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AN EVALUATION OF THE MOLTEN SALT BREEDER REACTOR

< R 1 Imonucnon R
: The Division of Reactor Development and Technology, USAEC, was aseigned
| the responsibility ‘of essees‘iln’gr,tlr'rnrestetns,vof the technolog‘,vrofr the
»leltenVSalt”ﬁreeder #eector:(ﬁsikjne-part of the Federal-Conncil of
l-Science nnd Technoloey'ﬁeeeerch:end'Development-Goale§Stndy,- In,
conducting this review, the attractive features and problem areas
associated with the concept have been exnmined‘ but more importantly{
the assessment hae been directed to provide a view of the technologv
and engineering development efforte and the associated overnment and
industrial commitments uhicnmnould be required to develop the HSBR
into a safe, reliable and economic power source for centrel otetion
aoplication.__ i ' |
The 'MSBR concept, currentln under etudy at the Osk Ridge National
'Laboratory (ORNL) .is based on use of a circulating fluid fuel )
'reectcr coupled with on-line continuous fuel processing. As presently
‘ envisioned, it would operate as a thermal spectrum reactor svatem
iutilizing a thoriun-uranium fuel cycle. Thua, the conceot wonld offer
: the potential for broadened utilization of the nation 8 natural
—resources through operetion of a breeder syetem emploving enother

7":4ferti1e material (thorium instead of uraninm)

':_—Tﬁe’long;terﬁ'objectine;of53ﬁ§,h§q5fe§ctor concentlindftnefineentive_for

ﬁthe'governmentitoieﬁnbort’ite;ﬁéﬁelobnentﬂare'to'help'proﬁide'a'eelf-
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S

sustaining, competitive induetrial capebilityvfor producing economical
'paéer in a relisble and safe manner. A basic part of achievehent of :
this objectiveAie to gain public acceptance of a new form of pbﬁér
production; Success in such an endeavor isAreQuired«to permit therh
utilities and others to consider the concept as a“biable'optionrfor ’
generating electrical poﬁer io‘the future and to coneider makinérthe
heavy, long-term commitments of-reeources in fuods, facilities end
peteonoel needed to provide the tranSitioh from therearly experimental

facilities and demonstration plants to full scale commercial reactor

power plant systems.

Consistent with the policy estsblished for all power reactor development
prograums, the MSBR would require the successful accomplishment of three

basic research and development phnses'

| ; An initial research and development phase in which the basic
technical aspects of the MSBR concept are confirmed involving-’
exploratoty development, laboratory experiment, and conceptual
engineering.

. A second phase in which the engineering and manufacturing
capabilities are developed. This includes the conduct of
in-depth engineering'and prooftesting of.firet—oféa—kind;iﬁ
components, equipment and systems. These would then be.

incorpotatedlinto experimental installations and supporting
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test facilities,to asscre;adequate,understending»of design
and performance characteristics, as well as to gain overall
experience associated with major operational, economic and
environmental parameters. As these research and development
efforts,progrese, the technoiogical uncertainties would. ‘need
to be resolved and decieionepoints,reached,that would,permit
- development to proceeddwithrneceasary.confidencea. When the
,technology,ie sufficiently deVelopediend confidence in the
j.system was attained the next stage wou;l.d,be the construc-
,ﬁtion of 1arge demonstration plants. |
e A third phase in which the utilities make large scale commitments
,toAelectricjgenerating.plents_byrdeveloping,the capability,to
.manage the design, construction,“test and operation of these

power plants in a safe, reiiable, economic, and environmentally

.. acceptable manner.’

Significant experience witn'tne'Light Water Reactor‘(LWR),'the.High
Temperature Gas—-cooled Reactor (HTGR) and the Liquid Metal-cooled Fast
Breeder Reactor (LMFBR) has been gained over the past two' decades -
pertaining’to'the“efforts'that'are'required'to develop and advance
nuclear reactors to the point of public and commercial acceptance.

'This experience has clearly demonstrated that the phases of develop— ,

_ment and demonstration should be similar regardless of the energv : '_

_ concept being explored' that the 1ogica1 prcgression through each of
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the phases is essential; Van'd that completing the work throuéh the
three phases 1s an extremely difficult, time consuming and costly
undertaking, requiring the highest level of technical management,
professional competence and organizational skills. This has again
been demonstrated by thé'recent'exoerience inithe'expanding'LﬁR
design, construction and licensing activities whlch*emphasize.clearly
the need for even stronger technology and engineering efforts than
‘were initially provided, although these were satisfactory in many
cases for the-first experiments and demonsrration‘plants. The LMFBR
program, which is relatively well advanced in ira'developﬁenr;’tracks.
closely this‘UWR’exoerience and has further reinforced this need as it
applies te>the’techﬁology, development and engineering appiicatioo‘

areas.

It should also be kept in mind that the large backlog ofrcoamitmenta
and the shortage of qualified engineering and technical management
personnel and prooftestrfacllitleslin the‘governmenr,rin_lndustrv'ano
in the utilities makerit even more necessaryvthat all the reactor
systems be thotoughly,deslgoed and tested before additional'aignificant
commitment to,“andzconstruction,of.'commercial power plants are ..
tnitisted. . .

. With regard to the MSBR. preliminary reactor designs werc evaluated in

WASH-1097 ("The Use of Thorium in Nuclear Power Reactors") based upon
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‘the information supplied by ORNL Two reactor design conceptl were
r'considered - a two fluid reactor in which the fissile and fertile |
salts were separated by graphite and a single fluid concept in which
: the fissile and fertile salts were completely mixed This evaluation
. identified problem areas requiring resolution through conduct of an‘”
intensive research and development program.l Since the publication of
"fWASH 1097, all efforts related to the two fluid ‘system have been
idiscontinued because of mechanical design problems and the development
of processes which would, if developed into engineering systems,
permit the on-line reprocessing of fuel from single fluid reactors.
. At present, the MSBR concept is essentially in the initisl research

and development phase with emphasis on the development of basic MSBR

technology. The technology program is centered at ORNL where -

'essentially all research and development on molten salt reactors has .

been performed to date. The program is currently funded at a level ‘

of $5 million per year. Expenditures to date on molten salt reactor
technology both for military and civilian power applications have

:amounted to approximately $150 million of which approxinately $70 million

has been in support of central station power planta. Theae efforts date

back t to the 1940'8.7?; i

;V;In considering the MSBR for central atation power plant application it

"ﬁ:is noted that this concept has several unique and desirahle featureS'

- 1at the 'same time, it is characterized by both complex technological and
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practical engineering problems uhich are specific to fluid fueled
reactors and for which solutions have not been developed. Thus,

thia concept introduced major concerns that are different in kind and
megnitude from those commonly associated with solid fuel breeder
reectors.- The‘development of satisfactory experimental units and

' further consideration of this concept for use as a commercial power‘
plant will require‘resolution of these as well as'other oroblens which

are common to all reactor concepts.

As pert of the AEC'e‘Systeme nnalysis Tesk_Force (AEC renort
,WASH;lOQB) and thel"Cost-Benefit-Anelysia of the U. S.‘breeder

i Reactor Program" (AEC reports WASH-1126 and WASH-1184), etudies
were conducted on the cost and benefit of developing another 7
breeder system, parallel" to the bMFBR. The consistent conelu-
sion reached in these'studies is that'sufficient information is |
available to indicate that the projected benefits from the LMfBR
program canreupport a perallel breeder'program. However, these
reeults are highly sensitiue torthe'assumptione‘on olant capital
costs with the recognition, evenfamong concepts in uhich ample’
experience exists, that capital costs and especially snell estimated
differences in costs are highly speculative for plants to be built '
15 or 20 vears from now. Therefore, it is questionable whether
analyses based upon such costs should constitute a major basis for

7 making decisions relative to the desirability of a parallel breeder

effort.




‘of successful large“scele;npplicetion'énd public ‘acceptance.
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Experience in reactor derelopnent'prokrams in this country and ebroad

has demonstrated that different'organiZations; in'evaluatinéftﬁe:projected

A

costs ofrintrOducing a reaétor'development’brogran and oarrring it forward

to the point of large scale commercial utilization, ‘would arrive at.

"different estimates of the methods. scope "of development and engineering

efforts, and the costs and time requiréd to bring that program to a stage

.

Based upon the AEC's experience with 6therleonplex:reactor‘developnent_'
programs, it is estimated that a total government investment;npfto

about 2 billion dollars in undiacounted direct costs* could be required

to bring the molten salt breeder or any parallel breeder to fruition as

a viable, commercial power renctor.r A magnitude of funding up to this

level could be needed to establish the necessarv technologv and

: engineering bases, obtain the required industrial capability, and

advance through a series of test facilities, reactor experiments. and
demonstration plants to a commercial MSBR safe and suitable to serve

as a major energy option for central station power generation in the

utility environment.,ih

| %iASH-1164 - Updated (1970) Cost-Benatit Analvsis of the v.s. ’, o
- ‘Breeder Reactor Program, January 1972, :
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The MSER concept is a thermal spectrum, fluid fuel reactor which

operates on the thorium-uranium fuel cycle and when coupled with
on-1line fuel processing has the potential for breeding at a

meaningful level. 7The’narged,differences,inuthe concept:as‘compared"

‘to solid fueled reactors, make the MSER a distinctive alternate.

Although the COGCGPt,hﬂsfatFF§°t¥V¢,fe&t“FeS; there are a number of

" difficult development problems that must be resolved; many of these

are unique to the MSER while others are pertinent to any complex

reactor.system.

