and enrichment costs. High flow velocities incur high pump-

. .;. ing cos~s. 
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4.o SUMMARY 

4.1 Pu, Proliferation, Safeguards, Security, and Waste Management 

Much concern with the nuclear fuel cycle centers on Pu due 

to its carcinogenicity and its potential use in a weapon. One 

desires close control less it pollute the environment or be di

verted (overtly or covertLy) to weapons use. Once che~ica.lly sep

arated (relatively easy to do for Pu) it can be put into a pre

assembled bomb within days. The main difficuJ. ty will be to pro

perly implode the device. National or large subnational groups 

might be able to practice that trick beforehand. 

Present and prospective solid fuel cycles involve extensive 

fuel logistics including el~ment fabrication, decladding, and post

operation storage. Holten salt reactors skip these steps, thereby 

reducing much of the pollution and diversion dangers. 

A reactor on the Th fuel cycle minimizes production of Pu and 

heavy actinides by beginning much lower on the atomic weight scale 

and usefully consuming them. Fast reactors succeed even better by 

enhancing fission, especially for 2311J. This pertains especially 

to fast molten salt reactors with a very hard neutron spectrum. 

All reactors use or produce weapons-grade fissile fuel. In 

the 1h fuel cycle, the predominantly-233u fissile fuel discloses 

its presence by emitting a hazardous, characteristic highly

penetrating garruna ray. Any transformation of the reactor to the 

U/Pu fuel cycle will evidence a reduced gamma signal. 

An i,j3R also allows one to continuously remove the principal 

(gaseou~) radiation hazard from the fuel and store it away from 
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the reactor. This fact plus the ability to transfer the whole 

co!'e further underground at a moment's notice stould enhance 

security cf the plant from attack. 

4.2 Reactor Design 

Extensive evaluation of core salt properties favors cheap 

NaCl as the carrier salt, ThC14 for fertile material, and uc13 
for fissile material. High fissile salt proportion (Th/u = 0.5, 

30% NaCl) will yield high BG (up to 0.4) and enhance actinide 

fission due to hard neutron spectrum. However, it also causes 

high duubling time and more frequent replacement of radiation

damaged core tubes. 

Doubling time reduces to near 20 year~ at lower fissile con-

tents (Th/U = 1 to 2, 30% NaCl). The optimum composition should 

lie in between these two points, depending on the assignment of 

priorities. In earlier years of operation one might operate with 

a low fissile content to achieve low DT, low_flux levels, and 

softer spectrum. Then in later years, when more is known about 

radiation damage and the press for available 233 u is diminished, 

the plant could switch to a salt of higher fissile content so as 

to avoid actinide buildup and produce more surplus neut.rons(high-

er BG). 

The blanket region could benefit from a thermaliz:ing carrier 

salt like 7LiCl or a fluoride instead of NaCl, but cost and high 

melting points, respectively, discourage those. 

The optimum core configuration for BG and DT appears to be 

a few freqaently-replaced, skewed, graphite tubes in a blanket 
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bath 2 meters thick: a cost-effective solution to the high flux 

levels inherent to this concept. Inner blanket regions definitely 

detract: they decrease BG without decreasing the out-of-core in

ventory. 

4.3 Technical and Economic Feasibility 

Fast molten chloride reactors have been cursorily considered 

before but mainly for the U/Pu fuel cycle. The ORNL MSR program 

showed the feasibility of fuel salt circulation. The combination 

of that experience and MC:'R research (out-of-pile experiments and 

theoretical studies, so far) provide a basis for believing the 

concept will work. 

Chemical stability and corrosion of molten salts are fairly 

predictable. Low vapor pressure of the salts enhances safety and 

permits low pressure structural components. 

Molten fuel state and cooling out-of-core simplify component 

design in a radiation environment. They forego complicated 

refueling mech~sm, close toleronces associated with solid fuel, 

and mechanical control devices. Molten state and low vapor 

pressure of the salts also offer inherent safety advantages. 

Graph:ite and Mo alloys and coatings appear as promising 

candidates for prLnary salt containment, both in and out of core. 

These high temperature materials may permit high fuel salt 

temperatures (above lOCXJ°C). This can reduce fuel salt inventory 

in the heat exchanger and allow gas turbine cycles and/or process 

heat applications using helium as an intermediate and final coolant. 
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Use of the MCFR on the Th fuel cycle should greaUy expand the 

amount of available fuel: three times as much Th exists as U. 

The high BG accompanying very fast neutron spectra in some MCFR 

designs will enhance the economic retrievability of extensive 

low-grade U and Th ores. 
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