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ORGANIC NUCLEAR REACTORS: 
AN EVALUATION OF CURRENT DEVELOPMENT PROGRAMS 

I. SCOPE AND PURPOSE 

Following a reques t on January 25, 1961, of the Chicago Operations 
Office of the Atomic Energy Commiss ion for an organic r eac to r study, a 
commit tee was formied of staff m e m b e r s of Argonne National Laboratory to 
review the technology of organic nuclear r e a c t o r s . The Committee was r e ­
quested to p r e p a r e , within a shor t t ime, a r epor t with the following two 
pr inc ipa l object ives: 

1. to provide a c r i t i ca l evaluation of organic reac to r technology, 
and 

2. to provide recommendat ions of a r e a s of r e s e a r c h and develop­
ment work now lacking or inadequate for the successful devel­
opment of this r e a c t o r concept. 

The Commit tee commenced i ts work immedia te ly by collecting and review­
ing r e p o r t s in the field and by v is i t s to and d iscuss ions with organizat ions 
concerned. 

Underlying assuinpt ions in the study were that organic r e a c t o r s a r e 
indeed feasible , and that both economical ly and prac t ica l ly the genera l con­
cept is sufficiently a t t rac t ive to justify an extensive development p rogram. 
Consequently, p r inc ipa l attention was d i rec ted toward understanding the 
poss ible applicat ions of the concept, de termining the p rob lem a r e a s , and 
es t imat ing the significance of work accomplished, under way, and planned. 
It was not a t tempted to evaluate the wor th of the organic r eac to r concept 
ei ther per se or re la t ive to other types of r e a c t o r s ( i .e. , to water or other 
r eac to r types); nei ther was it a t tempted to compare advantages and d i s ­
advantages or power cos ts of organic r e a c t o r s with other r e a c t o r s . Sim­
i lar ly , in making recommenda t ions for further work, it will not be implied 
that such work should be undertaken in p re fe rence to work on other r eac to r 
concepts . 

For the purpose of this survey, an organic r eac to r was broadly de ­
fined as any nuclear r eac to r which ut i l izes an organic chenaical compound 
or mix ture of such compounds, p r i m a r i l y in the liquid s tate , to convert 
usefully the energy of the nuclear reac t ion . Included under this definition 
a r e r igid and fluidized solid-fueled, organic-cooled r e a c t o r s , both boiling 
and p r e s s u r i z e d liquid types, modera ted with organic or inorganic m a t e ­
r i a l s , as well as nuclear r e a c t o r s used to effect cheinical reac t ions . All 
r e a c t o r s in this group have significant c h a r a c t e r i s t i c s in common relat ing 
to the effects of radia t ion on organic m a t e r i a l s . 



Members of the study group were all sc ient is ts and engineers affili­
ated with Argonne National Labora tory . Although the m e m b e r s were gen­
era l ly r ep re sen ta t ive of the technological a r e a s assoc ia ted with organic 
r e a c t o r s , none had recent ly been closely assoc ia ted with the development 
p r o g r a m relat ing to organic r e a c t o r s , and most of the group has no previous 
formal contact with this subject. The bas i s for the group 's review was 
p r i m a r i l y information obtained during the short per iod of the study. The 
opinions evolved in genera l r e p r e s e n t the au thors ' jointly considered review. 

II. SUMMARY 

The s ta tus of the p r o g r a m aimed to develop useful and economic 
nuclear r e a c t o r s cooled by means of organic liquidSj such as the poly-
phenyls ,was surveyed. The concepts considered included organic , heavy 
water , and g raph i t e -modera t ed r e a c t o r s producing power by d i rec t or in­
d i rec t cycles . Although the pr inc ipa l focus of U.S. effort is centered at 
Atomics Internat ional , Canada has embarked upon a major p r o g r a m leading 
to a heavy w a t e r - m o d e r a t e d r eac to r , and twelve other organizat ions in the 
U.S. a r e or have been significantly engaged in the p r o g r a m . A number of 
European groups a r e now act ively consider ing or working toward the devel ­
opment of organic r eac to r concepts 

Organic r e a c t o r s a r e c h a r a c t e r i z e d by major and genera l ly i r r e v e r s ­
ible decomposi t ion of the coolant. An upper l imit to the t e m p e r a t u r e at 
which coolants can be used is l e s s than 530°C. Heat t r ans fe r coefficients 
a r e genera l ly below those applying to other s y s t e m s . Nonetheless , organic 
r e a c t o r s could ut i l ize low cost m a t e r i a l s for fuel and for sy s t em s t r u c t u r e s . 
In mos t appl icat ions, low sys te in p r e s s u r e s , low coolant activation, a need 
for extensive coolant p roces s ing , and some advantageous nuclear safety 
c h a r a c t e r i s t i c s a r e a lso significant. Organic r e a c t o r concepts appear to 
have a broad potential for development if adequate at tention is given to the 
chemica l na ture of the s y s t e m s . Fo r the concepts p resen t ly emphasized, 
the pr inc ipa l probleixts a r e concerned with decomposi t ion and rec lamat ion 
of coolant, fouling, heat t r an s f e r l imi ta t ions , fuel e lement m a t e r i a l s s table 
at high t e m p e r a t u r e s , and demons t ra t ion of overa l l s y s t e m pe r fo rmance . 

Coolants may be se lec ted f rom organic m a t e r i a l s of adequate t h e r ­
mal stabil i ty on the bas i s of super io r radiat ion stabil i ty, low cost, or easy 
regenera t ion . Although the m e c h a n i s m s of protec t ion f rom radia t ion 
damage a r e not well unders tood, aromiatic hydrocarbons , pa r t i cu l a r ly the 
polyphenyls, have been found to be inost s table, as well as o therwise su i t ­
able as coolants . A number of other types of compounds could be used, but 
they have not been adequately studied. Changes in the p r o p e r t i e s of mix ­
tu res of te rphenyls a r e not excess ive under r e a c t o r conditions if p a r t of 
the polymer is continually r emoved . Much m o r e work is needed to find 
out what happens when organic comipounds a r e i r r ad i a t ed . Some s e a r c h e s 



being made for cheaper coolants , and for additives useful in inhibiting de ­
composit ion or in overcoming its effects, could well be extended. Consid­
erat ion should be given to coolant s y s t e m s bes t adapted to other specific 
applications or to ready rec lamat ion . 

Operation of the Organic Moderated Reactor Exper iment (OMRE) 
has shown that terphenyl mix tu res can be used to cool a nuclear r eac to r for 
extended pe r iods . The heat t r ans fe r c ha r a c t e r i s t i c s a r e acceptable and a r e 
reasonably well understood for a modera t e range of conditions in which 
forced convection is used. Much m o r e information is needed to es tabl ish 
l imita t ions and capabil i t ies for r e a c t o r s of high per formance and for con­
ditions adaptable to concepts other than the o rgan ic -modera ted reac to r . 
Fouling deposi ts , developed from pa r t i c l e contamination or otherwise , may 
l imit pe r fo rmance . 

P a r t i c l e s in the coolant may r e su l t from sys tem corros ion . It ap­
p e a r s e s sen t i a l to develop means to prevent their formation or to remove 
them. Tes t s of appropr ia te equipment for par t ic le reraoval a r e under way, 
and the mechan i sms of pa r t i c l e formation and deposition a r e being exten­
sively invest igated. The development of sys tems for removing water , gases 
and polymer ic m a t e r i a l s f rom the coolant, and for disposing of was tes , has 
been c a r r i e d out only to a l imited extent. The per formance of such equip­
ment la rge ly r e m a i n s to be demonstra. ted. Labora tory exper iments indicate 
that the re is a good possibi l i ty of developing means of reclai ining a major 
fraction of the po lymer ized terphenyls now being d iscarded, but p roces s 
feasibil i ty and economic advantage a r e not yet demonst ra ted . 

The two pr inc ipa l fuel e lements being considered for r e a c t o r s of 
modera t e to high pe r fo rmance a r e a luminum-clad uranium-molybdenum 
alloys and UO2 contained in h igh-s t r eng th aluminum (APM) tubes p repa red 
by the techniques of powder meta l lurgy . Uranium alloys containing enough 
molybdenum to provide adequate h igh- tenaperature s t rength appear to be 
undesi rably diluted with absorbing m a t e r i a l s for neutron economy, r equ i re 
development of a sa t i s fac tory diffusion b a r r i e r , and have unknown burnup 
capabili ty. The development of other potentially useful u ran ium alloys for 
u s e at high t e m p e r a t u r e appea r s to have been neglected. The technology 
of producing, forming, and fabricat ing sa t is factory APM ma te r i a l s to con­
tain UO2 is as yet unre l iable and undemonstra ted, but this p rob lem appears 
to be reso lvable if the work now going on is continued, par t i cu la r ly if it is 
adequately coordinated. Suitable z i rconium alloys may be developed to 
contain UOj. Carbon s tee ls a r e genera l ly sa t is factory as construct ion 
m a t e r i a l s for organic r e a c t o r s , but co r ros ion r a t e s , though low, a r e inade­
quately defined. 

The neutron physics data and calculation methods requi red for the 
design of organic r e a c t o r s and for sy s t em optimization closely r e semble 
those needed for analogous water s y s t e m s and general ly appear to be 



adequate. Disc repanc ies in evaluation of fast neutron effects on coolant 
damage a r e now substant ial ly resolved. Phys ic s calculat ions for DgO-
moderated , organic-cooled r e a c t o r s indicate the des i rabi l i ty of developing 
uran ium alloys of low pa ra s i t i c absorpt ion for use as fuels. 

Although cons iderable c o m m e r c i a l background is available in the 
pe t ro leum and chemica l equiprnent indus t r i es for fabrication of compo­
nents for organic r e a c t o r sys te ras , the units r equ i red usually fall beyond 
manufac tu re r s ' no rma l exper ience in s i zes , t e m p e r a t u r e s , c leanl iness , 
and leakt ightness . In mos t c a s e s , however, equipment has been fabricated 
through extension of c o m m e r c i a l p r ac t i ce s . 

Development work is r equ i red in the field of gasket, packing, and 
sealing m a t e r i a l s , and in simplification of fuel-handling techniques. The 
use of compact heat exchangers should be invest igated. Operating exper ience 
with organic r e a c t o r s soon to be completed will probably r evea l a r e a s in 
which ini t ial component specifications can be re laxed for future plants , and 
may demons t r a t e the possibi l i ty of increas ing power ra t ings for given plants . 
Consequentlyj some reduct ions in unit power costs for future plants might be 
rea l i zed . 

Nuclear safety aspec ts of wel l -des igned o rgan ic -modera t ed r e a c t o r s 
a r e genera l ly favorable . Although somewhat different considera t ions apply 
to organic-cooled r e a c t o r s modera ted with heavy water or graphi te , such 
r e a c t o r s can be made safe through careful study of all factors involved. It 
has been demons t ra ted that under n o r m a l operat ing conditions the addition of 
water to an o rgan ic -modera t ed r e a c t o r does not r e su l t in dangerous nuclear 
or p r e s s u r e excurs ions . T rans ien t conditions which might r e su l t in void 
formation in p r e s s u r i z e d cores a r e under study. 

The safety of organic r e a c t o r s is a lso affected by the f lammabil i ty, 
volati l i ty, and toxicity of the coolant. Additional data a r e needed to evaluate 
fully the effect of rad io lys i s products on these p r o p e r t i e s . No exothermic 
reac t ions between coolants and other r e a c t o r m a t e r i a l s have been found. 

Containment for organic r e a c t o r s is under study. P r e s s u r e - h o l d i n g 
containment does not appear n e c e s s a r y . Invest igat ions a r e in p r o g r e s s to 
devise methods of making conventional buildings sufficiently gast ight to 
contain organic r e a c t o r sys t ems safely at low cost . 

Cur ren t i n t e r e s t in the use of organic m a t e r i a l s as working fluids 
in fossi l -fueled power plants suggests the need for deta i led evaluation of 
poss ible d i r e c t - c y c l e concepts with organic r e a c t o r s . The extension of 
thermodynamic data for organic fluids, including mix tu res containing 
products of r ad io lys i s , should be acce l e r a t ed to provide an adequate bas i s 
for such s tudies . Although o rgan i c -mode ra t ed fluidized-bed r e a c t o r s 
proposed to date do not appear over ly favorable, the poss ib i l i t i es of using 
s l u r r i e s of powdered fuels (including meta l l i c powders) in organic fluids 
should be studied closely. 



Compar ison of cost data for a number of l a r g e - s c a l e power r eac to r 
designs incorporat ing the use of organic coolants with s imi la r data for 
fossi l-fueled plants indicates that the potential of the organic-cooled r e ­
actor for achieving competit ive power in modera te to high-cost a r e a s is 
much dependent on attaining the projected high per formance . This r equ i r e s 
continued intensive advancement of the technology. The most significant 
a r e a s for poss ib le cost reduct ion appear to lie in cost of fuel, coolant make ­
up, and a c c e s s o r y equipment. 

Development p r o g r a m s for p re sen t organic and heavy w a t e r -
modera ted concepts appear general ly adequate to r each specific goals 
which have been set . However, the na r row scope of the p resen t organic 
r eac to r p r o g r a m should be broadened to a s s u r e coverage of a r e a s where 
the application of novel p r inc ip les might r e su l t in marked economic bene­
fits. Fu r the r work, pr incipal ly of a bas ic nature , is recomimended in the 
fields of chemis t ry , p rocess ing , management , and thermodynamic p r o p e r ­
t ies of coolants, in fuel development, and in concept evaluation. 