The technical effort accomplished since the publication of WASH-1097
and WASH—1098 has identified and further defined the problem areas'
however, this work has not advanced the program beyond the initial
phase of research and development. Although progress has been made
in several areas (e.g., reprocessing and improved graphite), new
problems not addressed in WASH-1097 have arisen vwhich could affect :
the practicality of designing and operating a MSBR. Examples oi‘
major uncertainties relate to materials of construction, methods ford
control of tritium, and the design of components and systems along
with their special handling,'inspection and maintenance equipment.
Considerable research}and developnent efforts arefreqniredrinrorder’

to obtain the data necessary to resolve the uncertainties. -
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Aséuﬁing that prabtical églﬁfipﬁé[gpu;hesedprobléms can be found, a
further,assesﬁment would have,tO'be;made as to the advisability of
procéeding'tb'the next atagé'of~§he development program. “In advancing
tqrthe:next phase, it,wbuldibe7neceséary to: develop a greatly expanded -
industrial and utility,particibdtién‘and commitment along wich a
substantial increase in'government sﬁppbrt. ‘Such broddened involve—
ment would requité an evaluation of;the,MSBern terns of already
existing commitments to other nuclear power and high priority energy

development efforts. L ;,‘ e
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III. RESOURCE UTILIZATION

It has long been'recognizedrthat the importance of nuclear fuels for
power production depends initially on the utilization of the ‘naturally
occurring fissile U-235; but it is the more abun’daﬁt fertile materials,
U-238 and Th-232, which will be the majbr sburcé of nuclear power
generated in the futute.v The basic physica characteristics of fissile
plutonium pioduced from U-238 offer the potential for high breeding
gains in fast reactors, and the potential to expand greatly the
utilization of uranium resources by making feasible the utilization éf'
additional vast quantities of otherwise ungconomic low grade ore. In
a similar manner, the basic physics characteristics of the thorium .
cycle will permit full utilization of the nation's thorium resources
wﬁile at the same time offering the potential for breeding in thermal

reactors.

The estimated thofium reserves ﬁre sufficient to supply the world's
- electric energy needs for many hundreds of years if the thorium is
uéed in a high gain breeder reactor. It is projected thaﬁ if this
quantity of thorium were_used in a breeder reactor, approxiﬁately.

18 Btu) would be realized from this fertile material.

1000 Q (1 Q = 10
It is estimated tha; the uranium reserves would also supply 1000 Q#*

of energy if the uranium were used in LMFBRs. In contrast, only 20 Q

*Uranium recoverable at U308 price up to $100/1b.
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would be available if thorium we¥éfgséd.és fhé‘ferﬁilé ﬁaferiélvih
an advanced converter reactor because the reactor would;beﬁdéﬁéﬁdént
upon U-235 availsbility for fissile inventory make-up. (Note: a
| conservative estimate is that between 20 and 30 Q will be used for

electric power generation between now and the year 2100.)
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IV.’ HISfORICAL DEVELOPﬂENT OF MOLTEN SALT'REACTORSv
The 1nv¢a;;ggtion_of‘molteq sg1t reactors began in the late 1940's as
part of chg U.S. Aircraft N“éieﬁf P:qpuls;oﬂr(ANP) Prpg:am, ,Subsedueﬁ:lv,
the Aircraft Reactor Experiment (ARE). was buflt at Oak Ridge and in 1954'
it was opératéd succgssfully‘fopJnine dgvs,g; power ;gye;s up to ;
2.5 MW(th) and fuel outlet temperatures‘up to 1580°F.  The ARE fuél was - a
- mixture of NaF, ZrFA, and UFQ. The moder#to: was BeO;and the piping and

vessel were consgructed of Inconel.

In 1956, ORNL began to study molten salt reactors for application as
central station converters and breeders. These studies c;ncluded that
graphite moderated, thermal spectrum reactors operating on a thorium-
uranium cycle were most attractive for economic power production. 'pased‘
on the technology'at that time, it was thought that a twd-fluid_reactor ‘
inréhich the fertile and fissiie salts were kept separate was required
in order to have a breeder system. The single fluid reactor, wvhile not
a breeder, appeared simpler in design and also seemed to have the

potential for low power costs.

‘0yer the next few years, ORNL continued to study both the two fluid and
‘single fluid concepts, and in 1960 the design of the singlé fluid

‘8 MW (th) Moltén Salt Reactor Experiment {MSRE) was begun. The MSRE was
completed in 1965 and operated successfully during the period 1965 to

1969. The MSRE experience is treated in more-detail‘in‘a later section.
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Concurrent vichgiye”conetfeec;on:ofjchevﬂﬁRE,tORNL;performed research
and development on means for proceeeing~mo1ten salt fuels. In 1967

. new discoveries wvere made which suggested that a aingle fluid reactor_

could be combined with continuous on-line fuel processing to become a -

breeder system. Because of the mechanical design problems of the two -
fluid concept and the laboratory—scale development of processes which‘
: would permit on—line reprocessing, 1t was determined that a ehift in
emphasis to the single fluid breeder concept should he made; this

: B -

system 1s being studied at the ptesent. 'fff
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V. MOLTEN SALT BREEDER REACTOR CONCEPT DESCRIPTION

The breeding reactions of the thorium cycle are:

232 233, B 233 B8 233
——-ﬁ
T + n—a P et Pa gy 0

Because of the number of neutrons produced per neutron absorbed and the
small fast fission bonus associated with U-233 and Th—232 1n the |
thermal spectrum, a breeding ratio only slightly greater than unitv 1s
achievable. In order to realize hreeding with the thorium cvcle it is
necessary to remove the bred Pa-233 and the various nuclear poisons
produced by the fission process from the high flux region as quickly as
poésible. The Molten Salt Breeder Reector concept permits rapid removal
of Pa-233 and the nuclear poisons (e.g. Xe-135 and the rare earth
elements). The reactor is a fluid fueled_system containing UFA and
ThFa dissolved in LiF -'BeF25 The molten fuel salt flows through a
graphite moderator where the nuclear reactions take place. A side
strean is continuously processed to remove the Pa and rare earth

elements, thereby permitting the achievement of a calculated breeding

ratio of about 1.06.
The MSBR is attractive because of the following:

1, Use of a fluid fuel and on-site processing would eliminate the

problems of solid fuel fabrication and the handling, and




2.

3.
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"shipping and reprocessing of spent fuel elements which are = *

associated with all other reactor types under active

consideration.

MSBR operation on the thorium-uranium fuel cycle would help
- .conserve uranium and thorium resources by utilizing thorium-

“reserves with high efficiency. -

N

The MSBR .is projected to have-attracrive fuel'cycle cos'i:s. ,

The major uncertainty ia rhe fuel cycle cost is associated o
with the continuous fuel processing plant which has nct heen

developed.

The safety issues associated with the MSBR are generallv )

: different from those of solid fuel reactors. Thus, there -

might be safety advantages for the MSBR when considering )
major accidents. An accurate assessment of MSBR safety is

not possible today because of the early state of development. _

- Like other advanced reactor s&stems such as the LMFBRFand

HTCR, the MSBR would employ modern steam technologv for power

'fvgeneration with high thermal efficiencies. This would reduce

the amount of waste heat to,be discharged to the envirohment;'
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Selected conceptual design data for a large MSBR, based primarily on { F

design studies perfo:med,at ORNL, are given in Table I.

There are, however, éroblém areas associated with the ﬁSBR‘which nust
be_ovetcome before#the potential of the:concept couldibe at;aiﬁed.
These include development of continuous fuel processing, teﬁctor and
processing structural materials, tritium control methods, reactor
equipmeﬁt and systems, maintenance techniques, saféty teﬁhnolozv, and
MSBR codes and standar&é;j Eaéﬁ of these pfoblem areas will now be
evaluated 1h somé deihii;hﬁéing as a fefereﬁce ﬁbiﬁf'the teéﬁﬁoldgv
which was aemonstrated ﬁy thé'MdiiénVSglt Reactotr Experiment‘(MSRE)
during its design,‘eongtruction and operation at Oak Ridgé énd the
conceptual aesign param;tets pfesented in fable I and in Abpendix A.

A conceptual flowsheet for this system is shown in Figure 1.
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‘Selected Conceptual Desipn Data for a Large MSBR

Net:Electrieel'Power, MW(e)'
' Reactor Thermal Power, Mw(th)

Steam System ‘:;

Fuel Salt’ . o oo

: Ptimaty,Pipiegrand Vesse%fﬂétéfiei"irrﬁ s

;  ;ﬂoderetor er'
7';Breeding Ratio

'VSpecific Fissile Fuel Inventory, Kg/MW(e)
’ 7jCompounded Doubling Time, Years

":Core,Temperatures,; ?,

- 72% "LIF, 16X BeF,,

1000
2240

3500 psia, 1000°F,

443 ne;,efficiencv

7
2’

127 ThF N 0 32 UF,

Hastelloy N

Sealed Unclad Fraphite
1ﬁ06

1.5

2

1050 1n1e:;'i300 outlet




- SINGLE-RUID, TWO-REGION MOLTEN SALT BREEDER REACTOR
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V1. STATUS OF;NSBR'TECHNOLOGY

MSRE - The Reference Point for Current, Technology

The Molten Salt Reactor Experiment (MSRE) was begun in 1960 at

ORNL as part of the Civilian Nuclear Power Program. _The purpose'

of the experiment.mas_to demonotrate'the.bESic feasiﬁility of
molten salt power:reactors, All objectives of the experiment
vere achieVed‘duringfits successful operation from June 1965 to
December 1969.  ‘These included'the distinction of becoming the
firetrreactor in the worldrto Operate:solelyronrvf233.7’Some of
the more significant dates and statiatice pertinent to the MSRE
are given in Table IT. | e

In spite of the success of. the MSRE, there are many areas of molten

salt technology which must be expanded and developed in order to

'proceed from thia small non—breeding experiment to a safe, reliable,

and economic 1000 MW(e) MSBR with a 30-year life. To illustrate

this point, some of the most important differences in basic design

- and performance characteristics between the MSRE and a conceptual

1000 Mi(e) MSER are given in- Table II. Scale-up would logicallv
be accomplished through development of reactor plants of increasing

size. Examination of Table IIIrprovides an appreciation of the

Escale-up requirementa in going from the MBRE to a large MGBR Some

'problems associated with progressing from a small experiment to a

ommereial, high: performance power plant are not adequately
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... .Table II.

ImporténtfDateé—éﬁd?Statisticé3for'the'ﬁS§E-"

Dates:
)

Design fnftiated « « « o v = o o o o o « o o July 1960

235

Critical with U Fuglr o s a5 e o o o o o June 1, 1965

Operation at full power - 8 MW(th) . . . . . May 23, 1966

Complete 6-month run .« « ¢ ¢ « o ¢ o o s ."March;20,,1968_?7ﬁ

235

End Operation with 22°U fuel . o + « + + . o March 26, 1968

Critical with 233U fuel o ¢« o o o o o .,.4.‘0ctobg;72.:i9687,

233

Operation at full power with U fuel . . . Jgnuafy 28, 1969

Reactor operation terminated . + ¢ ¢ o o o o December 12, 1969

Statistics:
HOUI;S critical .7. e & o @ & ® o & ¢ o s o o 17’655

Fuel looﬁ time circulating salt (Hrs). . . « 21,788
235 . o

o Equiv. full‘powér hours with U fuel « « « 9,005

'Equiv. full powér héhrsréifh 23307fue1 o o o 4,167
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: Table III.

General _
Thermal Power, MW(th)
Electric Power, Mi(e)
rrPlant lifetime,'years

Fuel Processing Scheme

Breeding Ratio

Reactor
Fuel,SGIF s e 5
Moderator-

“Reactor Vessel Materiallfi _
Power Density, KW/liter

Exit TemPeratute, T

Reactor Vessel Height, Ft.

Reactot:Veseel Diameter, Ft. .

Vessel Design Pressure, psia

- Peak Thermal Neutron Flux; -

:Neotrons/cmzéeec

" - Other Components and Systems Data .

Number of Primary Circuits L
Fuel Salt Pump Flow, gpm

Fuel Salt Pump Head, fti:' =

7 “Capacity, MW(th)
= Secondary Coolant Salt
iiNumbe;rof Secondary,61rcg§;e_
':Secondaryfseit?Pump:Flow;'gﬁm;

”;Secondaty Salt Pump Head, ft.;*

" Number - ‘of Steam Generators

Comparison of - Selected Parameters of the MSRE and

___MSRE.

1000 MW(e) MsBR & 1’

MSBR

.

AL AR
Off-line, batch ¢
.~ “processing: -
Less than 1.0

07,,

- (No Th present)

1

"‘f_unsealed?eraphite'
| Standard Hastelloy-N

LiF—Ber-ZrFA-UF4

“Unclad,

2.7

: 1210‘ '7 Sirsn oo
Temperatute Rise Acrosa:Core;l‘Fréo:ﬂ% S
8

5

65
o 3 xr"].O helEnmy

100
485 .
Intermediate Heat Exchanger,'f;g;gg;ﬂii e_4b,;,:'
TLiF-BeF,
es0
w
,;130,3 S

'al3

2 B

2250 ,l
1000

30

On-line, continuous

" processing
.1’96'1;.f

7

L1£-BeF,~ThF ~UF

Unclad,

4

. sealed graphite

ﬂodifiedxﬁastellov-ﬂ
22

1300
- 250
20

22

8.3 x 101

716,000
1500
5%

NaF-NaBF,

,,4'5

20,000

:,>3oo"
16

Steam Generator Capacity, MW(th) 0

121

__‘Based on 1nformation from "Conceptual Design Studv of a Single Fluid Wolten
Salt Breeder Reactor," ORNL-4541, June 1971.
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représentéd by the comparison presented in the Table.{'Thefefofe,?

it is useful to examine adéifional»fapets'of MSBR tecﬁnology in

more

detail.

Continuous Fuel Processing — The Key to Breeding

In order to achieve nuélear Breeding in the singlé fluidrMSBR it ‘

1s necessary to have an on-line contiﬁuous fuel processing system.

This

would accomplish the foilowing:

Isolate protactinium-233 from the reactor erviromment s6 it

- can decay into the—fissiie fuel isotope uranium-233 before

ae

being transmuted into other isotopes by neﬁtrcn irradiation.

Remove’undesirable neutron poiéons from the fuel salt and
thu; improve the neutron economy and breeding‘perfbrﬁance
of the syétem.

Control the fuel chemistry and remove excess uraniuﬁ—ﬁB%

which is to be exported from the breeder system.

Chemical Process Development

The Oak Ridge National Laboratory has proposed a fuel
processing scheme to accomplish breeding in the :MSBR, and

the flowsheet pfocesses involve:

Fluorination of the fuel salt to remove uranium as’U?G.‘
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b. Reductive extraction of protactinium by contacting the

salt with a mixture of lithium and bismuth. -

c.,Metal'trensfer”u:ocessiug to preferentially femove the
rare earth;éiseleu produet”veisons vhich would»otherwise
hinder breedlngfperformance.i
The ﬁuel“pfeeeéeiug sys;eu showu'ianig; 2 1s in an ee;ly stage
of.development at.present and this ﬁvpefof systeﬁ has net been
deuonstrateu on an opefating reaetor. By compafison, the MSRE

required only off-line batch fluorination to recover uranium

_from fuel salt.‘

At this time, the béQlc‘chemlstry involved in the MSBR

_ processing scheme has been demonstrated in laboratory scale
-experiments.- Curreuc efforts at Oak Ridge are being.directed

. toward development of subgystenms incorporating many of the

tequired proeessing ateps. Ultimately a complete breeder
processing expetiment wnuld be required to demonscrate the
system wlth all the chemical cundicions and" operationel

requirements which would be encountered with any MSBR.

Not shovn on the fluwsheet 15 a separate processing svatem

which would require injecting helium bubbles into the fuel
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) salt,”allowing:them:to;circo;ate,in,the reactor system until

' ’;.thej,collect fission;proqoctdzenon,;and then,removing the

';bubbles and ;eoon-froovthe,reactorneystem.“[Xenon_is;amhighly ,

~ undesirable neutron poison which will hamper breeding perform-

ﬁgpgé by,cepturing;neutrons_wbich_youidrotherwise breed new

.fuel. Ibie~conceptvfor'xenon;stripping was -demonstrated in

L _principiefby:tte:HSRE,“althoeéh”morc efficient_apd,conttollcble

. stripping systems will be desirable for the MSBR. - The xenon

o .

.poisoniogrin,the,HSREtw;s,reduced by a factor of six by xenon

stripping; the goal for the MSER is'a factor of ten reduction.

. Fuel Processing,structural,Materials,,1,,

. Aside trom:the chemical-proceeoes themselves,‘there are also

',development_requirements;gssociéted;with«conteihﬁent materiels
for the fuel processing'aystems.».In;oarticﬁlcr, liquid»bismuth
presents difficult compatibility problems with most structural

, metels, and present efforts are concentrated on using molvbdenum
and graphite for containing ‘bismuth. Unfortunatelv, both .
molybdenum and graphite -are- difficult to use for such: engineeting
applications ”xhus. it Will be necessarv to develop improved

techniques for fabrication and joining before their use is

poasible in the reprocessing syatem.fli;f_ S ::,'g;;fi;; .
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A second materfals problem of the current fuel processing gvstém
is the containment for the fiuotinatioh'step in which uranium is
volatilized from the fuel salt.’ ‘The fluorine and fluoride salt
mixture is corrosive to most structural materials, including
graphite, and present ORNL flowsheets show a "frozen wall"
fluorinétor vhich operates with 'a protective layer of frozen
fuel salt covering a Haéfelioyéﬁlﬁeaael wgll.' Thié'cbﬁbOnent
would require ths{derable'gﬁgineering'éevelqﬁmAni before it is

truly practical for use in on-line full processing systens.

Molten Salt Reactor Design - Materials Requirements

In concept, the molten salt reactor core is & comparatively
uncomplicated type of heat source. The MSRE_reéctor éote;-for
example, consisted of a prismatic'atfdcturé of unclad graphite
moderator through which fuel salt flowed to be heated by the
self-sustaining chain reaction which took place as long as the
Balt was in the graphite. The entire reactor internals and fuel
salt were contained in vessels and piping made of Hastelloy-N, a
high strength nickel base &lloy which was developed under the
Afircraft Nuclear Propylsion Program. Over thé four-year lifetime
of the MSRE, the reactor structural materials performed satis-
factorily for the purposes of the experiments although operation

»f the MSRE revealed possible problems with long term use of
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Hastelloy-N in contact with fuel salts containing fission

' products;

- The MSBR aﬁplic;tion is more demanding in many respects than the
MSRE, and additibhélfdévelobmén;VVOrk would be required in
" ‘several areas of materials technology before suitable materials

- could become available.

1._,Fﬁe1 and Coolant Salts .