III. ORGANIC REACTOR CONCEPTS AND SOURCES OF INFORAiATION 

A. Reactor Concepts using Organic Liquids for Cooling, Moderating, or 
Absorbing Radiation 

Because organic r e a c t o r s have rece ived only a fraction of the 
attention of nuclear sc ien t i s t s and r eac to r des igners up to this t ime , r e l a ­
tively few concepts have evolved. Initial cons idera t ion was l imi ted to the 
use of an organic m a t e r i a l as a source of modera t ing hydrogen in place of 
wate r , and accordingly concepts were adapted from those used for w a t e r -
modera t ed r e a c t o r s . The pr inc ipa l question was to de te rmine if t he re were 
organic l iquids , sui table for use as coolants , which could withstand a r ad i a ­
tion environment of high intensi ty for a t ime significant in the operat ing life 
of a r e a c t o r . Once this p rob lem had been reso lved favorably for a pa r t i cu la r 
group of organic compounds, m o r e attention could be given to effective u t i l ­
izat ion of the pecul ia r c h a r a c t e r i s t i c s of these and other suitable m a t e r i a l s 
in nuc lear r e a c t o r s . This has led to broadening of the na ture of the con­
cepts cons idered for organic r e a c t o r s beyond that which existed original ly. 

1. P r e s s u r i z e d Organic Reac to r s - The p r e s s u r i z e d organic 
r eac to r r e p r e s e n t s a ca tegory of concepts analogous to p r e s s u r i z e d water 
r e a c t o r s . The organic liquid (coolant, m o d e r a t o r , o r both) is mainta ined 
in a liquid s ta te throughout the r eac to r and i ts a ssoc ia ted heat t r ans fe r s y s ­
tem. The r e a c t o r c o r e is composed of r igidly fixed fuel e lements . Depend­
ing on the na tu re of the coolant and on operat ing t e m p e r a t u r e s , sy s t em 
p r e s s u r e s may be low or high. 

a. Organ ic -mode ra t ed -and -coo led Reac to r s - By far the 
l a rge s t amount of work has been done on r e a c t o r s to be mode ra t ed and 
cooled by organic compounds. Advantages of s impl ic i ty and of economic 
construct ion a r e c la imed in pa r t i cu l a r for this concept. It cons i s t s of a 
core of meta l l i c or m e t a l - c l a d fuel e lements in fixed pos i t ions , designed 
to allow adequate neutron m.oderation by an organic coolant. The heated 
coolant, leaving the co re below the tem.perature of bulk boiling at the s y s ­
t em p r e s s u r e , genera tes and may superhea t s teara in an external loop, and 
is then pumped back to the r e a c t o r v e s s e l . This concept is a s soc ia ted with 
Atomiics Internat ional , and is typified by the OMRE,( l ) .̂jĵ g Piqua prototype 
power reactor,V^) by Bechtel and AI c o m m e r c i a l power designs, l^ ' '* '^) 
U.S.V") and German ship r e a c t o r s tud ies , a p r o c e s s heat r eac to r study,C^) 
and the E O C R ( 8 ) and PRO (planned by CNEN) t e s t r e a c t o r s . 

b . Heavy Wate r -mode ra t ed , Organic -cooled Reac to r s - Use 
of heavy water m o d e r a t o r allows the u s e of na tu ra l u r an ium as fuel. "When 
coupled with an organic coolant radia t ion damage to the organic coolant is 
reduced by having it occupy only a v e r y sma l l f ract ion of the r e a c t o r co re 
in na r row p a s s a g e s d i rec t ly adjacent to the fuel e lements . The heavy water 
is contained in an insula ted ca landr ia . Steam is genera ted and superhea ted 



in external loops. Use of an organic coolant of low volatil i ty faci l i tates the 
use of p r e s s u r e tubes for containing the organic coolant and fuel. This con­
cept is exenaplified by the Canadian OCDR design,(9) E u r a t o m ' s ORGEL 
projec t for the ESSOR tes t r e a c t o r , and the Danish DOR project . (1") 

In a modification of this type, higher steami t e m p e r a t u r e s 
could be achieved by cooling a port ion of the fuel with s team. (̂  •••) 

c. Graph i t e -modera ted , Organic-cooled Reac tors - In one 
var ia t ion of a concept, involving the use of a graphite modera to r and organic 
coolant, h igh - t empera tu r e fuel e lements a r e inse r t ed in graphite modera to r 
blocks which a r e cooled by c i rcula t ing organic liquid in na r row channels . 
This is p a r t of a Marquard t concept,'•'^'^i the DCDR, which ut i l izes another 
technique for energy convers ion. Graphite modera t ion coupled with organic 
cooling has also been studied by Hanfordl-'-^) and Brookhaven. 

d. Organic-cooled Reac to r s with Other Modera to rs - In other 
s tudies , light water , bery l l ium, bery l l ium oxide, and zi rconium hydride 
have been cons idered as m o d e r a t o r s in conjunction with organic coolants . 

2. F lu id-bed-fueled Organ ic -modera ted -and-coo led Reac tors - In 
this concept, h i g h - t e m p e r a t u r e r e s i s t an t fuel pel le ts (of U02> UC, etc.) , 
suitably clad to l imi t the escape of f ission products , a r e suspended in the 
organic coo lan t -modera to r by fluidizing with flowing coolant. Surface t e m ­
p e r a t u r e s a r e reduced considerably by using a l a rge rat io of fuel surface to 
fuel volume. Fuel density may be va r i ed by adjusting the speed of the 
fluidizing medium; power regulat ion may be accomplished by this means , 
and fuel may be removed from and r e tu rned to the r e a c t o r in a s t r e a m of 
coolant. Work on concepts of this na ture has been c a r r i e d out by Westing-
house! 14) and Martin.(15) 

3. Boiling Organic Reac to r s - Boiling organic r e a c t o r s , analogous 
to the var ious types of boiling water r e a c t o r s , can readi ly be conceived. 
Many organic vapors superhea t upon expansion, so that nuclear superheat ing 
may not be needed. Organic compounds general ly have c r i t i ca l p r e s s u r e s 
l e s s than y t h a t of wa te r , and consequently such r e a c t o r s will opera te at 
lower p r e s s u r e s un less supe rc r i t i c a l conditions a re maintained. Since 
organic compounds a r e avai lable with widely varying volat i l i t ies at a given 
t e m p e r a t u r e , a wide p r e s s u r e range is therefore available for select ion. 
Organic vapors can p re sumab ly be used in d i rec t -cyc le sys t ems , ' 1 ° ) a l ­
though re la t ive ly l i t t le is known about thei r behavior in tu rb ines . It is 
unders tood that Westinghouse and G.E. a r e planning t es t s of this na ture now. 

a. Rigidly Fueled Organ ic -modera ted -and-coo led Boiling 
Reactor - This concept would involve bulk boiling of organic coolant-
modera to r and use of the vapor ei ther indirect ly to produce s team, or di­
rec t ly in a turb ine . So far as is known, l i t t le considerat ion has yet been 
given to a d i rec t cycle r e a c t o r of this type, except for a Russ ian study. ^ ' 



b. Rigidly Fueled , Graphite-mioderated, Organic-cooled Boiling 
Reactor - In a concept p roposed by Marquard t ,C^^ only l o c ^ b o i i i n g takes 
place in the r eac to r co re , and a fract ion of the ci rculat ing coolant is flashed 
outside the core to yield vapor which is passed to a turbine , while the bulk 
of the coolant is r e tu rned as liquid fromi the flash chamber to the core . In 
the co re , the graphi te mode ra to r p laced between the fuel and coolant r e ­
duces coolant radia t ion damage and p e r m i t s higher fuel t e m p e r a t u r e s . 

c. Boiling Organic S lur ry Reactor - It has been conceived that 
boiling organic vapor s , genera ted by a s l u r r i e d fuel, might be used in di rect 
or indi rec t power cyc les , s i m i l a r l y to concepts cons idered for water sys tems 

4, Other Concepts - The re is l i t t le indication of concepts for 
uti l izing organic fluids in unique ways. One thought along this line has been 
that radiat ion energy could be used m o r e efficiently for promot ion of chemi­
cal reac t ions if all or p a r t of the mode ra to r or coolant were composed of 
the organic feed stream, upon which it was des i r ed to effect a chemical 
change,(18) Another adaptation of aqueous concepts might be that of a 
homogeneous r e a c t o r , by uti l izing a soluble u ran ium or plutonium organic 
compound. What is known of soluble organic compounds, however , suggests 
that they a r e l ikely to be oxygenated and of low radiat ion stabi l i ty, and that 
the n e c e s s a r y solvents would also be oxygenated m a t e r i a l s . 

It is apparent that the direct ion of development of organic con­
cepts has been la rge ly to consider organic coolants in much the s ame way 
as inorganic coolants , i .e . , without full recognit ion of thei r unique chemical 
potent ia l i t ies and p r o b l e m s , A pr inc ipa l r e a s o n for this has undoubtedly 
been due to the need to br ing into design cons idera t ions for such r e a c t o r s 
a whole new field (new to the r e a c t o r engineer accus tomed to nonorganic 
r eac to r s ) of organic chemiistry and organic chemical technology, much of 
it as yet only l i t t le explored. Added to this is the concept of coolant s y s -
tem.s which a r e subject to ex t reme var ia t ions in both initial and operat ing 
composit ions and p r o p e r t i e s , as well as methods of t r ea tmen t . An organic 
r eac to r has miany of the a spec t s of a complex chemical plant. It may be 
poss ib le to take advantage of the chemical o c c u r r e n c e s in planning r e a c t o r 
s y s t e m s , r a the r than to a t tempt their el imination. 

B , Sources of Information 

1. Organizat ions Known to be Active in the F ie ld - E a r l y work on 
organic coolants and r e a c t o r concepts was c a r r i e d out at Argonne in the 
per iod 1953-55, and Mine Safety Appliances Com.pany made s tudies and 
evaluations of biphenyl s y s t e m s in the la t te r p a r t of this per iod . Aero je t -
General made m e a s u r e m e n t s of polyphenyl burnout l imi t s in 1956-57. 
Extensive s tudies of phys ica l p r o p e r t i e s and in- and out-of-pi le p e r f o r m ­
ance of polyphenyl coolants w e r e c a r r i e d out by the Hanford Atomic Produc t s 
Operat ion in 1957 = 58. These organizat ions a r e unders tood to be re la t ive ly 
inactive in this field at p r e s e n t . 



Atomics Internat ional has been car ry ing out extensive work in 
all phases of organic r eac to r technology previous to 1954. These invest iga­
tions were concerned with pyro lys i s , rad io lys i s , heat t r ans fe r , and t r ea tment 
of coolant, fuels development, design and operat ion of a r eac to r exper iment , 
r eac to r conceptual design and evaluation, and development of r eac to r s y s ­
t em a c c e s s o r i e s . The California R e s e a r c h Corporat ion is continuing work 
s t a r t ed as ea r ly as 1948 on radiat ion effects of a wide var ie ty of organic 
m a t e r i a l s , and is now studying mechan i sms of coolant radio lys is and evalu­
ation of a l t e rna te coolants and inhib i tors . A coolant loop was operated in 
the Brookhaven pile in 1955 by the Monsanto Chemical Co. Monsanto is 
continuing studies of coolant r ec l amat ion init iated in 1958, and has recent ly 
commienced studies of the physical p rope r t i e s and behavior in boiling loops 
for diphenyl. Atomiic Energy of Canada, Ltd. , at its Chalk River L a b o r a ­
to r i e s and by contract with Canadian General E lec t r i c Co., is studying and 
developing the heavy water sys tem in all a spec t s , including basic physics 
and decomposit ion effects, heat t r ans fe r and fouling in- and out-of-pi le loop 
t e s t s , fuel and sys t ems development, and design of a r eac to r exper iment 
proposed for Whiteshell in Manitoba. The Bar t lesv i l l e l abora to r i e s of 
Phi l l ips P e t r o l e u m Co. have recent ly commenced a study of coolant de­
composi t ion and fouling m e c h a n i s m s , coolant rec lamat ion and addit ives, 
and a l te rna te coolants . MIT is init iat ing an in-pi le loop study of coolant 
pe r fo rmance . ORNL has a smal l effort on a sea rch for organic-soluble 
u ran ium compounds. 

The Atomic Energy Division of Phi l l ips Pe t ro l eum Company at 
Idaho Fa l l s is p repa r ing for operat ion of the EOCR in which it will operate 
loops for s tudies of fuel and coolant technology. Studies of r e a c t o r concepts 
have been p r e p a r e d by Westinghouse, Mart in , and Marquard t , and some 
work may be under way by these organiza t ions . 

The UK seve ra l yea r s ago undertook studies of t he rma l and 
radiolyt ic decomposi t ion of polyphenyls, and is continuing basic work at 
Harwel l on radia t ion damage to organic compounds. Outside of the UK, 
studies have commenced only quite recent ly . Eura tom is commit ted to 
const ruct ing an organic t e s t r eac to r under the ORGEL project , and has 
made a number of con t rac t s for r e s e a r c h , development, and design work 
on var ious phases of the p roposa l . The CNEN in Italy is planning an o r ­
ganic t e s t r eac to r (PRO) and is commencing extensive studies of fuels, 
coolants , sy s t ems design, and loops. The Danish group at Risja commenced 
work in the organic field in 195 7 and is inc reas ing its efforts a imed at a 
heavy w a t e r - m o d e r a t e d r e a c t o r . In Germany, two groups a r e studying, 
respec t ive ly , an o rgan i c - coo led -and -mode ra t ed power reac to r and a s im i ­
la r type of ship r e a c t o r (AKS and Hamburg-GKSS). 

2. The L i t e r a t u r e of Organic Reac to r s - Over 200 re fe rences 
have been found having m o r e or l e s s d i rec t application to the organic 



r eac to r field. Many of these have been ut i l ized in this study, although no 
at tempt has been made to p r e p a r e a complete bibliography. One bibliog­
raphy on coolants is available in r e fe rence (19), and an extensive l is t of 
r epo r t s is p re sen ted in Appendix A. 

3. Organizat ions with Whorn_Dis cuss ions Were Held - In the course 
of this study, d iscuss ions were held by one or m.ore m e m b e r s of the group 
with the following organiza t ions : 

Atomics Internat ional (Idaho Fa l l s and Canoga Pa rk ) 

Phi l l ips P e t r o l e u m Co, (Idaho F a l l s , Idaho, and Bar t l e sv i l l e , Okla.) 

California R e s e a r c h Corpora t ion 

Monsanto Chemical Company (Everet t , Mass . , St. Louis , Mo., 
and Dayton, O.) 

Atomic Energy of Canada, Ltd. 

Canadian General E l ec t r i c Co, 

Massachuse t t s Inst i tute of Technology 

U. S. Mission to E u r a t o m (Brusse l s ) 

Eu ra tom (Brusse l s and Ispra) 

CNEN (Rome) 

Danish AEC (Ris / ) 

In addition, naenabers of the group attended informat ion-exchange 
meet ings on the organic field at Idaho F a l l s , January 30-31 , 1961, and at 
Chalk River , March 21-22, 1961. 

IV. GENERAL ASPECTS OF ORGANIC REACTORS 

The physica l and chemical behavior of organic m a t e r i a l s contr ibutes 
to var ious aspec ts or organic r e a c t o r s , in some r e spec t s uniquely. Cer ta in 
of these dist inctive fea tures can be seen in all types of organic r e a c t o r s , 
whereas o thers a r e applicable only to p a r t i c u l a r types . These a t t r ibu tes 
genera l ly make up the advantages and disadvantages of organic r e a c t o r s 
re la t ive to other r e a c t o r s y s t e m s . 

A, Aspec ts Common to All Concepts 

The unique fea tures of organic r e a c t o r s a r e a lmos t all a r e su l t of 
the chemica l behavior of organic m a t e r i a l s . Cer ta in of the m o r e signifi­
cant a spec t s of this behavior a r e d i scussed below. 



1. Effects of Radiation Damage - The mos t apparent cha rac t e r i s t i c 
of organic r e a c t o r s is the naajor impor tance of radiat ion damage to the o r ­
ganic m a t e r i a l . This is a factor whose divers i ty and importance is com­
parab le to that of radiat ion damage to nuclear fuel m a t e r i a l s in general . In 
cha rac te r i z ing organic r e a c t o r s , whether modera ted and cooled or only 
cooled with the organic m a t e r i a l s , a significant fract ion (in the range from 
1 to 10 percen t , depending on the volume fraction exposed and on flux pat ­
t e rns ) of the energy l ibe ra ted by the nuc lear react ion is absorbed by the 
organic m a t e r i a l . General ly , only a smal l fraction of the absorbed energy 
is effective in a chemical way. The effect of the energy absorpt ion is 
evaluated by a factor , _G (molecules reac t ing to produce other chemical 
spec ies pe r 100 ev absorbed) and by the nature and effects of the products 
of radia t ion damage. Values of the factor G vary within o r d e r s of magni ­
tude for s imple organic compounds. In cont ras t to radiat ion effects on 
inorganic r e a c t o r coolants (gases , wa te r , liquid m e t a l s , and sa l t s ) , the 
r e su l t s of radiat ion damage to organic m a t e r i a l s a r e general ly quite com­
plex and a r e l a rge ly i r r e v e r s i b l e . A major react ion product (if t he re is 
one) may be accompanied by a grea t va r ie ty of minor and secondary r e a c ­
tion products in widely varying y ie lds . Minor products might conceivably 
exer t significant dele ter ious effects on the operat ion of a r eac to r . Since 
reac t ions effected by ionizing radiat ion on organic m a t e r i a l s a r e general ly 
not s imple d issoc ia t ions , the s ta r t ing m a t e r i a l s may not readi ly be r e ­
formed. F o r example, whereas the pr inc ipa l products of water rad io lys is 
a r e hydrogen and oxygen, which a r e readi ly recombined to water in a 
s imple device, the sum total of the hydrogen, light hydrocarbons , unsa tura ted 
m a t e r i a l s , r e a r r a n g e m e n t p roduc t s , and po lymers resul t ing from i r rad ia t ing 
hydrocarbon mix tu re s cannot conceivably be completely reconver ted to the i r 
original form without making use of ve ry e laborate methods . 

2. The rma l Stability - A second bas ic aspect of organic r e a c t o r s 
is that due to the l imita t ions upon the t h e r m a l stabil i ty of organic m a t e r i a l s . 
In genera l , organic compounds become thermodynamica l ly l e s s stable 
toward decomposit ion and r a t e s of reac t ion a r e rapidly acce le ra t ed as t e m ­
p e r a t u r e s a r e inc reased . Although organic compounds vary widely in t he rma l 
stabil i ty, and the amount of m a t e r i a l decomposed is a function of exposure 
t ime , it appears that, with minor except ions, no organic compounds can be 
exposed for significant pe r iods to t e m p e r a t u r e s exceeding about 530°C with­
out se r ious decomposit ion. There fore , this is about the upper temiperature 
l imi t for fuel surfaces or other a r e a s in a nuclear reac to r to which an o r ­
ganic m a t e r i a l is exposed. 

3. Mate r i a l s Compatibi l i ty - A th i rd and somewhat l e s s genera l 
c h a r a c t e r i s t i c r e l a t e s to the re la t ive chemical nonreact ivi ty of organic 
compounds of in t e re s t with common and useful construct ion i na t e r i a l s . Al­
though there exis ts an enormous va r ie ty of organic compounds, many of 
which a r e highly c o r r o s i v e to m e t a l s , the nuclear and the rma l c h a r a c t e r ­
i s t i cs des i r ed in organic r eac to r l iquids have thus far l imi ted the field of 



i n t e res t to hydrocarbons . The hydrocarbons themse lves , in genera l , a re 
re la t ive ly iner t in contact with aluminum, mild and s ta in less s t ee l s , and 
miost other m e t a l s , although react ions with impur i t ies in the organic m a t e ­
r i a l may occur . This now p e r m i t s the use of m o r e economical and easi ly 
fabr icated m a t e r i a l s for both fuels and sys tems s t ruc tu re than genera l ly 
may now be used for other types of r e a c t o r s , and of re la t ively conventional 
heat and fluid t r ans fe r equipm.ent. 

4. Heat Trans fe r Capacity - Organic m a t e r i a l s a r e cha rac t e r i zed 
by having low heat t r ans fe r coefficients, low heat capacity, and smal l heats 
of vaporizat ion, as compared with water and liquid m e t a l s . F o r both forced 
convection cooling and boiling condit ions, this r equ i r e s i nc reased coolant 
c i rcula t ion and heat t r ans fe r a r e a , or g r ea t e r t e m p e r a t u r e differences, as 
compared with what can be used with other m a t e r i a l s . Correspondingly, 
the specific power of an organic r eac to r tends to be low. 

5. F lammabi l i ty - Another common c h a r a c t e r i s t i c of organic 
m a t e r i a l s useful for r e a c t o r s is that they a r e f lammable and will bu rn 
under some c i r c u m s t a n c e s . The effect of this danger may be reduced by 
choice of ve ry high boiling m a t e r i a l s , but radio lys is in general will cause 
breakdown and i n c r e a s e f lammabil i ty . 

•̂ • Aspects of Specific Concepts 

Some fur ther aspec ts of organic r e a c t o r s , which may r e p r e s e n t 
significant advantages , a r e not c h a r a c t e r i s t i c of all organic concepts . 

1. Low System P r e s s u r e - If an organic coolant of low volati l i ty 
and high molecu la r weight is used in a r e a c t o r , the sys tem p r e s s u r e may 
be re la t ive ly low (of the o rde r of 100-200 ps i ) . This p e r m i t s a reduct ion 
of r e a c t o r vesse l , pump, and other component cos t s , and simplif ies shield­
ing cons idera t ions in that the p r i m a r y coolant cannot readi ly leak into the 
s t eam-genera t ing sys t em, which would normal ly be at a higher p r e s s u r e . 
Correspondingly , the poss ib i l i ty of leakage of water into the coolant sys t em 
may re su l t in co r ro s ion p rob lems and nuclear h a z a r d s . A hydrogenous 
organic liquid of low vapor p r e s s u r e might also be used conveniently as 
pa r t of the r eac to r biological shield. 

The use of m o r e volat i le coolants in other concepts in which 
boiling occurs and vapor is p a s s e d to a turbine may somewhat negate the 
advantage of low sys tem p r e s s u r e (though not re la t ive to water at s imi l a r 
t e m p e r a t u r e s ) . 

2. Low Coolant Activation - The avai labi l i ty of re la t ive ly pure 
hydrocarbons at modera t e cost , and the low act ivat ion c r o s s sect ions of 
these m a t e r i a l s , ensu re that coolant act ivat ion will be cons iderably reduced 
with resu l tan t s implif icat ions in shielding and in sys tem maintenance . This 



is a ve ry significant advantage for nonboiling organic sys tems compared 
with mos t other l iquid-phase coolants . However, such an advantage may be 
lost or diminished under the following c i r c u m s t a n c e s : 

a. Use of fuel m a t e r i a l s for which the probabil i ty of cladding 
fai lure is such as to r equ i re protect ion from effects of 
coolant contamination from fission product d i spersa l , 

b. Use of sys teras permi t t ing cor ros ion , from s t ruc tu re s in 
contact with the coolant, of chemical e lements which can 
become highly act ivated. 

c. Use of low-cos t i rapure coolants (perhaps from oi l -
ref inery sources) which contain chemical e lements , such 
as sulfur, which can become activated, or intentional use 
of addit ives or special coolants containing e lements sub­
ject to activation. 

3. Coolant P r o c e s s i n g and Disposal of Waste Coolant - Since, in 
genera l , organic coolants a r e significantly decomposed in se rv ice , cannot 
readi ly be recombined to r e s t o r e the or iginal composition, and a r e too va l ­
uable to d i sca rd in l a rge amounts , sy s t ems must be provided for separa t ion, 
disposal of decomposed and po lymer ized ma te r i a l (gas, liquid, and possibly 
solid), and pe rhaps for r ec l ama t ion of useful f ract ions . Such s y s t e m s , 
though la rge ly adaptable f rom exist ing organic chemical technology, can be 
m o r e complex than requ i red for other types of r e a c t o r s , although the t r e a t ­
ment of p r i m a r y cooling water in a r e a c t o r is somewhat pa ra l l e l in na ture . 

The disposal of potent ial ly contaminated organic coolant, by 
combust ion or o therwise , p r e s e n t s new and unique p r o b l e m s . Since coolant 
na ture , pur i ty , and stabil i ty can va ry widely, so a lso can the magnitude of 
the disposal p rob lem. It might be poss ib le to devise a very special organic 
coolant sys tem, se lec ted specifically such that decomposit ion products 
could readi ly and complete ly be r e fo rmed to useful coolant, for which d i s ­
posal s y s t e m s would not be r equ i red . F u r t h e r , r e a c t o r coolant sys t ems 
may be devised for which re jec ted coolant has a byproduct or major product 
value ( i .e . , chemonuclear systeiTis). 

4. Nuclear Safety - It appears to be poss ible to design p rac t i ca l 
o rgan ic -modera t ed r e a c t o r s , as well as ce r ta in other types of r e a c t o r s , to 
take advantage of significant negative t e m p e r a t u r e , void, and power coeffi­
c ients , and thereby to enhance nuc lear safety c h a r a c t e r i s t i c s . This behavior 
is p re sumab ly r e s t r i c t e d to r e a c t o r s which contain organic m a t e r i a l in a 
sufficient, but not excess ive , volume fract ion in the core . Insofar as these 
effects a r e c h a r a c t e r i s t i c of organic l iquids , they a r e not n e c e s s a r i l y 
c h a r a c t e r i s t i c of r e a c t o r s cooled by re la t ive ly thin films of organic m a t e ­
r i a l s and naoderated by other m a t e r i a l s . 



V. EVALUATION OF ORGANIC COOLANTS 

The unique component common to mos t organic r e a c t o r s is the 
organic compound or mix tu re of compounds used to t ransfe r heat from 
the r eac to r fuel. Coolants a r e se lec ted on the bas is of r equ i red physical 
and chemica l p rope r t i e s and other des i rab le c h a r a c t e r i s t i c s . The rmal 
and hydraul ic behavior mus t be well known. Means for economic produc­
tion mus t be avai lable , and p r o c e s s e s for t rea t inent in the r eac to r sys tem 
rec lamat ion , and d isposa l may be requ i red . Its use in a r eac to r mus t not 
r e su l t in deposi ts which would adve r se ly affect fluid and heat t r ans fe r . 

A. Radiation Chemis t ry of Organic Reactor Mate r ia l s 

1. Selection of an Organic Coolant - The pr incipal disadvantage 
of the o rgan ic - coo led -and -modera t ed r eac to r is the t h e r m a l and radiat ion 
decomposi t ion of the modera to r - coo lan t . In o rde r to cope with this d i s ­
advantage one mus t consider s e v e r a l a l t e rna t ives . 

a. Find the mos t stable organic m a t e r i a l and accept 
the decomposit ion if the cost of the m a t e r i a l r e su l t s 
in an economical ly a t t r ac t ive sys tem. 

b . Find a low-cos t naater ia l which could have a re la t ive ly 
higher decomposi t ion r a t e , but a lso provides low 
makeup cos t s . 

c. Consider a v e r y low-cos t m a t e r i a l coupled with a ve ry 
limiited throughput t ime after which the m a t e r i a l can 
be complete ly d i sca rded or used for other purposes . 

d. Use se lec ted coolants from which useful radiolyt ic 
products can be r ecove red . 

All of the m a t e r i a l s in the above four ca tegor ies should p r e ­
se rve some of the inherent advantages of an organic coolant, namely: 

(i) low vapor p r e s s u r e at operat ing t e m p e r a t u r e s ; 

(ii) low levels of induced activity; 

(iii) low co r ros ion r a t e s with low-cost m a t e r i a l s of 
construct ion; and 

(iv) no danger of exo thermic reac t ions with fuels, water , 
or other m a t e r i a l s of const ruct ion. 