The MSRE fue1 sa1t7w;s a mixture of ?LiF-BeE-ZrF «UF, in

4 4
»p:oportipps,ofA65;9929.1-5.0-0.9:mole,Z,Vrespectively.
Zirconium fluo:ide,ﬁagﬂ;ncluded as protection againstruoz
Hprecipi;ationlsﬁould:1na§yertent oxide contamination of the
. system occur, rﬁSBE;oﬁération indicated that control of
oxides wﬁs noﬁrg ﬁ@jo;:prgbleﬁ and thus it is not considered
necessary to 1nc1§dé zirconium in future molten salt re#ctor
‘fuels. Ig‘shqgldfaléo,be nofed that the MSRE fuel contained
no thq:;gm-vhgreas;the,ptoposeévUSBR fuels would include

~ thorium as ;hé;feftilé material for breeding. With the

possible exception of incompatibilities with Hastelloy-N,
;he MSRE fuel galtrpeffotﬁed,aatisfactorily throhghout the
life of the reactor. . |

. The MSERﬂfpglwg§1;,L§g cnt:en§1yrp:opo;eqiﬁy,ORNL; would be a

_ mixture of 71.;1’1*—3&2-&&-;3@4119( proportions of 71.7-16-12-0.3
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molé Z; fespectively. Tﬁis salt has‘armeltiﬂg pqint;bf ebout
930°F and a vapor pressure of less then O,i mm Hg at the mean
~ operating temperature of 1150°F. It alsq has about 3.3 times
the density and 10 times the viséqsicy,bf water. Its thermal
gpndﬁ:tivitf,and_vplumgttiq heat capacity are comparable to
water,

The high melting temperature is'an}dbvious 1imitation for a
gsystem using this salt, and the MSBR is*limité&rﬁovhigh
temperature operation. In addition, the lithium component
must be enriched in Li-7.4n order to allow nuclear breeding,
.sinceinaturally occufting 1ith{ium contéihsfabout 7.5% L1-6.
" L1-6 1s undesirable in the MSBR because of its tendency to

" ‘capture neutrons, thus penalizing breeding’performance.

The chemical and physical characteristics of Ehe proposed
MSBR fuel mixture have been and are being investigated, and

» they ate'teaéohably weli known for unirradiated éalts. The
'major unknowns are associated with the féactor‘fuel afﬁer it
" has been_irridiated;?«Fbt'example, not;énbugh'isjknown about
the behavior of fission products. The ability to predict
fission product behavior ié 1mportgnt to plaﬁt safety,
operation, and maintenance. ’While”ﬁhé MSRE prévided much

useful information, there is still a need for more information,

R SR Ersomh .
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* particularly with regard to the fate of the so-cilled "noble

 metal" fission products such as molybdenum, niobium and

others which are geuerered‘in substantial quantities and

‘whose behavior in the system is not well understood.

e

"A'more’cdﬁpIEfeiuuaerschhﬁing of Ehe'bhjEicallcheuical

aichcracceriétics'oflrhe’irradiace& fuelasalt ic‘also needed.

As an illustration of this point, anomalous power pulses were

fobserved during early operation of the MBRE with U-233 fuel

'-which vere attributed to unusual behavior of helium gas

r:Abubees as they circulated through the reactor. This
':behavior is believed to have been due to some physical and/or

inchemical characteristics of the fuel salt which were never

fully understood.r'Du:—of-reactor work on molten fuel salt
;rifissiou Pr°d99?if§éé;stﬁY:is,cﬁ??‘“tly under way. Eventually,

| the behavior of the fuel sait-uould_need to be confirmed in an

operating reactor.

_ The coolanc salt in che secondary SVstem of the FSRE was of

molar composition 662 LiF=34ZBeF ~While tbis coolant

"berformed satisfactorily (no detectable corrosion or reection
could be observed in the secondarv svstem), the salt has a

high melting :emperature (850°F) and 48 relatively expenaive.

o thus, it may not be;the appropriate choice”for power reactors
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for two reasons: (1) larger volumeaAof coolant salt will be \"j

"used to generate steam in the MSBR, and (2) salt tempétatures '

in the steam generator should be low enough, if possible, to
utili?e conventional steam system technology withrfeedwﬁter
temperatures up to about 550°F. The operation of MSRE was

less affected by the coolant éalt melting temperature since

it dumped the 8 MW(CH) of heat via an air-cooled radiator.

The high melting températurés of potential coolant salts

remain a problem. The current choice is a eutectic mixture

~of sodium fluéride and sodiun fluoroborate with a molar

composition of 8% NaF-92% NaBFA; this salt melts at 725°F.
It is comparatively'1nexpensive and has satisfactorv heat

transfer properties.

However, the effects of heat exchaﬁger'leaké between the
coolant and fuel saité. and between the coolant salt and
steam systems, must be shown to be toler#ﬁie. The
fluoroborate salt is currently being studied with_respect

to both its chemistry and compétibility with Hastellovy-N.

-

Reactor Fuel Containment Materials

i

A prerequisite to success for the MSBR would be the abilitv

to assure reliable and safe containment and handling of molten
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fuel salts éfféiiiiimisidurihzfthé’lifé of the reactor. It

would bé‘neéesééfi;fthérefofe;itbfdéveldp suitable contain-

 ment matefiAIQ’fbriNSBR application before plants could be

 constructed.

A serious question concerning‘coﬁpatability ofrﬁastelloy-N with

the constituenté_ofiirrqdi;ted~fue1 salt was raised by the post-

operation examination;ofm;heVHSREain.1971._fAlthough-the MSRE

-matérials.ﬁérforméd satisfactorily for,tha;‘szCem during its

operation, subséquent examination of .metal which was exposed to

MSRE fuel salt revealed that the alloy had experienced inter¥

_ granular attack tp aeptﬁs;o£‘abdut 0.007 inch. The attack was
" not objiousfuﬁtil ﬁetai'épeéiméﬁﬁ were tensile tested, at which
b :1ﬁe,éraék3fbpgned up as the mstaf:was strﬁined;5'Fufthe:
“’ethinitioh‘réﬁééiédfthat”seVerai fission products, including
S téilufiﬁm; hh&fﬁéneﬁritéd the ﬁétal to depfhsrcﬁmpafable to
' “those of the cracks.: - Aé'thé‘pfeséh;"time, it is thought that
'~ the intérétaguiaf;atfaék‘was due to the‘presgnce 6f tellurium.
Subsequent 1gﬁqr&tdfy"testg have verified tha;-te11ur1um can
" produce, un&et”ééffgidHc;ﬁaitibﬁs; iniergténular cracking in

" Hastelloy N.© ~ ~ -

- Although tﬁe:iimiﬁed;péﬁetratian of cracks;p:esenced no p:obléms '

-_,fqr;the;MSRE,_cdncef@!ﬁbw‘éxists,vithrrespectj;q thé chemical
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compatability of:Baatelloy-ﬁ_apd MSBR fuel salts when subjected
to the more st:ingent;HSBR,reqﬁiremgntsVof highgr pover dénsity
and 30—yegt 1ife._21£ the observed 1n;ergrgnu1at attack was
indeed due to fis#ion/?roduct attack of the Hgs;ellqy-n,nthen
this material may not be suitable fof either the piping or the
vessels vhich would be exposed to much higher fission proddct

- concentrations for longer periods of time. 'Efforté are uﬁder
way to under;tandZand'expi;in'the cracking>prob1ém; and to"
determine whether alternate reactor containment’mgterials

should be actively considered.

In addition to the intergranular corrosion problem, the standard

~ Hastelloy-N used in the MSRE is not suitable for use in the MSER
‘because its mechanical properties dgteriorate @o aﬁvunacceptable
level when subjected to the higher neutron doses which would

oceur in the higher power density, longer-life MSBRL, The problem
is thought to be due mainly to impurities in the metal which are
_transmuted to helium when exposed to thermal neutrons. The helium
is believed to cause a deterioration of mechanical properties by
its presence at grain boundaries within the alloy. It would be
necessary to develop a modified Hastelloy-N with improved 1rradiaé .
tion resistance for the MSBR, and some pxogress is being made in
that direction. It appears at this time that small additions of

cettainfelements;'such«és/titﬁnium,'improVe'the irradiation.
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~ performance 6f’négté11oyiﬂ nnbstentiallv.'.Development'vork on |

modified alloys with improved,irrndietiOn‘resistance?is

- currently under éey.

7 Additional developmental effort on two - problems’ 1s required to

7’order of 10

. produce graphites suitable for HSBR application. Ihe first is

associated with irradiation,damage to graphite structures which

' results from fast ‘neutrons. 'ﬁﬁaeé high neutron dosés, of the

22 neutronslcmz; most graphites tend to become

":_dimensionallv unstable and gross- swelling of the material occurs.

:'f.fBased on tests of small ‘graphite samples at ORNL, the best .

commercially available graphites at this time mav,be usable to

ebout 3 x 1022

neutronslcm2 before the core graphite would have
to be replaced. This corresponds to roughly a four-year graphite

lifetime for the ORNL reference design. While this might be

laccepteble, there are. still uncertainties aboutathe fabrication

and performance of large praphite pieces ‘and additional work

- 'woul.d be required before ; four-year life ‘could be assured at

o - the higher MSBR power densities now beinp considered.ﬂ In anv

'-~;ewent, there would be an dbvious economic incentive to develoo
- longer lived graphites for HSBR application since a four-year

2 life for graphite is estimated to represent a fuel cvcle cost
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penalty of about 0.2 mills/kw-hr relative to a system with

thirty year gtephitenlife,v _

The second major problem associated with graphites for MSBR

application is the development of a sealing technique which

will keep xenon, an undeeirable neutron poison, from diffusing

~into the cotergraphite where it can capture neutrons to the

4.

detriment of breeding performance. While graphite sealing

. _may not be necessaty to achieve nuclear breeding in the MSBR,

the use of sealed graphite would certainly ennance breeding
pe:formance. ‘The economic incentives or penalties of graphite
sealing cannot be assessed until_a suitabie,Sealing,process‘is_

déveioped.

Sealing methods which have been investigated to date include

pyrolytic carbon coating and carbon impregnation. Thus far,

however, no sealed graphite that has been tested remained

» sufficiently impetmeeble to gas at MSBR design irradiation

doses and research and development in this area is continuing.

Other Structural Materials

In addition to the etructutei materials reqdiremente for the

reactor and fuel processing systems proper, there are other

‘components and systems which have special materials require-

ments. Such components as the primary heat exchangers and
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i‘eteam-generatorsinnet functionzwhile'in’oontsct witn two

- different working'fluida..

i lAAt the present time, Hastelloy-N is considered to be the most
promising material for use in a11 salt containment systems,r
including the secondary piping and componente. Research to date

_ indicates that sodium fluoroborate and Hastelloy-N are eompat-
ible as 1nng as the water content of the fluoroborate is kept
- low; otherwise, accelerated corrosion can occur.' edditionai

rtesting would be needed end is underwav. ) ,
’Bastelloy—N-has not been adequately evaluated for service under
a range of steam conditions and whether it will be a suitable

material for use in steam generators is still not known.

D. Tritium - A Problem of Control

Because of the lithium present 4in fluoride fuel salts, the present MSBR
concept has the inherent problem of generating tritium, a radioactive
isotope of hydrogen. Tritium is produced by the following reactions:
w ', *14 (n,a) .
@ i (n,an) 3u
Due primsrily to these interactions, tritium would be - produced at a rate

of about 2400 curies/day in 4-1000 MNeVMSBR. This eomparea with about
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40 to 59 curies/dav for lirht:wgtef; nds—conleﬂ, and fast hreeder
reactors, in which tritium is produced pfimaxilv as a low vield fission
product. Tritium production in heavy water reactors of comnarable size
is éenerallv in fhe }athVBSOO tn'SBOOchries/da§, dﬁértﬂ neﬁfron inter-
actionéiwithzihe deuteriun ﬁresent in heav§ watér. |

i

TﬁVfﬁfthér comﬁﬁu;d ;ge grnbleﬁ‘é;iiihmidiffﬁsesVféhdiIQitﬁinunh |
ﬁa§tellov-N ﬁt:elevﬁtéartemperéthfeét7 ké‘a>resﬁic.‘{t'§nv Bévdiffiéult
tSVpreVegi trifiuﬁ:?rbm diffu%in£ tﬁrbﬁﬁh;fﬂe pi%&ﬁﬁi;ﬂa'cb;ﬁnnonts of
the SBR system (such hqrheaf exchaﬁner#) and gven;ﬁa11v>f;ééhinn the

steam system where {t might be discharred te the environment as tritiated

water.

The problem of tritium control in the “SBR is being studied in detatil at
NPHL. The followinpg are heine considered as potential methods for

tritium control:

1. Exchanging the tritium for anvxh?dronen present .in the secondary -

conlant, therebv retaining the tritfum {n the secondarv conlant.

2. Using, coatings on metal surfaces in order to inhibit tritium

diffusion.
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‘3. ' Nperating the reactor with the salt more oxidizing, therebv - - -
causing the formation of7éf1tidm‘flubfide.wh1¢h°§on1dﬁbE'5.f
removed in thefo?f-ﬁas svstems.

&, Usinp*nidifferént,secondar?'hoolaﬂt}'e.g;,‘ﬂodium'br helium, and-

- processing this coolant to remove tritium: Es
5.~ Using -another intermediate loop between the fluoroborate and
“‘steam” to ‘'getter" tritium. -

- 6.-- Using duplex tubing in either the heat exchanger or steam
penerator with a purge gé’s’"b:et;wéeﬁ« the walls.

0Of these notential solutibns; the use of an additional intefﬁedinte loop

betveen-the-necondﬁrv'andistgamfhysteﬁS'lS"Cbnsidered'the most effective

method technically, but it would also Béiekﬁén51§e:due to the additional
equipment required and the loss of thermal efficiency. -~

Fromfaniecnnomic?vieupoint;*thé,mqstfaesitable solution is one vhich

-doeq nbt}signifiqént1v;cdhplicétéfthe-svstem,*suehfaq*qxchaﬁze of

t:tf{ﬁiuﬁ’be'hydfbﬁen’ﬁreééht5{ﬁftheféeéondarﬁ“cbdlant;*:ThinEécﬁﬁibue ‘
is being invéstigated;a§fpaft'bfi{hééORNL—efforﬁs'oh“tfttiuﬁichemietrv.

Vi\Thértritium teteﬁtldﬁ ﬁrbbleﬁfmhy—ﬁe_eased bv the low berméabilifv'nf
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oxide coatings which occur on steanm geneta;ot'mhterials in contact with

steam, and this is also being investigated at ORNL, -

E. Reactor Equipment and Systems Development

While the MSBER would utilize some existing engineering technology from

 other reactor types, there are spéciﬁic components and systems for which

additional development work is required. Such work would have to take

into account the induced activity that those components would accumulate

in the MSBR system, i.e., special handling;and maintenance equipment would

also need to be developed. The previous discussion has already dealt

with a number of these, such as fuel processing components and systems,

but additional discussion is appropriate.

1,

C_ogonents :

As {ndicated in the Table III, a number of compoﬁents must be
scaled up substantially from the,MSRE sizes before a large MSBR
is possible, The development of these larger components along
with their special.handling and maintenance equipment is proﬁ-
ably one of the most difficult aﬁd costly phases of MSBR
development, However,‘reliable, safe, and,maintaihable
compbnénts would need to be developed in order for any reactor

system to be a success,

The MSBR pumps would likely be similar in basic design to those

for theAMSRE, namely, vertical shaft, dve:hung impeller pumps,
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“Substantial experience has been gained over- the years in the
design, fabrication and operation of smaller salt pumps, but
“the size would have" to be increased substantially for MSER

"application. The: development and ‘proof testing of such units

- "along with their'handling'and'ma;qtainence equipment.and test

facilities are expected to be costly and time consuming.

The intermediate heot exchangers for the'MSBR must perform with

a minimum of salt 1nveotory in order to improve the breeding
performance by lowering_the fuel 1nventory.F-Speeia1 surfaces to
”'enﬂance'heat trenSfer'vouldfhelp éoﬁieve"this,”end;more studies

E would be in order. ‘Based on previous experience with other reactor
‘systems; it is believedfthat«these»units:would require a Aiffi-

" cult development and proof testing effort. *

_ The steam generator fot MSBR applications is probably: the most

difficult 1arge camponent to develop since it repreaenta an

' fiitem for whieh ‘there has been almost no experience to date., It

“is believed'that a difficult Jevelopment and‘proof testing pro-

ffvgram would be needed to provide reliable end maintainable units.

'¢i4As discussed previously, the high melting temperatures of

: ?"cendidate secondaty coolanta, sueh as sodium fluoroborate,

7 %%fi*present prohlems of matching with conventional steam system '

"‘technology. At this time,“central_station-powet plants,utilize :
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feedwater temperatures only uﬁ to sbout 550°F. Therefore,
coupling a conventional feeéwater system to a secondary
coolant which freezes at 725°F presents oﬁvious,problems in
design and control. It might beVnecEsSary to provide modifi-
cations torqonveg;ionalfsteam system designs to help tésolve
the problems. - Because of these factors, a atudy ;élated to
the design of steam generators has been initiated at Foster

_ Wheeler Corporation.

Control rods andidtives for the MSER would also need to be

. developed. The MSRE control rods were air cooledgaﬁd operated
inside Hastelloy-N thimbles which protruded down into the fuel
salt. The HSBk,wouldlrequite more efficient cooling due to the
- higher.power densities involved.. Presumably rods and drives
would be needed which permit the rods to contact‘and be cooled

by the fuel salt,

- The salt valves for large MSBR's represent another develépment .
jproblem,'although the freeze valve concept which was employed
successfully in the MSRE could likely be scaled up in s1ze and
utilized for many MSBR applications. Mechanical throttling
vdlves would also be needed for the MSBR salt s&stems,,even

.. though no :hrottling(valvé was u#eq with the MSRE. Mechanical
shutoff‘valﬁegzfor;saitfsgstems, if required,,woulﬁ have to be

developed;>




-41-

\srj “}'”Other:componente whiehtwould—require considerable engineering

oevelopmentrand testing'includefthe heiium bubble generators and
“‘gas strippets uhich.are;brOposed'for use in removing the fission
;product xenon- from the fuel salt. ° Research‘ano deyelopment in
this area is currently under way ‘as ‘part of the technology

program at ORNL. -

2, Systems 7 7
5<The.1ntegration'of nil“required’components into a complete MSBR
o centrelwstation:nower'piant'vould'involve a numberioffsyetems for
- which development ‘work ‘is still required. It ehouldibe noted
~ that some components such as- pumps “and control - rod drives, would
:require their,own individual systems for functions>such as |

SR eooling'end lubrication. - °

’;fGiven the required components and materials of construction. the
“basic reactor primary and secondary flow systems can be designed.
However, the primary flow system would require supporting systems
for continuous fuel processing, on-line fuel analysis ‘and eontrol

uof - sait chemistty, reactor control and safety, handling of radio-

*}3ective gases, fuel draining from every possihle holdup area in .
'???eomponents-anoxequipment,reftetheat.control,:anq temperature:',h~

' j:control‘during'nbn—nuéiegf1¢P3r5t£°ﬂs‘
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‘The éontinuous,fuel prdcessing»systems_proposgd{to,date are

quite complicated and include a number 6f subsystems, all of
which would have to operate satisfactorily within the;constrainfs
of economics, séfety,‘and reliability.. The effecisyof off-design
_conditions on these systemsiwohld have -to be’underatood go that
control woulé be possible to prevent inadverﬁént,contamina;ion

of the prim#ry system by undesirable materials.