It has long been recognized, from fundamental radiation studies 
of organic compounds, that corapounds containing a resonant ring sys tem, 
such as benzene and other a romat i c compounds, exhibit a stabili ty which is 
s eve ra l t imes that of mos t other organic compounds with r ega rd to total 
products formed. In addition, such substances a r e stable by one or two 
o r d e r s of magnitude m o r e than nonaromat ics with r e g a r d to production of 
gaseous products Although the mechanis t ic details of radiat ion damage to 
organic compounds is far from being f i rmly established, it does seem that 
two p rope r t i e s of the r e sonance- type compounds contribute to their re la t ive 
stabil i ty, namely: 

1 diss ipat ion of the absorbed energy over many bonds 
(delocalization of energy), and 

2. effectiveness as a scavenger , i .e . , the abili ty to reac t 
with t h e r m a l free rad ica l s formed in the init ial radiat ion 
act, thereby preventing chain decomposition. 

E a r l y screening tes t s by California R e s e a r c h Corporation (CRC) 
have shown that biphenyl, o-, m - , and p- terphenyl , and naphthalene were 
the bes t of forty a roma t i c s tes ted and that their t he rma l s tabi l i t ies were 
reasonable up to 490*^0. 

The effect of fast e lec t rons on the polyphenyls at 350°C is 
mainly to give polymer , the G for convers ion of monomer being 0.05-0.5 
and the G for production of gas being 0.003-0.03. Fas t neutrons seem to 
produce 3-6 t imes as much polymer and nea r ly ten t imes as much gas per 
100 ev absorbed. F i s s ion f ragments , in turn, produce seve ra l t imes the 
polymer produced by fast neut rons and amiounts of gas g rea t e r by an order 
of magnitude. The polymer produced is mainly a d imer mix ture of poly­
phenyls containing one or m o r e phenyl groups miore than the start ing 
m a t e r i a l . Complete ana lyses of the polymer a r e not yet available, but 
other products include par t ly unsa tura ted aronaatics and alkyl a r o m a t i c s . 
The formation of polymer causes the v iscos i ty of the molten m a t e r i a l to 
i n c r e a s e with dose, f i rs t at a constant r a t e , then at an increas ing ra te , 
culminating in the formation of a coke- l ike ma te r i a l . The melting points 
show a s imi l a r behavior . The ra te of decomposit ion of polyphenyl de­
c r e a s e s with dose, indicating the formation of r ad i a t i on - r e s i s t an t products . 
Also, the addition of sma l l amounts of higher polymers of the polyphenyl 
type s eem to pro tec t radiolyt ica l ly vi rgin m a t e r i a l of the polyphenyl type. 

The major efforts of those engaged in organic reac tor design 
have been concerned with a l te rna t ive ^ (use of the mos t stable raa te r ia l 
consis tent with technological and economic considerat ions) and have cul­
minated in the select ion of some commiercially available mix ture of 
te rphenyls , te rphenyls and biphenyl, or biphenyl. 



An init ial sys temat ic screening of biphenyl and terphenyl was 
done by the CRC. Subsequently, Atomics Internat ional (Al) selected a 
commiercial terphenyl mix tu re as a modera to r and coolant for the OMRE, 
and the bulk of the avai lable information on this m a t e r i a l available s tems 
from the operat ion of this r eac to r , as well as l abora tory testing by AL 
This cont rac tor a lso has embarked on a much-needed p r o g r a m of funda­
menta l r e s e a r c h on the mechan i sm of radiat ion decomposit ion of organics . 
Atomics Internat ional is continuing its study of coolant technology in OMRE 
with core III and will have EOCR as an additional tool in which in-pi le loops 
will be used to study coolant technology. Other con t rac to rs now engaged 
in or planning work in coolant technology and effects of radiat ion a r e : 
Phil l ips Pe t ro l eum Co. at Bar t l esv i l l e and Idaho Fa l l s , Monsanto Chemical 
Co., and Massachuse t t s Inst i tute of Technology. In addition, s tudies a r e 
being c a r r i e d out by AECL at Chalk River , by Canadian Genera l E l ec t r i c , 
by AERE at Harwel l , and by Eura tom. 

The bas ic p r i m a r y p r o c e s s e s a s soc ia t ed with the absorpt ion 
of energy in an organic molecule a r e genera l ly : 

a. the dissocia t ion of energized molecules into r ad ica l s ; 
the t e r m energ ized molecules includes molecu le - ions 
of the type observed in a m a s s spec t rome te r , as well 
as highly excited ions and excited molecules such as 
those impor tan t in the photolysis of these m a t e r i a l s ; 

b . the in terac t ion of hydrogen a toms with an organic 
molecule ; 

c. the in terac t ion of a r y l r ad ica l s with hydrocarbons ; and 

d. molecu la r d issocia t ion of excited molecu les into stable 
produc ts . 

In addition to these poss ib le reac t ion types, one mus t consider 
the effect of ionization densi ty and the type of rad io lys i s p roduc ts . This is 
r e f e r r e d to as the Linear Ene rgy Transfe r (LET) effect or fast neutron 
effect. 

Studies of the radia t ion c h e m i s t r y of the r e sonance - type 
molecu les give evidence of a l l of these p r i m a r y r eac t ions . The ex t r eme 
complexity of the reac t ion products indicate the impor tance of a l l of these 
r eac t ions . For example , the polymer products of benzene rad io lys i s include 
biphenyl, phenylcyclohexadiene, phenylcyclohexene, dicyclohexyl, and a 
r a the r wide spec t rum of products including 2 and 3-r ing s t r u c t u r e s of var ious 
degrees of hydrogenation in one or a l l r ings . Studies of biphenyl and the 
terphenyls indicate a s imi l a r or even a m o r e complex spec t rum of s imi la r 
products . 



2. Radiation Decomposit ion Exper ience in OMRE - The choice of 
a l ternat ive _a (p. 16)wi th the selection of terphenyls as the coolant by AI 
for use in OMRE was an unders tandable choice based on the state of knowl­
edge of radiat ion damage of organic m a t e r i a l s and of coolant technology at 
that t ime. Operation of OMRE with both core I and core II has demon­
s t ra ted in genera l , the expected r a t e of decomposition. The virgin coolant 
used in OMRE is a r eac to r g rade of Santowax furnished by the Monsanto 
Chemical Co In genera l , the composit ion runs 1 par t or tho- terphenyl , 
5 pa r t s me ta - t e rpheny l , 3 pa r t s pa ra - t e rpheny l , and 1 par t higher boiling 
components. Other g rades of Santowax, consisting of varying i s o m e r s , 
biphenyl, and higher boiling components , a r e available. 

The ra te of decomposit ion of the coolant in cores I and I Ivar ied 
as a function of the high boiler concentrat ion which builds up during opera­
tion. The high boiler fraction ( H B ) is descr ibed as those compounds l ess 
volatile than the or iginal major coolant components (the least volatile of 
which is pa ra - te rpheny l ) . The G(-coolant) (that is , the number of mo le ­
cules of coolant decomposed per 100 ev of energy absorbed, assuming a 
molecu la r weight of 230) va r i e s from 0.25 at a HB of 11% to 0.12 at a HB of 
40% This is based on a ra te of absorpt ion of radiat ion energy in the 
mode ra to r - coo lan t of 7 8% of the total power of the reac to r . At 30% HB 
concentrat ion, this ra te amounts to about 51-52 lb/Mwd(t) of coolant de­
composed Extrapolat ing these data to a ful l -scale power r eac to r , such as 
Eura tom AKS (150 Mwe), AI predic ts an HB formation ra te of 27 lb/Mwd(t) 
for r eac to r operat ion at an HB concentrat ion of 30%. Under these conditions 
the re is a corresponding gas genera t ion of 8 SCF/Mwd(t). 

The decomposit ion r a t e s were based initially on the assumption 
that gammas and neut rons a r e equally effective in decomposing the coolant. 
More recen t data indicate a r a t io G/^^/G/-^^ = 0.31/0.08 = 4. However, AI 
c la ims that they did not p roper ly a s s e s s the inelast ic scat ter ing effect in 
the l a rge r r e ac to r , and the i nc reased inelas t ic sca t ter ing dec r ea se s the 
fast neut ron energy absorbed in the coolant re la t ive to the gamma energy, 
the two effects compensating each other and making the or iginal ext rapola­
tion valid. The extrapolat ion to l a rge r r e a c t o r s involves, in addition to 
establ ishing the G values for gammas and fast neut rons , a proper a s s e s s ­
ment of the inelas t ic sca t te r ing of fast neut rons and a calculation of the 
fission energy absorbed in the par t i cu la r r e a c t o r under considerat ion. 
This is a ma t t e r which should be invest igated m o r e thoroughly. The value 
of 30% HB is an a r b i t r a r y compromise between reduced decomposit ion 
ra t e and reduced heat t ransfe r abili ty, and acceptable v iscos i ty c h a r a c t e r ­
i s t i c s . It should be s t r e s s e d that this is pure ly a r b i t r a r y and the re is a 
possibi l i ty that further study will indicate a bet ter a l te rna t ive . 

Other organizat ions have been studying r a t e s of decomposit ion 
of te rphenyl- type coolants under radiat ion. In genera l , the resu l t s r epor ted 
a r e in ag reemen t with those of AI except for two important exceptions 



r epor t ed by AERE. OD.e is the G for neutrons ve r sus G for gamma r a y s . 
This s e e m s to have been resolved, as has been d i scussed above. The 
second point is a study by AERE of the effect of t e m p e r a t u r e on the 
radia t ion-decomposi t ion yield of the coolant. They have observed that 
the G(-coolant) for Santowax R slowly i nc rea se s with t e m p e r a t u r e until 
just above 400''C. Above this t e m p e r a t u r e , there is a rapid i nc rease of 
G(-coolant) with t e m p e r a t u r e . At 404°C, the G(-coolant) is 0.79; at415°C 
it is 1.19; and at 419°C it is 1.86. These r e su l t s were obtained at a dose 
of approximate ly 2.4 w a t t - h r / g m . These resu l t s cannot be explained on 
a pure ly t he rma l bas i s but s eem to be a combined radiolyt ic and t h e r m a l 
effect. This point should be examined further. 

The changes of physical p rope r ty under i r rad ia t ion in OMRE 
have been m e a s u r e d by AL The specific heat is found to d e c r e a s e slightly 
with decomposit ion. For the 30% decomposed coolant at 311°C, the 
d e c r e a s e is 4%, The rma l conductivity of OMRE coolant has been studied 
as a function both of t e m p e r a t u r e and radia t ion decomposit ion. The 
t h e r m a l conductivity is found to d e c r e a s e with t e m p e r a t u r e , and for 
i r r ad i a t ed OMRE coolant containing 30% HB it is found to be about 4-9% 
higher than that of the un i r rad ia ted coolant. The v iscos i ty of the coolant 
i n c r e a s e s with decomposit ion about 100% as the HB content va r i e s from 
0 to 30 weight %. The densi ty changes only slightly (̂ ^4%) in the same HB 
range. For a l l the coolants studied by AI, the melt ing point ini t ial ly 
d e c r e a s e s with i r rad ia t ion , and then gradual ly i n c r e a s e s at high HB 
content. For example, the liquidus t e m p e r a t u r e of OMRE coolant (core l) 
was 96®C before decomposit ion, d e c r e a s e d to a min imum value of 57°C at 
24% HB, and i nc r ea sed to 74''C at 41% HB. 

Atomics Internat ional has a lso made studies of the chemica l 
behavior of the coolant, including a) na tu re of the coolant decomposit ion 
products in the ci rculat ing liquid, b) g r o s s chemica l p rope r t i e s of coolant 
during r e a c t o r operat ion, such as acidity, olefin content, molecu la r weight 
dis t r ibut ion of higher boi ler fraction, water content, and concentrat ion of 
r eac t ive spec ies such as free r ad i ca l s , and c) radioisotopic s tudies in the 
coolant. 

AI has c a r r i e d out exper imenta l work on polyphenyl coolants 
i r r ad i a t ed in in-pi le t e s t loops in addition to OMRE polyphenyl coolant 
i r r ad ia t ions during 2 j yea r s of operat ion. Exper ience in both p r o g r a m s 
a r e quite s imi la r with r e g a r d to ga se s , low bo i l e r s , in te rmedia te bo i l e r s , 
and high bo i l e r s . On a weight b a s i s , mos t of the decomposi t ion products 
a r e in the high boi ler fraction. The gaseous products account for about 
1% of the decomposi t ion products and consis t pr incipal ly of hydrogen 
together with l e s s e r amounts of methane and higher hydrocarbons . The 
low boi ler fraction is composed of those decomposi t ion products m o r e 
volati le than biphenyl and equal to or l e s s volat i le than benzene. During 
core II operat ion, this ranged from 0.13 to 0.95% concentra t ion. Low 



boi lers that have been identified a r e : benzene, toluene, and ethyl benzene. 
The in te rmedia te bo i le rs a r e defined as those having a volatility i n t e rme­
diate between byphenyl and the HB fraction. This group has reinained at 
between 9-12% of the coolant during Core II operation. This appears to be 
the equil ibrium value of this fraction for OMRE. Among this group is 
found fluorenone, phenanthrolene, 3-methyl biphenyl, and fluorene, with 
the f i rs t t h ree constituting the main fraction, being at leas t 10 t imes that 
of the o the r s . More than 95% of the decomposition products a r e in the HB 
fraction. 

The average molecular weight of this fraction inc reases during 
r eac to r operat ion. During Core I operat ion the average molecular weight 
inc reased froin an initial value of 400 to a final value of 600 over an eleven-
month period; the change seemed to be l inear with t ime of reac tor operation 
and gave no evidence of attaining a s teady-s ta te value. Tentative conclusions 
of AI from Core II operat ing data a r e that there is a possible leveling off at 
the end of this core operat ion at a value of 610 for the molecular weight. 
Data on the distr ibution of molecular weights cover values from 228 ( t r i -
phenylene) to 3000 {39 phenyl groups) , with the l a rges t single contribution 
being for hexaphenyi. About 8 weight % of the HB has a molecular weight 
g rea t e r than 1500. 

Water content of OMRE coolant has A/-aried randomly in the 
range from 80 to 260 ppmi. According to AI, a water content below 500 ppm 
IS of minor significance. 

Introduction of oxygen is m o r e se r ious . It r e su l t s in inc reased 
cor ros ion r a t e s and pitting, with subsequent inc reased activity in the coolant, 
and production of oxidation products in the coolant. These products a r e 
themse lves of a co r ros ive na tu re . Fouling films and some fractions of HB 
have been shown to contain carbonyl groups as well as phenol, alcohols, 
and water . 

Olefinic unsaturat ion has been detected in the coolant at a mola r 
concentrat ion as high as 0.06 after 373 Mwd of operation, about 60-85% being 
in the HB fraction. 

3. Use of Additives to Dec rease Decomposition Rates - The use of 
and additive to i nc r ea se the radia t ion stabil i ty of the coolant is an a t t rac t ive 
possibi l i ty . An additive is general ly believed to act as a scavenger , react ing 
with rad ica l s produced in the solvent or effecting an exchange of energy be­
tween it and the solvent molecu les . The polyphenyls a re a c lass of compound 
containing a g rea t deal of resonance stabil izat ion and act very efficiently as 
scavengers themse lves . This fact together with our present s ta te of knowl­
edge of the bas ic chemis t ry involved suggest that the problem of finding an 
effective additive for this coolant may be a difficult one. 



Both CRC and AI have tes ted a la rge number of addit ives. 
Phil l ips Pe t ro leum is also tes t ing addi t ives . All the r e su l t s a r e either 
e r r a t i c or inconclusive. It should be emphasized that an additive might 
conceivably a l te r the na ture of the react ion products , and in this way 
may have a possible bear ing on fouling and on the physical and chemical 
p roper t i es of the polymer ic product . There is jus t not enough detailed 
knowledge of the bas ic chemis t ry , the nature of the in t e rmed ia te s , r e a c ­
tion products , and r a t e constants for e lementary reac t ions involved to 
naake a rea l ly intell igent predict ion. 

One r a the r su rp r i s ing resu l t is some work repor ted by 
Monsanto. Radiation tes t s conducted at a level of 20-80 w a t t - h r / g m 
indicated that the t e m p e r a t u r e at which the radiolys is is conducted is 
an impor tant p a r a m e t e r in the efficiency of a s tab i l izer . One group of 
compounds which Monsanto c l a s s e s as scavengers , such as carbonyl , 
sulfide, disulfide and polyaromat ic compounds, were quite effective at 
low t e m p e r a t u r e s in the range from 200 to 300°C. The second group, 
cha rac t e r i zed by Monsanto as hydrogen donors , exhibited a r e v e r s e effect 
of t e m p e r a t u r e . They were good s t ab i l i ze r s at high t e m p e r a t u r e s but 
acce le ra t ed radio lys is at t e m p e r a t u r e s below 100°G. One m a t e r i a l in a 
10-volume percen t concentra t ion reduced polymer formation to one th i rd 
and yielded very l i t t le hydrogen as a gaseous decomposit ion product. An 
example of this ca tegory was a par t ia l ly hydrogenated polyphenyl m i x ­
ture (presumably of compounds in which one r ing was completely sa tura ted) 
Monsanto also observed that, when radiat ion dainage was plotted against 
degree of hydrogenation of a polyphenyl, the curve exhibited a min imum 
at low fract ional hydrogenation, and that damage inc reased with further 
hydrogenation to a level exceeding that of the unhydrogenated compound. 
Montar (a m a t e r i a l in the terphenyl range) hydrogenated to 60% of s a tu ra ­
tion appears pr incipal ly to cleave on i r rad ia t ion , indicating that hydrogen­
ation of par t of the r ing may promote r ing-bond breaking. 

These data point out the fact that r e a c t o r Santowax OMP 
polymer (HB) is one of the mos t effective " s t ab i l i ze r s " tes ted . The 
polymer has a hydrogen content which is 20% of sa tura t ion; in a concen­
t ra t ion of 21% in m- t e rpheny l the polymer has a hydrogen content of 4.3% 
of sa tura t ion . At this concentrat ion it was effective in decreas ing the 
total decomposit ion by a factor of 57%. 

However, it was a lso pointed out that other hydrogenated addi­
t ives may have m o r e des i rab le physical p rope r t i e s for coolant u s e . These 
s tab i l i ze r s a r e the rmal ly l e s s s table , but this d e c r e a s e in t he rma l stabil i ty 
is m o r e than compensated by the i nc r ea se in radiat ion stabil i ty. The data 
indicate that this type of s tabi l izer at low concentrat ion can pro tec t 
2.7 mo lecu l e s /mo lecu l e of s tab i l izer and that the effectiveness d e c r e a s e s 
at higher concent ra t ions . 



Some p e t r o l e u m s t r e a m s w h i c h w e r e good p r o t e c t o r s w e r e 
a l s o found. H o w e v e r , too l i t t l e d e t a i l i s known about t h e s e e x p e r i m e n t s 
to e v a l u a t e the r e s u l t s c r i t i c a l l y . If t h e y a r e f i r m l y e s t a b l i s h e d , it e m p h a ­
s i z e s o u r l a c k of knowledge of the b a s i c c h e m i s t r y involved in t h e s e 
c o m p o u n d s . 

The r e s u l t s r e p o r t e d by M o n s a n t o do b r i n g out an i n t e r e s t i n g 
p o s s i b i l i t y . It is w e l l known t h a t m i x t u r e s of h y d r o c a r b o n s , s u c h a s 
c y c l o h e x a n e and b e n z e n e , p r o t e c t one a n o t h e r f r o m r a d i o l y t i c d e c o n a p o s i -
t i on by e i t h e r a n e n e r g y - t r a n s f e r p r o c e s s o r a s c a v e n g i n g a c t i o n of one of 
the h y d r o c a r b o n s . Th i s h a s b e e n s t u d i e d for the p r o d u c t i o n of g a s e o u s 
p r o d u c t s but not fo r p o l y m e r . It m i g h t be p o s s i b l e t h a t a m e c h a n i s m , s u c h 
a s the fo l lowing , wou ld be e f fec t ive in r e d u c i n g p o l y m e r y i e l d : 

C6H12' - * CfeHii + H 

H + C^H^ ——•• C^Hy 

T h e r e i s s o m e e v i d e n c e tha t C^Hy m a y be a r e l a t i v e l y s t ab l e r a d i c a l and 
tha t it m i g h t l i ve long enough fo r the fol lowing r e a c t i o n to o c c u r : 

^6^11 + CfcHy——•• C^Hjg + C^H^ 

Th i s e f fec t ive ly p r o m o t e s a b a c k r e a c t i o n and p r e v e n t s C^Hy f r o m r e a c t i n g 
to f o r m p o l y m e r . A s i m i l a r m e c h a n i s m m a y p o s s i b l y ho ld for the h y d r o g e n ­
a t e d t e r p h e n y l and t e r p h e n y l m i x t u r e s s t u d i e d by M o n s a n t o . A s tudy of the 
y i e l d s of p o l y m e r in m i x t u r e s of h y d r o g e n a t e d t e r p h e n y l s and t e r p h e n y l 
u n d e r r a d i o l y s i s m a y i n d i c a t e s u c h an effect . F u r t h e r e x a m i n a t i o n of the 
p o l y m e r y i e l d s on the s i m p l e r m i x t u r e s of c y c l o h e x a n e and b e n z e n e and 
ex t end ing the g a s - p r o d u c t i o n s t u d i e s cou ld p o s s i b l y y i e ld b a s i c i n f o r m a t i o n 
on t h i s po in t . 

O t h e r L o w - c o s t C o o l a n t s ( A l t e r n a t i v e b , p . 16) - AI, C R C , 
M o n s a n t o , and P h i l l i p s P e t r o l e u m a r e a l s o c o n c e r n i n g t h e m s e l v e s wi th 
t e s t i n g a l t e r n a t i v e l o w - c o s t c o o l a n t s . AL h a s r e s u l t s ind ica t ing tha t a lky l 
p h e n a n t h r e n e - t y p e s t o c k s f ro ra r e f i n e r y s t r e a m s look p r o m i s i n g . T h e s e 
a r e o b t a i n a b l e a t a p r i c e b e t w e e n 5 and 8 c e n t s p e r l b . Al though the Ggg^g 
of t h e s e r e f i n e r y s t r e a m s r e l a t i v e to the t e r p h e n y l s is i n c r e a s e d by a 
f a c t o r of 10, the y i e l d of p o l y m e r ( the m o r e t r o u b l e s o m e m a t e r i a l ) is 
0.6 t ha t of the t e r p h e n y l s . A n t h r a c e n e o i l s f r o m coa l t a r h y d r o c a r b o n s 
( 3 ^ / l b ) a l s o show p r o m i s e . Both CRC a n d P h i l l i p s a r e a l s o looking a t 
v a r i o u s l o w - c o s t r e f i n e r y s t r e a m s . P r e v i o u s l y , CRC had found a n u m b e r 
of r e f i n e r y s t r e a m s wh ich , e v e n a f t e r m i n i m u m ref in ing ( n e c e s s i t a t e d by 
l o w e r i n g su l fu r con ten t to l e s s t h a n 100 p p m ) , i n d i c a t e d a c o s t of 2 to 3 ^ / l b 
c o m p a r e d to 15^5/lb for San towax . Th i s p r o g r a m w a s c u r t a i l e d b e c a u s e of 
a conf l i c t w i th the AEC on p r o p r i e t o r y r i g h t s , but i s be ing r e a c t i v i a t e d . 



Phil l ips has been screening pe t ro leum ref inery s t r e a m s . One fraction 
was found to be highly a romat ic and has a boiling point range from 288° 
to 538°C. It cons is t s of alkyl naphthalene, an thracenes , and phenathrenes . 
These compounds cost approximate ly 1 ^ / Ib but will r equ i re some refining. 

Low-cost Mate r ia l with Limited Throughput (Alternative c, 
p. 16) - This a l te rna t ive is being looked at by both CRC 3.nd Phil l ips 
Pe t ro leum. Phil l ips is examining a romat ic cycle oil stocks which a r e of 
i n t e re s t to carbon black manufac tu re r s . It may be possible that the r e s i ­
due after passing through the r eac to r and after extract ion would st i l l be 
useful for carbon black manufacture . 

Use of Selected Coolants from Which Useful Radiolytic 
Products Can be Recovered - CRC is also reviewing the possibi l i ty of 
producing commerc ia l ly useful m a t e r i a l by the effect of radiat ion on the 
organic coolant and mode ra to r . Since radiat ion at tacks al l organic 
molecules , resul t ing in cleavage, polymerizat ion, and cross- l inking r e a c ­
tions thereby forming a wide va r i e ty of compounds whose s t ruc tu res differ 
from that of the s tar t ing ma te r i a l , it may be possible that useful compounds 
can be formed in this way from selected coolants. Their r ecove ry and sale 
could be a cost c redi t to the r eac to r plant. One such m a t e r i a l chosen for 
study is the group of polyphenyl e the r s , which now cost about $Z0 per lb. 
These compounds have been the object of intensive r e s e a r c h for use as 
h igh - t empera tu re lubr icants . They might be p repa red cheaply from 
diphenyl ether and might be used as a coolant or as addit ives to presen t ly 
used polyphenyl or other coolants. CRC is looking at this possibil i ty. 
There is a wide field of investigation for the s imultaneous production of 
these products from possible coolants , and their products could ma te r i a l l y 
lower effective coolant cos t s . 

4. R e s e a r c h and Development P r o g r a m on Organic Coolants - The 
problems of in t e re s t to a productive r e s e a r c h and development p r o g r a m 
may be divided into two groups: those of i n t e r e s t in cu r r en t coolant tech­
nology, and those of impor tance to the development of an advanced coolant 
technology. 

In the field of cu r r en t coolant technology, AI is continuing its 
study of the terphenyl coolants, using the OMRE principal ly as the radiat ion 
source . It is of course impor tant to es tab l i sh within as close l imits as 
possible the physical and chemica l p rope r t i e s of the terphenyl coolants under 
r eac to r operating conditions, to de te rmine makeup cos ts , and to es tab l i sh 
specifications for control of coolant p rope r t i e s . In addition, the EOCR 
will soon be available as an additional facility for these s tudies . 



The s eve ra l p roblems in cu r ren t technology which seem to have 
an urgent p r io r i ty a r e : 

1. To es tabl i sh f i rm G values for coolant decomposition by 
different types of radiat ion, pa r t i cu la r ly by fast neutrons a n d 7 - r a y s , and 
the possible effect of energy on the G values . This should be coupled with 
m o r e sophis t icated calculat ions of the distr ibution of energy dissipat ion in 
the modera to r so as to a s s e s s m o r e accura te ly the decomposit ion ra t e in 
proposed full-power r e a c t o r s . Such a p r o g r a m has s tar ted. 

Z. To study the effect of t empera tu re on the radia t ion-produced 
yields in terphenyl coolants. This should be done par t i cu la r ly to es tabl ish 
the upper t e m p e r a t u r e l imits of operat ion and the possible effects on the 
na tu re of the products produced This is pa r t i cu la r ly emphasized in view of 
the recen t Harwel l r e s u l t s . 