The fuel drain systemiis important to both;opetation'and safety

-. since it would berused to coﬁtain the moltenlfuelvwhenever a
peed arises to drain the primary system or any component or
instrument for maintainence or inspection. Thus, additional
systems would be required, each with its own system for
maintaining énd controlling tempe:at#res. The fuel salt drain
tank would have to be equipped with an auxiliary cooling system
capable of rejecting about 18 MW(th) of heat should the need

arige to drain the salt immediately following nuclear operation.

The secondary coolant system would also réquire aubs&stems for
draining and controlling of salt chemistry and temperature. 1In
. addition, the secondary loop might require systems to control
vttitiuh»and"to—hahdle the consequences of steam generator or

heat exchanger leaks.
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'Q,The steam system for the HSBR might require a departure from -
conventionel designs due to the unique problems associated with
using a coolant having a high melting temperature. Precautions
“vould have to be taken against freezing the secondary'salt as it
travels tnrough:the‘steam generator§ suitable methods for system
_startup and control wouldineed'to be'intorporated:diORﬂL has
‘proposed the use of & supercritical'steam'sjstem which’operates
at 3500 psia and proVidesr§06;F feedwater bj nixing ofrsupercritical
steam and high pressure feednater. This system would introduce
hmajor new development requirements because it differs from

conventional steam cycles:

F.  Maintenance e A Diifioult~?ro6lem for the MSBR

Unlike solid fueled reactors in which the primary system contains

'activation products and only those fission products which may leak from

defective fuel pins, the MSBR would have the bulk of the fission produets
' dispetsed throughout the reactor system. Beeause of this diSpersal of

W?'radioactivity, remote techniques would be required for many maintenance

functions if the reactor were to'have -an acceptable plant availability in

the utility environment._

The MSRE was designed for remote maintenanee of highly radioactive

components however, no major naintenance problems (removal or repair of

'1arge eomponents) were encountered after nuclear operation was initiated
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Thus, the degree to which the MSRE experience on maintenance is

applicable to large commexrcial breeder reactors is open to question.

VAs has been evident in plant layontrworkron nnclenr\ggcilities to date,
thisrrequirementrfor remote maintenance will significantly affect the
ultimaterdesign and performancerof<the plant system. TheﬁMSBR would
require remote techniques and tools for inspection. welding and cutting
of pipes, mechanical assembly and disassembly of components and systens,
- and removing, transporting and handling»large,component items after they
become highly radicactive. :?he;removel and replacement of core
internals, such as graphite,'might pose difficult maintenance problems
becanse of the high radiation levels involved end the contamination

protection which would be required whenever the primary system is opened.

xAnother potential problem isrthe efterheat generation by fission,products
which deposit in components such as the primary heat exchangers. ‘
Auxiliary cooling might be required to prevent damage when the fuel salt is
drained from the primary aysten,:and_a requirement for‘suchrcooling would

further conplicate inspection and meintenance operations,

In some cases, the inspection and maintenance problems of the MSBR could
be solved using present technology and particularly experience gained from
fuel reprocessing plants. However, additional technolory development ,

would be required_in other areas, such as remote cutting, alignnent,
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cleaning and welding offmetalémewbers.' Dependingnto some?degree on the

—particuler’plant'arfengement;”other5epecie1Wtobic endfeQﬁipﬁent would
 also have to be designed and developed to accomplish inspection and

1»maintenance operations. Pt

In the final analysis, the development of adequate inspection and -

. maintenance techniques and proceduresgand hardware for the MSBR-

hinges on the success ofpother fecets of the program, such as'meteriels

‘and component aevelopmeﬁt;5anafon;theiféduirement that adequate care be

" taken during plant design to assure that all systems and components

which would require maintenance over the life of the plant are indeed

7 maintaineble'éithin;thejeonscieints:of'utility”operation."'

G. - Safety - Differentﬁlseuesifotfthe MSER

The MSBR' concept has certain charactetistics which might provide

'_advantages relating to safety, particularly with respect to postulated

majorftypes of;accidenta'currently considered in licensing activities,

Since the fuel would be 1n'a ﬁolten form,-conaideration'of the core

meltdawn accident ig not applicable to the MSER. Also;—in the event
| 'of a fuel spill secan&ary criticality is not-a problem since this" 1s'*

a thermal reactor system requiring moderator for nuclear criticality. B

-;QﬁﬁEffcefeﬁf'featcres‘ihCIQﬁéitherfact'thef'the”ptimary»Systeﬁikbuld,a;; .

. operate at low pressure with fuel'salt that is mote than1000°F below
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its boiling ﬁoint, that fission product iodine and strontium form

stable compounds in the fluoride salts, and tﬁat the salts do ﬁot react
rapidly with air or water. Because of the éontinuous fuel processing,

the need for excess reactiviéy would be decreased and some of the fission
products would be continuously removed from the primary system. A promptA
degative temperature coefficient of reactivity is also a characteristicv

of the fuel salt.

Safety disadvantages, on the other hand, include the very high radio-
active contamination which would be present throughout the primary . .
system, fuel processing plant, and all auxiliary ptimaéy systems. such

as the fuel drain and off-gas systems. Thus, containment of these .
s&stems would have to be assured. Also, removal of decay heat from fuel
storage systems would have to be provided by always ready and:reliable
‘_cooling<systems, particularly for the fuel drain tank and the Pa-233 decay
tank in the reprocessing plant where megawatt Quantities of decay heat
must be removed. The tritium problem, already discussed, would have to

be controlled to assure safety.

Bgsed}on the present state of MSBER technology, it is not possible. to
provide a complete assessment of MSBR'safety,relative to other reactors.
It can be stated, however, that the saféty issues for the MSBR are
generally different ffom*those for solid fuel reactors, and that more
detailed design work must,bé~dpne before the safety advantages and

disédvantages,of the MSBR could be fully evaluated.
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H. Codes, Standards ~and High Temperature Design Methods

Codes and standards for MSBR equipment and systems must be developed in
conjunction uith other research snd development hefore large MSBR 8 can
be built. In particular, the materials of construction which are

currently being developed and tested would have to be certified for use

in nuclear power«plant,applications.

—The need for high temperature design technology is a problem for the MSBR.
as well as for other high temperature systems. The AEC currently has

under way a program in support of the LMFBR which is providing materials

. data and structural analysis methods for design of systems employing

ivarious steel allsys at temperatures up to 1200°F. This program would
:need to be broadened to include MSBR structural materials such as“
'Hastelloy-N and to. include temperatures as high as l&OO'F to provide

the design technology applicable to high-temperature, long—term ,
operating conditions which would be expected for MSBR vessels, components,

and core structures.
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. VII. TINDUSTRIAL PARTICIPATION IN THE MSER PROGRAM

Privately funded’ conceptual design studies and evaluations of HSBR 7
technology were performed in 1970 by the uolten Salt Breeder Reactor
Associates (HSBRA), a study group "headed by the engineeriug firm of
Black & Veatch and including fivermidwest utilities. The MSBRA con-
cluded that the economic potential of the MSER is attractive relative
to light water reactors, but they recognized a number of problems'which
mst be resolved in order to realize this ootential.' Siuce'that‘tloe

the MSBRA has been relatively imactive.

A second ptivately funded organization, the Holteo Selt Group;‘is headed
rby”ﬁbasco Services, Iucotporated and 1ucludes five otﬁerrindustriel firms
and fifteen utilities. In 1971 the Group completee an evaluation of the
MSBR concept and technology and concluded that existing technology is
sufficient to justify construction of an MSBR demonstration plant
although the performance characteristics could not be }redictedtulth

~ confldence. Additional support for further studies has recently been

committed by the members of this group.

In addition to these studies, manufacturers of graphite and Hastelloy-N

have been cooperating with ORNL to develop improved materials.

There has been little other industrial participation in the MSBR

Program aside from ORNL subcontractors. At the present time, there are




‘iii - o ORKLrsubconéractslin effact.: Ebasco Services, Inc., utilizing the
"1ndustrial firms who are participants 1n the Hblten Salt Group is
pgrforming”ardegign:agﬁ eyglug;;onﬂgcudy, Foster Wheeler COrporation is
currently performing design studies on steam generato:e_fo:>HSBR,

application.

A number of factors can be fdentified which tend to. limit further

fndustrial involvement at this time, namely:

1. The existing major industrial and utility cqmmicmehtq,to the

IWR, HTGR, and LMFBR.

2. The iack of:incéntivetfq:-industrial invgatment in supplyiﬁk-
fuel cycle ser&iéég;'gﬁghras thoae_fequired for solid fuel

reactors.

= 3. The overwhelming manufacturing and operating experience with
solid fuel reactors in cantrast with the very limited involve-

- ment with ’frluid ‘fueledr-wrgac:or;.
: &;iﬁfhe'less adéanced-statéfofTHSBR-téchnology and—thé‘iack of
' ,demonstrated solutions to the major technicnl problems

‘>'assoc1ated with the HSBR concept.
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It should be noted that these factors are also relevant considerations
in establishing the level of governmental support for the MSBR program
vhich in turn, to some extent, affects the interest of the manufacturing

and utility industries.

O
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'v'I"'I'IL" CONCLUSIONS

'The Molten Salt Breeder Reactor, if successfully developed and marketed
%could provide a useful supplement to tbe currently developing uranium-

: plutonium reactor economy.. This concept offers the potential for:

. Breeding in a thermal spectrum reactor; .
. Efficient use of thorium as a fertile material
l; .Elimination of fuel fabrication and spent fuel shipping,
-« High thermal efficiencies. o ,
Notwithstanding chese’af:fa&ii&é’féﬁiﬁfgs.'iﬁis’assésaneﬁtfn;s

reconfirmed the existence of major technological and engineering

problems affecting feasibility of the concept as a reliable and

S

economic breeder for the utility industrv. The principal concerns

include uncertainties with materials, with methods of controlling/

tritium, end with the design of components and systems along with

their specisl handlinp, inspection and maintenence equipment. Many

of these problems are compounded by the use of a fluid fuel in which

, fission products snd delayed neutrons are distributed throughout the

primary reactor and reprocessing systems.

The resolution of the problems of the MSBR will require the cdndnct

R of an intensive research and development program. Included,smong S

';the major efforts that would have to be accomplished ere-"

-.';' Proof testing of an integrated reprocessing system;titf"/

e Development of a suitable contsinment material.
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. Development of a satisfactory.nethod for the control and
. retention of tritium"”'r

,A-Attainment of a thorough understandinp of the behavior of fission
products in a molten salt ~systenm; ‘

. VDevelopment of long life moderator graphite,‘suitable for.
breeder application;

. Conceptual definition of the engineering features of the many
components and systems;

. 'Development of adequate methods and equipment:for remote

inspection, handling, and maintenance of the plant. :

The major problems associated with the MSBR are rather difficult in nature
and many are unique to this concept.r Continuing support of the research
 and development effort will be required to obtain satisfactorv solutions
to the problems. When significant evidence is available that demonstrates
realistic solutions are practical, a further assessment could then be made
as to the advisability’of advancinfiinto the detailed design and | |
engineering phase of the development process including that of industrial
involvement. Proceeding with this next step would also be contingent

upon obtaining a firm demonstration of interest and commitment torthe
concept hy‘the power industry and the utilities and reasonable assurances
that large scale government and industrial resources can”be,made available :
on a continuing basis to this program inrlight of,other;conmitments to ;
the commercial nuclear poyer;program and higher priorityrenergy

deuelopment efforts.
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i Appehd’ix«A ,

. Surimary of principal Idata, for MSBR power station

.Engineering units? . . _ International system units?
General o
Thermal capacity of reactor 2250 MW(t) 2250 MW(t)
Gross electrical generation 1035 MW(e) 1035 MW(e)
" Net electrical output 1000 MW(e) .. 1000 MW(e)
Net overall thermal efficiency 44.4% 44.4%
_Net plant heat rate 7690 Btu/kWhr . 2252 J/kW-sec
Structures S : o
Reactor cell, diameter X height T 72X 421t 220X 12.8m
Confinement building, diameter X height 134 X 189 ft 408X 576 m
Reactor ' e
Vessel ID 22,2 1t 6.77m
Vessel height at center (appxox) 20 ft 6.1m
Vessel wall thickness 2'in. 5.08 cm
Vessel head thickness 3in. 7.62 cm :
Vessel design pressure (abs) 75 psi 5.2 X 105 N/m?
Core height . ‘ 13" 396m
Number of core elements B 1412 1412
Radial thickness of reflector 30 in. 0.762 m
Volume fraction of salt in central core zone 0.13 0.13 -
Volume fraction of salt in outer core zone 0.37 0.37
Average overall core power density 22.2 kW/liter 22.2 kW/liter
Peak power density in core 70.4 kW/liter 70.4 kW/liter

Average thermal-neutron flux

Peak thermal-neutron flux ..
Maximum graphite damage flux (>50 keV)
Damage flux at maximum damage

. region (approx) .

Graphite temperature at maximum neutron '

flux region

Graphnc temperature at maximum graphlte
damage region

Estimated useful life of graphxte

Total weight of graphite in reactor .

Maximum flow velocity of salt in core

Total fuel salt in reactor vessel

Total fuel-salt volume in primary system

F:ssxle-fuel inventory in reactor pnmary
system and fuel processing plant -

Thorium inventory '

Breeding ratio

Yield

Doubling time, compounded contmuously,
at 80% power factor i

Primary heat exchangers (for each of 4 umts) '

. Thermal capacity, each
Tube-side conditions (fuel salt)
Tube OD -
Tube length (approx)
~ Number of tubes )
Inlet-outlet conditions
“Mass flow rate S
Total heat transfer surface = 'L -
Shellside condmons (coolant salt)
Shell ID
Inlet-outlet temperatures
Mass flow rate

Overall heat transfer coefficient (approx)

2.6 X 10'4 neutrons cm™? sec
8.3 X 10'* neutrons cm ™2 sec

3.5 X 10 neutrons cm™2

3.3 X 10'® neutrons em™? sec

1284°F
1307°F

4 years
669,000 Ib
8.5 fps
1074 £e®
1720 £t
3316 ib

150,000 Ib
1.06 :
3.2 %/year
22 years

556.3 MW(D)

% in.
2221t
5896

" 1300-1050°F

23.45 X 108 Io/hr -
1300083 -

'3&1m

850-1150°F
17.6 X 10% Ib/ht

850 Btu hr™! ft72 (°F)~!

-1
-1
~1
-1

2,6 X 10'* neatrons cm 2 see”
8.3 X 10'* neutrons cm ™2 sec”
3.5% 10'4 ncutrons cm ™2 sec”
3.3 x 10'% neutrohs cm ™2 sec™

969°K
982°K

4 years

' 304,000 kg L

2.6 m/sec ;

304 m3

487 m3
1504 kg
68,100 kg -
1.06

3.2 %/year
22years

556.3MW(t) U

: 0953cm -

6.8m.
5896
978-839°K
2955 kg/sec

1208 m?

1.3 m

727-894°K
2218 kg/sec
4820 Wm™2 ¢°K)"}

WA B
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Appendix A (continued)

Engineering units® * International system units®
Primary pumps (for each of 4 units)
Pump capacity, nominal 16,000 gpm 1.01 m3/sec
Rated head 150 ft 45.7m
Speed 890 rpm 93.2 radians/sec
Specific speed 2625 rpm(gpm)®-3 f(ft)?-75 5.321 l'admns/sec(mslsec)o sl(m)o -5
Impeller input power 2350 hp . 1752 kW
Design temperature 1300°F 978°K
Secondary pumps (for each of 4 units) i
Pump capacnty, nommal ’ 20,000 gpm 1.262 m3/sec
Rated head 300 ft 914 m )
Speed, principal 1190 rpm 124.6 radians/sec
Specific speed 2330 rpm(gpm)®* sI(t‘t)" s 4.73 radians/sec(m® /sec)®"S (m)®- 75
Impeller input power 3100 hp 2310 kW
Design temperature 1300°F 978°K
Fueksalt drain tank (1 unit) :
Outside diameter i 14 ft 4.27m
"Overall height 22 ft 6.71 m
Storage capacity 2500 ft3 70.8 m?
Design pressure 55 psi 3.79 x 108 Nlm
Number of coolant U-tubes 1500 1500 :
Size of tubes, OD fa in. - 191 cm
Number of separate coolant circuits 40 40 .
Coolant fluid TLiF-BeF, .TLiF-BeF,
Under normal steady-state condltnons o - :
Maximum heat load 18 MW(Y) . 18 MW(t)
Coolant circulation rate 830 gpm 0.0524 m®/sec
Coolant temperatures, infout 900--10S0°F 755-839°K
Maximum tank wall temperature ~1260°F ~955°K
Maximum transient heat load 53 MW(t) .53 MW(t)
Fuel-salt storage tank (1 unit) ) B
Storage capacity 2500 ft? - 70.8 m®
- Heat-removal capacity 1 MW(t) 1 MW(t)
Coolant fluid Boiling water Boiling water
Coolant-salt storage tanks (4 units) )
Total volume of coolant salt in systems 8400 £t - 231.9 m
.Storage capacity of each tank 2100 £e3 595 m?
Heat-removal capacity, first tank in series 400 kW 400 kW
Steam generators (for each of 16 ‘units‘)
Thermal capacity 120.7 MW(t) 120.7 MW(t) -
Tube-side condmons (steam at 3600—3800 :
psi)
Tube OD , 1 in. 127 cm
Tube-sheet-to-tube-sheet length (approx) 76.4 ft 23.3m -
Number of tubes 393 393 ‘ e
Inlet-outlet temperatures 700-1000°F 644-811°K '
Mass flow rate . 633,000 1b/hr 79.76 kg/sec
Total heat transfer surface 3929 fi? 365 m?
Shell-side conditions (coolant salt) - :
Shell ID L5ft - 0457 m
Inlet-outlet temperatures 1150-850°F : 894-727°K
Mass flow rate 3.82 x 10° lbllu’ 481.3 kg/sec

Apparent overall heat transfer coefficient
range - '

490-530Btu e~ 112 )1 .

2780-3005 Wm2 (°K)Y

¢
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g ;o 7 V 7 L ,,Aﬁppiegdix A (continue&)

Engineering units? o International system units?