3. Examine the ro le of the coolant, under rad io lys is and at 
high t e m p e r a t u r e , in the fouling problem. The possible use of additives to 
a l ter the r a t e of fouling or the na tu re of the fouling film should be examined. 

4. Pu r sue the possibi l i ty of additives to minimize the ra te 
of decomposit ion or to change the na tu re of the radioL/tic decomposition 
products in o rde r to produce an equi l ibr ium coolant mix ture with m o r e 
des i rab le p r o p e r t i e s . 

5. To develope analyt ical tools for analysis of polymer com­
position. Gas chromatographic techniques have shown a surge or produc­
tive development and should be further exploited. Mass spec t rorae t r ic 
techniques for analys is for polymer components should be further developed. 
CRC has devised a low-voltage ionization technique which simplifies the 
m a s s spec t r a pa t tern . Another technique along these lines is the possibi l i ty 
of using a bombardment (with a polonium source) as the source of ions. 
This has been developed at Oak Ridge and yields g rea t ly simplified m a s s 
spec t r a pa t t e rns . Use of the o smomete r to de te rmine molecular weights 
is now being c a r r i e d out at Phi l l ips and should iTiake available more com­
plete and accu ra t e analys is of molecu la r weight dis t r ibut ions in the polymer. 

6. To study bas ic radia t ion chemis t ry of the polyphenyls 
and other a r o m a t i c s . The detection of unstable in te rmedia tes and the 
kinet ics of their formation and d i sappearance is a requis i te for this study. 
It should be emphas ized that as complete an analys is of react ion products 
as possible should be one of the major efforts of such a kinetic study. 

P r o b l e m s in advanced technology should include: 

1. Fundamenta l m e c h a n i s m s of radiolys is of a broad spec t ra 
of organic compound types . 



2. Development of new coolants, both of synthetic and 
indus t r ia l m a t e r i a l s . 

3. Examinat ion of economical ly useful m a t e r i a l s which can 
be produced in the coolant under rad io lys i s . 

4. Development of new s t ab i l i ze r s . 

Several companies have under way or a r e planning p r o g r a m s covering 
these topics . Fu r the r efforts along these l ines of r e s e a r c h and development 
should be encouraged. 

B. Sources and Costs of Polyphenyls 

Up to now the m a t e r i a l which has rece ived major attention as an 
organic coolant and modera to r is the c o m m e r c i a l terphenyl mix ture sold 
under the t rade name Santowax by the Monsanto Chemical Company. 
Santowax OMP is a mix tu re of ortho, meta , and pa ra - t e rpheny l s . 
Santowax R is the same m a t e r i a l with the addition of about 11% of higher 
boiling components , Terphenyls a r e a l so produced by Dow Chemical 
Company and by a few European concerns , but the total production of these 
is said to be l ess than half that of Monsanto. 

Terphenyl is produced by pyrolys is of benzene at 700 to 850°C. The 
p roces s a l so produces biphenyl and higher polyphenyls, which a r e separa ted 
by dis t i l la t ion. Current ly , te rphenyl is a byproduct of biphenyl production. 
Since the p r e sen t m a r k e t for te rphenyl is smal l , the p r o c e s s conditions a r e 
adjusted to produce a min imum of terphenyl . However, should the demand 
for te rphenyl i n c r e a s e the p r o c e s s conditions can be adjusted to produce 
terphenyl as the major product. 

Monsanto has guaran teed that they could supply up to 10 mi l l ion 
pounds per year of Santowax OMP at a pr ice of 15 cen t s / lb , exclusive of 
conta iners and shipping cost. The p r ice of Santowax R would be about 
1 4 | c en t s / l b . In l a r g e r amounts , of, say, 50 to 100 m.illion Ib /y r , the p r ice 
would d e c r e a s e to poss ib ly IZ cen t s / l b . All of these p r i ces a r e conditioned 
on a cost of the r aw m a t e r i a l (benzene) below 40 cen t s /ga l . The c u r r e n t 
cost of benzene is 35 cen t s /ga l . For easy handling it is r ecommended that 
the terphenyl be shipped in flaked form in bags . The cost of flaking and 
bagging would be about -̂  cen t / lb . 

Santowax contains a s m a l l amount of sulfur impur i ty which is 
der ived from the s tar t ing benzene. Due to activation of sulfur in the nu­
clear r e a c t o r , the degree of difficulty encountered in the d isposal of was te 
gases during r e a c t o r operat ion may be influenced by the amount of sulfur 
p resen t in the coolant. Sources of benzene of low sulfur content a r e known, 
and it has been s ta ted by Monsanto that the se lect ion of benzene of low sulfur 
content would probably have only a slight effect, if any, on the pr ice of 
terphenyl . 



Biphenyl has a lso been cons idered as a coolant for nuclear r eac to r s 
pa r t i cu la r ly for d i r ec t - cyc le concepts . Since biphenyl is produced by the 
same p r o c e s s , its p r ice is approximate ly the same as that of terphenyl. 

C. Coolant P roces s ing and Reclamat ion 

The coolant for an organic r eac to r must be purified continuously to 
remove the rad io lys is and cor ros ion products which form during reac tor 
operation, and these waste products inust be disposed of in a safe and 
economical manne r . The following p r o c e s s e s a r e cur ren t ly considered 
n e c e s s a r y for this purpose: 

(l) r emova l of insoluble impur i t i e s from coolant; 

(z) separa t ion of high boiler from coolant; 

(3) separa t ion of water and decomposit ion gases from coolant; 

(4) d isposa l of waste gases ; and 

(5) d isposa l of waste sol ids , including insoluble impur i t ies 
and nonrecoverab le coolant r e s idues . 

1. Removal of Insoluble Impur i t ies - It is genera l ly believed that 
the p resence of par t icu la te ma t t e r , specif ical ly of iron oxide cor ros ion 
products and possibly other inorganic or organic par t i c les , will lead to 
fouling of fuel e lements if allowed to accumulate in the organic coolant. 
Consequently, it is impor tant to keep the concentrat ion of par t icula te 
ma t t e r in the coolant at a v e r y low level . The p rec i s e concentration of 
pa r t i c l e s which can be to le ra ted is yet to be determined, but, on the bas i s 
of OMRE operating exper ience , Atomics Internat ional has es tabl ished a 
goal of 10 ppm of par t icu la te ash or l e s s to achieve an acceptable fouling 
r a t e . 

Exper imen ta l work on coolant cleanup has included tes ts in 
the OMRE as well as l abora tory and pi lot-plant work. The methods which 
have been studied include fi l tration, centrifugation, magnet ic and e l ec t ro ­
s ta t ic s e p a r a t o r s , adsorpt ion, and dist i l lat ion. The efficiency of these 
methods has been evaluated by de terminat ion of the coolant ash content 
before and after t r ea tmen t . The work done to date has indicated seve ra l 
methods which might be adapted to clarif icat ion of organic coolants. A 
p r o g r a m is under way at OMRE to study var ious types of equipment for 
this s e rv i ce . It has been suggested that the optimum installat ion may 
incorpora te two devices - one for a f i r s t s tep t r ea tmen t to remove la rger 
pa r t i c l e s , and the second for remova l of v e r y fine pa r t i c l e s . 



The v e r y sma l l s ize of the par t icu la te ma t t e r and the high 
coolant t e m p e r a t u r e make the problem of coolant clarif ication somewhat 
m o r e difficult than the common fil tration problem. However, the remova l 
of s m a l l - s i z e par t i c les from liquids (even down to colloidal size) is not an 
uncommon prob lem in industry, and a number of methods a r e available for 
such clarif icat ion opera t ions . The problem of clarif ication of the organic 
coolant therefore r e so lves itself p r i m a r i l y into a select ion and testing of 
the mos t des i rab le equipment and method. 

Knowledge of the par t ic le size of the insoluble ma t t e r is highly 
impor tant to the proper select ion of a p r o c e s s for coolant clarif ication. 
Pa r t i c l e s ize dis t r ibut ions have been obtained by AI for five samples of 
OMRE coolant obtained during var ious operating per iods of the r eac to r . 
These de terminat ions a r e subject to apprec iable uncer ta inty because of 
exper imenta l difficulties, so that the r e su l t s can be cons idered as only 
tentat ive. The p re l im ina ry data indicate that the size of the pa r t i c l e s 
is in the range from 0.01 to 12 m i c r o n s . The s ize dis tr ibut ion and ash 
content for one sample of OMRE coolant a r e as follows: 

Weight Pe rcen t of Ash Content 
Pa r t i c l e Size (jJ.) Total P a r t i c l e s (as FeyO^, %) 

>5 18 70 
5 to 0.22 7 I 

0,22 to 0.01 75J ' ^ 

The pa r t i c l e s l a rge r than 5 mic rons contained a lmost al l of the i ron in 
the par t icu la te m a t t e r . These data indicate that the bulk of the pa r t i c l e s 
a r e of colloidal s ize (below 0,1 mic ron) . Additional work is r equ i r ed to 
es tab l i sh f i rmly the size dis t r ibut ion of the insoluble m a t t e r . 

The above data on the s ize spec t rum of the par t icu la te m a t t e r 
and the iron content of var ious ly s ized pa r t i c l e s introduce cons iderable 
uncer ta in ty in the in te rpre ta t ion of the r e su l t s of previous coolant-
clarif icat ion exper iments conducted by AL Many of the data which have 
been r epo r t ed on the p a r t i c u l a t e - r e m o v a l efficiency of var ious devices 
a r e of doubtful value, because these efficiencies a r e genera l ly based on 
the effectiveness of the devices for r emova l of inorganic m a t e r i a l from 
the coolant. Since the inorganic content of the sma l l pa r t i c l e s below 5 |i 
is only about 5%, the change in inorganic ash content of the coolant after 
t r ea tmen t would be a m e a s u r e p r i m a r i l y of the efficiency for r emova l of 
pa r t i c l e s of l a rge d iamete r , which consti tute only a minor fraction of the 
total insoluble m a t e r i a l . This si tuation is r ea l i zed by those studying the 
fouling problem at AI, and in recen t work a pyrolytic capsule fouling tes t 
is being employed to supplement the c r i t e r ion of ash content as a m e a s u r e 
of the effectiveness of coolant clar if icat ion. 



If it is found that the smal l pa r t i c l e s , constituting some 75% of 
the total par t icu la te ma t t e r , mus t be removed to avoid fouling problems, 
then a number of the clarif icat ion devices cur ren t ly under study are of 
questionable value except as p r i m a r y s e p a r a t o r s solely for remova l of 
l a rge r pa r t i c l e s . For example, inagnetic s epa ra to r s might not be effec­
tive because of the low iron content of the fine pa r t i c l e s . Likewise, 
centrifugation would be of doubtful efficiency with ve ry smal l par t ic les 
unless adsorbents or filter aids were f i r s t added to the coolant. Since the 
data indicate that the l a rge r pa r t i c les r e p r e s e n t only about Z5% by weight 
of the total par t icu la te m a t t e r , the vaJue of a p r i m a r y separa to r appears 
questionable, because it would not m a t e r i a l l y reduce the load on the 
secondary unit. 

Another impor tant aspect of the problem is the r a t e of forma­
tion of the par t icu la te ma t t e r in the coolant under no rma l operating condi­
tions and under abnormal conditions, such as following periods in which 
a i r or mo i s tu r e has been admit ted to the r eac to r . This infornaation is 
impor tant for the proper choice of equipment size and method for c lar i f i ­
cation. Data have been repor ted on the concentrat ion of par t iculate ma t te r 
in the coolant during operat ion with the OMRE Core II. Par t icu la te ash 
concentra t ions up to 200 ppm were observed during per iods of reac to r 
shutdown. It has been r epor t ed by AI that the total par t icula te m a s s p r o ­
duced in the OMRE operati.n.g under n o r m a l conditions is less than 
25 g r a m s per day. On the other hand, a single shutdown of s eve ra l days 
durat ion has apparent ly been respons ib le for the production of severa l 
kilogra33as of solids in the coolant. The available information on ra t e of 
formation of insoluble pa r t i c l e s i s , however, ve ry meager and ve ry 
approximate . 

For pa r t i c l e s of ve ry smal l s ize it is common indust r ia l 
knowledge that a. c lar if icat ion method based on adsorpt ion would have the 
mos t likelihood of being successful . The adsorbent could be in the form 
of filter aid which is added to the coolant, then removed by a mechanica l 
fi l ter; or the adso rbe r might be compr i sed of a packed column of some 
indus t r ia l adsorbent . Certain t r ea ted clays have been in widespread use 
for such fi l tration of pe t ro leum fract ions . Both types of adsorbents , filter 
aids and clay beds , a r e included in the exper imenta l studies at AI and have 
shown promis ing r e s u l t s . 

One disadvantage of the indus t r ia l adsorbents , such as clays, 
is that their capaci ty is frequently low. This means that the amount of 
clay r equ i r ed may be unduly la rge , constituting a waste problem and a 
handling problena because of the p r e sence of radioact ivi ty. However, it 
inay be possible to r egene ra t e the clay by burning off the adsorbed 
m a t e r i a l , as is commonly done in the pe t ro leum industry. This points 
out the need for f i rm information on par t icula te generat ion r a t e s , in order 
to es tab l i sh the r equ i r ed capaci ty of such equipment. It is ent i re ly possible 
that a unit, such as an adsorbent column, would be suitable during 



periods of n o r m a l operation, and this could be supplemented by another 
type of fi l tration unit for abnormal per iods , such as when the reac tor is 
opened for fuel unloading. It is also possible that the dist i l lat ion column 
used for high boiler separa t ion would be adequate for par t iculate ma t t e r 
r emova l during n o r m a l per iods , even though the feed ra te to the purif ica­
tion unit is low. 

There appears to be every likelihood that the cu r ren t exper i ­
menta l p rograra will r e su l t in a suitable method for coolant clarif ication. 
Sorely lacking, however, is information on the extent of the par t icu la te 
problem for a r eac to r which is opera ted under conditions approaching 
that of a la rge power r eac to r . To supplement the information which will 
be obtained from OMRE operat ion, it is essen t ia l that information on the 
par t icula te problem be obtained from m o r e advanced r e a c t o r s , such as 
the EOCR and the Piqua r e a c t o r . Until this data is obtained the select ion 
of the optimum method of coolant cleanup may not be possible , 

2. Removal of Decomposit ion Products and Gaseous Impur i t ies -
During r eac to r operation, the organic coolant undergoes cer ta in changes 
which r equ i r e that it be continuously t rea ted . Radiation and heat induce 
polymerizat ion and "cracking ," resul t ing in the formation of "high bo i l e r s " 
(organic fractions \vith boiling point above para - te rphenyl ) , light organic 
compounds, and hydrogen. In addition, possible leakage in the heat ex­
changer may introduce water into the organic coolant. For the organic 
r eac to r sys t ems cu r r en t ly under considerat ion, it is planned that the high 
boi lers be removed from the coolant continuously by vacuum fractionation. 
The water , hydrogen, and other light gases a r e to be continuously removed 
by flashing in a, l a rge vacuum tank. 

Exper ience at the OMRE, as well as l abora tory data, have 
shown that the higher bo i le r s can be removed easi ly by dist i l la t ion with 
ve ry good (99%) separa t ion of high boiler from reusab le coolant. This 
exper ience was obtained with a ba tch -opera ted st i l l . Automatic , continu­
ous purification units have been designed for OMRE, EOCR, and the Piqua 
Reactor . None of these have yet been operated, but a ful l -scale prototype 
of the Piqua purification unit was in operat ion during I960 in a brief tes t 
prograna with OMRE coolant. Purif icat ion is accompl ished by feeding the 
hot coolant into a flash chamber mainta ined at a p r e s s u r e of about 1 psia . 
Most of the coolant is f lash-vapor ized into the coolant condenser . The 
remaining coolant en te rs a str ipping column where the las t bit of coolant 
is removed from the HB. As a r e su l t of operating the prototype unit, 
s e v e r a l design changes were made , and the t e s t p r o g r a m is continuing. 
At the p resen t t ime the design of the purification unit cannot be considered 
proven since only a sma l l amount of operating exper ience has been obtained 
However, fractionation of organic m a t e r i a l s is a well-known technology, 
and no se r ious problems a r e to be expected in this operat ion. 
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The method which has been selected for removal of gases 
from the coolant depends upon the pr inciple of a reduction in the solubility 
of the gases with decreas ing p r e s s u r e . Two exper imenta l degasifier loops 
have been operated, the f i rs t being a s m a l l - s c a l e unit and the second a 
q u a r t e r - s c a l e prototype of the Piqua degasification system. Operation of 
these units pe rmi t t ed a study of mechanica l problems, which finally resu l ted 
in modera te ly sa t is factory mechanica l operation. However, the amount of 
operating exper ience which has been gained on the degasification operation 
is smal l , and the amount of useful data which has been repor ted is a lso 
smal l . Considerable difficulty was encountered in the analyses of coolant 
for water content before and after degasification, so that the repor ted data 
a r e not highly convincing. More recent ly , an improved sampling technique 
was developed, and the analyt ical r e su l t s obtained a r e said to be re l iab le . 
Recent degasification runs indicated that the water content of the coolant 
was reduced from s e v e r a l hundred ppm to 100 ppm, which is considered 
adequate on the bas i s of OMRE exper ience . No data a r e repor ted on the 
r emova l of gases other than water vapor and nitrogen. The principle upon 
which the degasification operat ion is based is theore t ica l ly sound, but 
additional p rac t i ca l exper ience and m o r e quantitative data a re des i rab le 
to prove out the method. 

3, Waste Disposal - The polymer ized high-boiling res idues which 
a r e removed from the coolant by continuous dist i l lat ion might be disposed 

of by the following methods: 

( l) regenera t ion to usable coolant and r e tu rn to the r eac to r ; 

(Z) bur ia l at land or sea; and 

(3) combustion of the high boiler and bur ia l of the ash. 
Regenera t ion of the high boiler to usable coolant is the mos t des i rab le 
method from many standpoints, but a l a rge amount of development work 
mus t be done before the economic feasibil i ty of this method can be e s t ab ­
l ished. Exper imen ta l work on coolant r ec lamat ion is d i scussed in the next 
sect ion of this r epor t . Even if successful , it is likely that a portion of the 
high boiler would not be r ecoverab le and would requ i re disposal . The 
choice between bur i a l and combustion of the high boiler is not an obvious 
one unless uncontained bur ia l in t e r r e s t r i a l pits is possible . A considerable 
amount of addit ional study would be r equ i red to es tabl ish the feasibil i ty of 
such bur ia l . 

Most of the exper imenta l work on high boiler d isposal has been 
concentra ted on combustion. The technical feasibili ty of such combustion 
has been fair ly well es tabl ished in p ro to type-sca le equipnaent for the Piqua 
r eac to r , A c o m m e r c i a l burner designed to handle asphalt ic type wastes 
appea r s to be suitable for this purpose . Operation of the Piqua reac tor 
will provide additional exper ience on this disposal method. 



The gases produced by combustion of the high boiler will con­
tain radioact ive par t i c les from act ivated cor ros ion products , as well as 
volat i le radioact ive gases , such as carbon and sulfur oxides. The cu r ren t 
plan is to remove par t icula te ma t t e r by dry filtration, using an automatic 
bag filter followed by an absolute fi l ter . Exper imenta l studies on prototype-
scale equipment indicated that par t ic le r emova l to the extent r equ i red for 
the Piqua r eac to r sys tem (99% removal) could be obtained. However, 
further work needs to be done to tes t filter media capable of withstanding 
the high gas t e m p e r a t u r e s . 

The volatile radioact ive gases and any remaining par t icu la te 
a r e to be diluted in a s tack to p e r m i s s i b l e levels . Since the design of the 
Piqua plant includes a decay tank capable of holding a s ix-month output 
of high boi ler (above the melt ing point), the problem of gas disposal is 
reduced because of decay of shor t - l ived isotopes . For a ful l -scale power 
plant, the holdup of molten high boiler for this per iod of t ime would be 
obviously undes i rable because of the la rge s torage volume requ i red (of 
the o rder of j mil l ion gallons for a 300-Mw plant). It appears probable, 
however, that a much shor te r cooling per iod will be possible if a specia l 
method for removing S^̂  is developed. Labora tory studies have been 
c a r r i e d out on r emova l Ŝ  Og from gas s t r e a m s , but the p rocess is st i l l 
in a p r e l i m i n a r y stage of development. The r equ i remen t for decay s torage 
of high boiler would probably be e l iminated if a feasible method of r e ­
generat ing coolant is developed. 

In addition to these gases , the waste gases from the organic 
coolant degasif ier and the purification unit mus t be disposed. These a r e 
es t imated to be composed of about 63% hydrogen together with hydrocarbon 
gases , such as methane, ethane, and propane. The volume of these gases 
is only a sma l l fraction of that produced by burning high boi ler . Under 
n o r m a l conditions of r eac to r operat ion, the safe r e l e a s e of these to the 
a tmosphere r e q u i r e s only dilution of the radioisotopes to pe rmi s s ib l e l imits 
and the r emova l of offensive, and poss ibly dangerous , organic vapor s . 
However, in the event of a rup ture in one of the fuel e lements , r ad io -
krypton and -xenon would contaminate the decomposit ion gases and com­
plicate the d isposal problem. Delay line sys t ems containing act ivated 
carbon have been invest igated for adsorpt ion of the fission gases for per iods 
long enough to allow decay. The hydrocarbon gases a r e a lso adsorbed on 
the act ivated carbon, and the p resence of these adsorbed hydrocarbons 
neces s i t a t e s l a rge r amounts of carbon for adsorpt ion of the fission ga se s . 
For l a rge r e a c t o r s , r emova l of the hydrocarbon decomposit ion gases has 
been r ecommended in o rde r to reduce the s ize of the delay line requ i red . 
Exper imen ta l work is needed to develop p rocedures for r emova l of the 
hydrocarbons by combustion or other methods so as to pe rmi t sma l l e r 
delay l ines and thus reduce the overa l l cost of d isposal of waste gas . 



Other problems of waste d isposa l include waste water from 
p r o c e s s s t eam jet e jec tors , solid ash from high boiler combustion, and 
solids genera ted by remova l of par t icula te ma t te r from coolant. These 
wastes probably consti tute no unusual p roblems and can be handled by 
known methods . 

4. Additional Developnaent Work Required on Coolant P rocess ing -
Because of the many operat ions r equ i r ed for coolant process ing, the over ­
al l facility, including the numerous auxi l iary i tems of equipment, becomes 
v e r y complex Even though automatic operat ion is possible for most 
p r o c e s s units the costs of operat ion and maintenance of such a complex 
sys tem will probably be high. Therefore , development work to combine and 
in tegra te the var ious operat ions into a s impler sys tem would be worthwhile. 
For example, the single operat ion of dist i l lat ion is capable of performing 
the three functions of high boiler r emova l , par t icula te ma t te r removal , and 
degassing Unfortunately, however, the flow ra tes considered n e c e s s a r y 
for the la t te r two functions a r e cons iderably higher than for the former 
function. Never the le s s , it is possible that conditions might be found under 
which these operat ions could be combined into a single step. If not, it 
should at l eas t be possible to in tegrate some of the auxi l iary units into a 
s impler sys tem 

Considerat ion should also be given to the possibi l i t ies of e l imi­
nating the need for some of the p r o c e s s operat ions . Assuming that par t icu­
late ma t t e r r e su l t s only from introduction of iron cor ros ion products into 
the coolant, it is possible that the cost of avoiding cor ros ion by r eac to r 
designs which eliixiinate a tmospher ic contact with coolant might be compara ­
ble with the cost of the r equ i red cleanup equipment Work is needed to 
de te rmine whether insoluble organic m a t e r i a l will form in the absence of 
co r ros ion products before this a l te rna t ive could be considered, 

The neces s i t y for degassing is la rge ly due to the possibi l i ty of 
water leakage into the coolant. The addit ional cost of leak-proof heat ex­
changers should be compared with the cost of degassing. 

5. Coolant Reclamat ion - The cost of replacing the decomposed 
terphenyl coolant with f resh coolant is an important factor in the operating 
costs of organic r e a c t o r s . In addition to the cost of the coolant (current 
m.arket pr ice 15 cen ts / lb ) there is an es t imated cost of 1.5 to 1.8 cen t s / lb 
for d isposal of the high boiler by burning. These costs provide a la rge 
incentive for developing a p roces s for regenera t ion of the high boiler into 
useful coolant. 

There a r e two genera l types of rec lamat ion p roces se s under 
study. One is based on physical methods , which effect a separa t ion of 
high boi ler into higher and lower molecu la r weight f ract ions. For example, 
it appear s possible to s epa ra t e and re jec t those polymers having molecular 
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weights above 460 (hexaphenyl), so that the lower molecular weight fraction 
might be r eused as coolant. One of these p r o c e s s e s , "solvent d is t r ibut ion," 
has been demons t ra ted successful ly on a l abora tory sca le . Approximately 
60% yield of the lower molecu la r weight fraction can be achieved. In addi­
tion to this method, both Monsanto and AI a r e studying molecular or high-
vacuum dist i l lat ion as a means for effecting such separa t ions . These 
physical methods may be applied to ei ther the separa ted high boiler or to 
the coolant itself. 

The other type of rec lamat ion p r o c e s s is based on chemical 
t r ans fo rmat ions , which a r e a imed at ei ther converting the po lymers into 
lower molecu la r weight compounds or reducing the v iscos i ty of the polymer 
without change in molecular weight. At l eas t five different chemical methods 
have been studied with varying degrees of succes s . The p rog ram is cu r ­
rent ly in the sma l l bench-sca le stage of investigation. The exper imentat ion 
has been of an explora tory na tu re to s c r e e n out those methods worthy of 
m o r e intensive study. 

Chemical methods which appear promising on the bas i s of p r e ­
l iminary exper iments a r e hydrocracking, pa r t i a l reduction, and r ed i s t r i bu ­
tion. In hydrocracking s tudies , yields of products having physical p rope r t i e s 
s imi la r to te rphenyls have ranged above 60%. However, coke formation on 
the cata lys t is a problem which mus t be solved before the p r o c e s s could be 
usable . 

Exper imen t s on the pa r t i a l reduct ion of high boiler with hydro­
gen at high p r e s s u r e indicate that substant ia l reduction in v iscos i ty can be 
achieved. P r e l i m i n a r y i r rad ia t ion exper iments indicate that the products , 
when added to terphenyl , inay impar t some r e s i s t a n c e to radiat ion damage. 

Studies on the red is t r ibu t ion reac t ion have shown that terphenyl 
can be r eac t ed with benzene to yield diphenyl as product. However, the 
same technique applied to high boiler r a the r than terphenyl has not yet 
been successful because the t h e r m a l decomposit ion r a t e was too high r e l a ­
tive to the red is t r ibu t ion reac t ion r a t e . 

The r e s e a r c h which has been c a r r i e d out on chemica l methods 
of coolant r ec l amat ion has been devoted a lmos t exclusively to t r ea tmen t of 
the high boiler after it has been sepa ra ted from the coolant. It is poss ible 
that ce r ta in chemica l t r e a t m e n t s , such as pa r t i a l reduct ion or r e d i s t r i b u ­
tion reac t ions , might be m o r e effective when applied to the whole coolant 
r a the r than to separa ted high boi le r . For example, the continuous pa r t i a l 
reduct ion of a coolant side s t r e a m might be able to mainta in low v iscos i ty 
and low (room t empera tu re ) melt ing point; or a s imi la r side s t r e a m might 
be t r ea t ed by the red is t r ibu t ion react ion, using benzene to pe rmi t low-cost 
benzene to be used as coolant makeup m a t e r i a l . 