Steam reheaters (for each of 8 umts) o . o ;
Thermal capacxty .~ 36.6 MW(t) 7 -~ 36.6 MW(t) -

Tube-side conditions (steam at 55_0 psx) 7
- Tube OD o ' %Bino - ' 1.9¢cm
" Tube length . o . 30.3 1t IR - 9.24m
:Numberof tubes . . - : 400 . o L 400 - - ST
Inlet-outlet temperatures . . 650-1000°F - _ 616-811°K
Mass flow rate 641,000 Ib/hr 80.77 kg/sec
Total heat transfer surface 2381 fi? _ 2212 m?
Shell-side condmons (coolant salt) ] L
-Shell ID i L ©21.2in. - . ) 0.54m
Inlet-outlet temperatures ' : 1150-850°F 894-727°K
Mass flow rate : ‘ 1.16 X 10° 1b/hr 146.2 kegfsec - -
Overall heat transfer coefficient =~ - 298 Btu he™! £t72 (°F) ! 1690 W m™2 (°K)!
Turbine-generator plant (sce “General” above) I 7 '
Number of turbine-generator units e B T o
Turbine throttle conditions - 3500 psia, 1000°F - o 24.1 X 105 N/m?, 811°K
Turbine throttle mass flow rate 7.15 X-108 Ib/hr 900.9 kg/sec
- Reheat steam to IP turbine . 540 psia, 1000°F 3.72 x 10° N/m?, 811°K
Condensing pressure (abs) . . . - 1.5in. Hg ORI 5,078 N/m? .
Boiler feed pump work - - : : 19,700 hp SR 14,690 kW - -
.~ (steam-turbine-driven), each of 2 units T . - L S
Booster feed pump work (motor-driven), - 76200 hp 4620 kW
each of 2 units . Ve ) :
Fuel-salt inventory, primary system -
Reactor - ' ' ' S
Core zone | » ~ 290 £t3 : A 82m .
Core zone I1 : : 382 ft3 o 108 md .
Plenums, inlets, outlets S 218 ft3 . 6.2md
- 2-in. annulus e 1356 . o - o 3.8 m?
Reflectors 9 T 9 - L4m?
Primary heat exchangcrs . ) o BT SR g -
Tubes S 269 7.6 m3
- Inlets, outlets 7 276 0.8 m?
Pumpbowls = .=~ oo COFIBSE T 5.2m3
Piping, including drain line g ' 450 o R -
Off-gas bypassloop,. . = - v 7. . OG- TT e 0.3 m?
" Tank heels and miscellaneous - SRR (1] { S 03m®
Total enriched salt in primary system - 1729 o BEE © 48T m? T
iI'-'uel—proce.r;sing system (Chemlcal Treatment EE o ]
~ Plant) - z T T TR - i
Inventory of barren sait (fo Bep,-nm - 480F3 - o - 136md , .
inplant - - . o oo S b U e R R
Processingrate .~~~ -0 U T Cooclgpmo oS o : " 63.1%°107¢ aIsc(. o
Cycle time for salt mventory 7. 10 days - R e ) 10days - i
Heat generatzon in salt to proeessmg plant e *56 kWIft3 - . : 1980 kW/m N
" Design properties of fuel salt - - L ' '
~ Components- PR 7L1F-Bng-ThF4-UF4 o ' "LiF-BeF;-Thh-UF.
_ Composition - Tl 7. 7-16-12—0 3 mole % ) - 7L 7-16—12-0 3 mole%
Molecular weight (approx) s B B ‘ 264 . : Tt
. 7 Melting tempemture(approx) : : 930° F o S o 77°K S E
" Vapor pressure at 1150°F (894.3°K) . <0.1mmHg - o <133N/m?®
~ . Density: p (gfcm®) = 3.752 - 6.68 X 10~%; S e e -
‘ ~CO);p (b/13) = 235.0 — 0,02317¢ CF) ,
\/ . At1300°F (978°K) : T 204.9 /e _ : 3283.9 kg/m®
At 1175°F (908°K) 207.8 Ib/ft3 3330.4 kg/m?

At 1050°F (839°K) : 210.7 Ib/ft3 3376.9 kg/m3
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Appendix A (continued) ' .

Engineering units?

 International system units?

Viscosity:? u (centipoises) = 0.109
exp {4090/T (°K)];u (Ib ft-1 hrl)
=0.2637 exp [7362/T (°R)]

At 1300°F (978°K)

At 1175°F (908°K)

At 1050°F (839°K)
Heat capacity® (specific heat, cp)
Thermal conductivity w0/

At 1300°F (978°K)

At 1175°F (908°K)

At 1050°F (839°K)

Design properties of coolant salt
Components
Composition
Molecular weight (approx)
Melting temperature (approx)

Vapor pressure:$ log P (mm Hg)
=9.024 - 5920/T(°K)

At 850°F (727°K)
* At 1150°F (894°K)

Density:€ p (gfcm3) = 2.252 - 7. ll X 107%¢

(°C); p (Ib/ft3) = 141.4 — 0.0247¢ (°F)
At 1150°F (894°K)

At 1000°F (811°K)

At 850°F (127°K)

Viscosity:9 u (centipoises) = 0.0877
exp [2240/T (°K)]; 1 (b, ft™! hr™?)
=0.2121 exp {4032/T (° R)l
At 1150°F (894°K)

At 1000°F (811°K)
At 850°F (727°K)
. Heat capacity” (specific heat )

Thermal conductivity (k)

At 1150°F (894°K)
At 1000°F (811°K)
At 850°F (727°K)

Design properties of graphitef
Density, at 70°F (294.3°K)
Bending strength
Modulus of elasticity coefficient
Poisson’s ratio
Thermal expansion coefficient
Thermal conductivity at 1200°F,

unirradiated (approx) '
Electrical resistivity

Specific heat
At 600°F (588.8°K)
At 1200°F (922.0°K)
_ Helium permeability at STP \vlth sealed
surfaces

17.31b hr™! 7!
238t ft!
3451 hr7t £t

0.324 Buib™! CF)! 1 4%

0.69 Btuhr™! CF)™! ft™!
0.71 Btu he™! CF)71 £t
0.69 Btu hr™! CF)™! fit~!

‘NaBF 4-NaF
92-8 mole %
104

725°F

8 mmHg
252 mm Hg

113.0 v/t
116.7 1b/fe3
120.4 b/fe3

26t et
341 ft7! he?

461 £t~ ket

0.360 Btub~! (°F)~1 £ 2%

0.23Btuhr™! (°F)71 £t}
0.23 Btu hr™! (°F) 7} £t

0. 26 Btu hr-1 ( F)" fio!

115 ib/fe?

4000-6000 psi

1.7 x 108 psi

0.27

2.3% 1075°F

18 Btuhe™! (°F)71 7!

8.9 X 10™*-9.9 X 10™*-2cm

0:33Bub™ P! -

042Btu™! )

1% 1078 cm?/sec

0.007 N sec m™2

0.0]0 N seem™2
0.015 N secm ™

135717 CK £ 4%

1.19Wm™ CK)™?
1.23Wm™ CK)!
LI9Wm™ €K™

NaBF 4-NaF
92-8mole %
104

AS8°K

1066 N/m?
33,580 N/m?

1811.1 kg/m?
1870.4 kg/m?
1929.7 kg/m3

0.0011 Nsecm™
0.0014 N sec m*2
0.0019 N secm™2

1507 T kg™ (°K)"1 £ 2%

0.398 Wm™! (°K)"!
0.398 Wm™! (°K)!
0450 Wm™ CK)t

1843 kg/m?
28 x 10541 x 108 N/m?
11.7 X 10° N/m?

1 0.27

1.3X 1075/°K

31.2Wm (K

89X 10%-99 X 10~ f-cm

1380 J kg™! (°K)™?
1760 kg™ (°K)™
1x 1078 cm3/sec




A-5

Appendix A (cont inued )

Engineering units® International system units?
Design properties of Hastelloy Nk
Density :
At 80°F (300°K) 557 Ib/ft3 8927 kg/m>
At 1300°F (978°K) 541 Iv/ft3 8671 kg/m?

Thermal conductivity
At 80°F (300°K)
At 1300°F (978°K)

Specific heat

. At 80°F (300°K)
At 1300°F (978°K)

'Thermal expansion

At 80°F (300°K)
At 1300°F (978°K)
Modulus of elasticity coefficient
At 80°F (300°K)
At 1300°F (978°K)
Tensile strength (approx)
At 80°F (300°K)
<At 1300°F (978°K)
Maximum allowable design stress -
At 80°F (300°K) '
At 1300°F (978°K)

Melting terhperature

6.0 Btu hr™! CF)™! ft7!
12.6 Btuhr™! (°F)~1 £t

0.098 Btu1b~! (°F) !
0.136 Btulb ™! (°F)"!

57X 107%/°F
9.5 X 1076FF

31 X 108 psi
25 X 10° psi

115,000 psi
75,000 psi

25,000 psi
3500 psi

2500°F

10.4Wm-t (°K)"?
21.8Wm™ (°K)?

4107 kg™t (°K)1
569 Jkg™! (°K) !

32X 107°PK
53X 1075/°K

214 x 10° N/m?
172 x 10° N/m?

793 X 10 N/m?
517 X 10 N/m?

172 X 10% N/m?
24 X 10° N/m?

1644°K

"Enghsh engineering units as used in MSR literature.
Meter-kilogram-second system. Table closely follows International System (SI). See Appendix C for conversion factors from

engineering to SI units.