In o rder to es t imate the value of some of the potential coolant 
rec lamat ion methods , the p r o g r a m should be coordinated with a "coolant 
management study." The la t ter is des i rab le because of the complexity of 
the coolant mix tu re after i r rad ia t ion and because of the complex interplay 
of factors which affect the economics of operating power r e a c t o r s . For 
example, the effect of coolant v iscos i ty on heat t ransfer must be balanced 
against the cost of providing low viscos i ty by high boiler removal or other 
t r ea tmen t of the coolant. A coolant management study would seek to 
es tabl ish the mos t economic coolant makeup m a t e r i a l - terphenyl, diphenyl, 
or mix tu re s of these . It would a lso a t tempt to es tabl ish the most economic 
lower l imit for the molecu la r weight of the high boiler fraction, that i s , 
whether the separa t ion of high boiler from coolant should be made at a 
boiling point above terphenyl , quaterphenyl , or hexaphenyl. Without such a 
study it is not at al l obvious that the physical methods of coolant r e c l a m a ­
tion, such as solvent dis tr ibut ion, can accompl ish any improvement over the 
cu r r en t p rac t ice of high boiler r emova l and disposal . The work on coolant 
r ec lamat ion should not be d i rec ted solely toward regenera t ion of high boi ler , 
but should be closely in tegra ted -with the t r ea tment of the whole coolant. 

Since the p r o c e s s for production of terphenyl (or biphenyl) is a 
s imple one, any coolant r ec lamat ion p roces s must also be s imple to be 
competi t ive with virgin terphenyl . It is only for la rge power r e a c t o r s that 
the costs of coolant r ec lamat ion could conceivably be low enough to justify 
instal lat ion of a rec lamat ion plant for high boiler alone. However, a plant 
at one r eac to r s i te might a lso se rve for other nearby r e a c t o r s . The eco­
nomics might be m o r e favorable if the coolant t r ea tmen t p rocess produced 
other benefi ts , such as lower melt ing point or improved r e s i s t ance to 
radiat ion. 

P r e l i m i n a r y e s t ima te s of cos ts for the var ious potential r e c l a ­
mat ion p r o c e s s e s would be des i rab le , even before loop studies of r ec la imed 
coolant a r e made and cer ta in ly before any pilot-plant work is undertaken. 
The potential gain from the r e s e a r c h and development on polyphenyl coolant 
r ec lamat ion should be weighed continually against the p rog re s s in the devel­
opment of new, cheaper coolants . 

D. Fouling 

Because of the t h e r m a l and radiat ion decomposit ion of organic 
coolants the re has always been concern about buildup of a solid polymeric 
m a t e r i a l on the sur faces in the r eac to r sys tem, par t i cu la r ly on the surfaces 
of the fuel e l emen t s . Because both radiat ion intensity and t empe ra tu r e 
a r e max imum the re , it would be expected that this is the location of maximum 
buildup. In addition, these surfaces a r e the mos t sensi t ive to such solid 
m a t e r i a l formation because of the heat t ransfe r r equ i r emen t s . Initial r e su l t s 
during heat t r ans fe r exper iments and during f i rs t operation of OMRE were 
encouraging in that only thin f i lms, well under 1 mi l thick, were formed. 



However, after the r eac to r had been shut down and opened to the air for a 
period, the re were indications of impediment to the flow of heat from fuel 
e lements to the coolant. Examinat ion of fuel elenaents at t imes subsequent 
to this showed the exis tence of varying amounts of solid deposits on the fuel 
e lement sur faces . In a few ins tances the re was blockage of coolant channels 
by such deposi ts . Analyses of these deposits showed them to consist of 
polymer ic organic m a t e r i a l plus varying percentages of inorganic ma t t e r . 
The inorganic content depended on the thickness of the deposit , being of the 
order of 25% for the heavy ( severa l mi l s thick) coatings. Its composition 
was somet imes la rge ly i ron carbide and somet imes most ly i ron oxide. 

E lec t ron mic roscopy showed the inorganic m a t e r i a l to be in the form 
of sma l l pa r t i c l e s , mos t ly below 1 inicron in d iamete r . Subsequent examina­
tion of the coolant showed that it too contained pa r t i c l e s , each consisting of 
an inorganic par t i c le coated with a layer of organic polymer . Analysis of 
the coolant during Core- I I operat ion of OMRE showed a buildup in the in­
organic par t icu la te content which was apparent ly r e l a ted to shutdown per iods . 
Following shutdowns involving opening to the a t inosphere , a higher concen­
t ra t ion of the inorganic m a t e r i a l was always noted. During n o r m a l operat ion 
this a sh content dec reased , p resumably due to r emova l in the bypass d is t i l la ­
tion equipment used to remove the high boiling fraction and by deposition in 
the sys tem. From. September , 1959 to the end of Apri l , I960, the a sh content 
va r i ed between about 70 ppm and 220 ppm. 

The s i m i l a r i t y between the deposi ts on fuel e lements and the par t i c les 
in the coolant led to the belief that the m e c h a n i s m by which the films were 
formed was the deposition of existing pa r t i c l e s in the coolant, followed by 
the buildup of po lymer ic organic m a t e r i a l in spaces around deposited p a r ­
t i c les . There seemed to be cor re la t ion between r a t e of film buildup and 
par t icula te concentra t ion in the coolant. The ra te of film formation was 
s t rongly i nc reased in the radiat ion field and apparent ly slightly inc reased 
by increas ing t e m p e r a t u r e , at leas t for the range of t e m p e r a t u r e s encountered 
in OMRE. Most of the fuel e lements consis ted of a s ta in less steel-UOg d i s ­
pers ion , jacketed with s t a in less s teel . In addition, the re were some exper i ­
menta l fuel e lements composed of u ran ium-molybdenum alloy, clad with 
aluminum (alloy llOO). All of the ins tances of seve re fouling o c c u r r e d on 
the s ta in less s teel , highly enr iched fuel e l ements . It has not been c lear 
whether this difference in per formance is a r e su l t of the specific influence 
of the m a t e r i a l on which deposit ion occu r s , or of the difference in surface 
t empe ra tu r e and na tu re of the radiat ion which is p resen t for the two ca se s . 
Because the t e m p e r a t u r e has appeared to be a r a the r unimportant var iab le 
in fouling r a t e , the choice of explanation seems to be between the na ture of 
the surface and the difference in cu r r en t s of beta pa r t i c l e s leaving the fuel 
e lement su r faces . For some t ime the AI people felt that the impor tant effect 
was the magnitude of the beta cur ren t , and that the difference in the na tu re 
of the me ta l surface was not impor tant . More recen t ly however, they have 
come to believe that a luminum is not fouled as rapidly as s ta in less s teel . 



At the p resen t t ime the re la t ive impor tance of these two var iab les mus t be 
cons idered as not de termined. The Canadians a r e planning (spring, 1961) 
to put into their i n - r eac to r organic loop some exper imenta l fuel elements 
which should c l ea r ly indicate how much influence the beta cu r ren t has on 
film deposition. 

A number of exper iments have been performed in loops and in static 
sys t ems containing h e a t e r s . The stat ic t es t s per formed by AI a re called 
pyrolyt ic capsule fouling t e s t s (pcft). Many of these have been run, some­
t imes using OMRE coolant and somet imes using synthetic mix tu res . The 
amount of deposit formed on the hot surface has shown the same kind of 
dependence on va r iab les as has seemed to be the case for fuel surfaces in 
OMRE. In these t e s t s , fine pa r t i c l e s caused more rapid growth of deposit 
than coa r se ones (at constant ash content), and lowering the par t icula te 
concentrat ion d e c r e a s e d the amount of fouling deposit . Largely as a resu l t 
of these t e s t s , AI has es t imated that film built up in the r e a c t o r s with which 
they a r e concerned will be below max imum pe rmiss ib l e thickness if the ash 
content of the organic is 10 ppm or less and if the s tandard pcft produces 
l ess than 5 mg of deposit . These specifications were der ived from the 
"average" fouling ra t e during Core II operat ion of the OMRE, the average 
pcft r e su l t on that coolant, and the es t imated to lerable fouling ra te in 
r eac to r . 

These c r i t e r i a might not be sufficient to ensure adequately low 
fouling r a t e s in r e ac to r . The specification of ash content seems likely 
to be of l imi ted value. The sma l l e r pa r t i c les have the smal le r content 
of inorganic const i tuents , suggesting that the sma l l e s t pa r t i c les might have 
ve ry l i t t le or no ash content. Yet tiny pa r t i c l e s do cause rapid fouling, as 
judged by the pcft. It is apparent ly not known whether the rapid fouling 
occurs because the re is a re la t ive ly l a rge amount of the finest pa r t i c l e s , or 
because they deposi t (and stick) m o r e rapidly than do the l a rge r pa r t i c l e s . 
In any case , so long as the cor re la t ion between i n - r eac to r fouling and the 
pcft r e su l t is good, the specification of l ess than a 5-mg deposit in the 
s tandard tes t should be valuable. 

All s tudies have indicated the impor tance of maintaining low con­
centra t ion of par t icu la te ma t t e r in r eac to r coolants. For this reason OMRE 
is being fitted with two filtering sys t ems and a centrifuge, all for the pur ­
pose of maintaining par t icu la te concentrat ion at a low level . It r ema ins to 
be demons t ra ted , f i rs t , that this pa r t i cu la r r eac to r sys tem can be maintained 
at the low par t icu la te concentra t ion in the coolant, and, second, that if this 
is done the film buildup will be essen t ia l ly negligible. 

Because of the amount of inorganic m a t e r i a l in the coolant in OMRE, 
all the pa r t i c l e s p resen t seemed to have inorganic nuclei , and this would 
suggest that the par t icu la te buildup would be marked ly reduced by avoidance 
of a cces s of a i r to the mi ld s tee l sys tem. However, there has always been 



a "no rma l " water content of te rphenyl coolants, and it can be ant icipated 
that in some cases there will be continuous requ i rement for removal of 
the product of co r ros ion of s tee l by this water . The magnitude of the an t i c ­
ipated buildup of pure ly organic pa r t i c l e s in the coolant is not yet known. 
P re sumab ly such pa r t i c l e s would a lso cause fouling, although there has 
been no exper ience by which to judge. In any event, t he re is r eason to be 
optimist ic that sys t ems with ve ry low par t icu la te contents will cause ve ry 
little film buildup. In addition, the a luminum which is chosen as the fuel 
jacketing for a l l future r eac to r designs is perhaps r e s i s t a n t to par t icula te 
film buildup in organic s y s t e m s . These things suggest that the fouling 
problem can be managed by means being developed. This r ema ins to be 
demons t ra ted . 

It is bel ieved that the re la t ionship between fouling ra te and the 
size and conaposition of pa r t i c l e s has not been es tabl ished. It s eems i m ­
portant to know this , mos t pa r t i cu la r ly if the means now being developed 
and put into use do not provide sa t i s fac tor i ly low fouling r a t e s in r e ac to r . 
A r e s e a r c h p r o g r a m with the objective of determining this re la t ionship is 
recommended . In o rde r for such a p r o g r a m to be effective it will probably 
be n e c e s s a r y to develop a re l iab le method of sampling and of analys is of 
pa r t i c le s ize . 

E. Heat Transfer and Fluid Flow 

^' Introduction - The function of an organic fluid in a r eac to r 
sys tem may be to m o d e r a t e neu t rons , to cool the r eac to r core , and to 
se rve as a heat t r an spo r t medium. In performing these t a sks , the physical 
c h a r a c t e r i s t i c s of organic fluids with r ega rds to hydrogen content, low 
vapor p r e s s u r e , and low cor ros ion r a t e s in low alloy s tee l sys t ems play 
impor tant ro l e s in producing a sys tem of low capi tal cost . As an aid in 
reducing capi tal and fuel-cycle cos ts , it is na tu ra l to s t r ive for high pe r ­
formance. In an organic -cooled r eac to r , the inaximum t h e r m a l efficiency 
is r e s t r i c t e d because of the upper t e m p e r a t u r e l imit of organic fluids, 
and this imposes a l imit on power cost reduct ions through inc reased t h e r m a 
efficiency. In other r eac to r and fossi l -fueled power plants the max imum 
t h e r m a l efficiency is expected to continue to i nc rease as technological 
advances a r e made , and lower power costs should resu l t . Therefore , it is 
ex t remely impor tan t for an organic sys t em to s t r ive for max imum pe r fo rm­
ance in o rder to counterbalance the advantages and advances of other 
s y s t e m s . 

2. Cur ren t Status - The r emova l of heat from a r eac to r core 
through the use of an organic coolant has been successful ly demons t ra t ed 
by the operat ion of the OMRE. In this r eac to r , cooling by forced convection 
is accompl ished by pumping an organic coolant between fuel-bearing p la tes . 
This method of extract ing heat is conventional within r eac to r technology 
and p re sen t s no unique heat t r ans fe r or hydrodynamic p rob lems because an 
organic coolant is used. 



The p o w e r c a p a b i l i t y of an o r g a n i c - c o o l e d r e a c t o r c o r e c a n 
be d e t e r m i n e d by e s t a b l i s h e d m e t h o d s of a n a l y s i s for the c a s e of s i n g l e -
p h a s e , f o r c e d - c o n v e c t i o n coo l ing The i n f o r m a t i o n r e q u i r e d for a h e a t 
t r a n s f e r a n a l y s i s c o n s i s t s of p o w e r d i s t r i b u t i o n s of the o p e r a t i n g c o r e , 
e s t i m a t e s of "'hot spo t f a c t o r s , ' ' f lux v a r i a t i o n s w i th in fuel c l u s t e r s , da ta 
on p h y s i c a l p r o p e r t i e s , c o r e g e o m e t r y da t a , and c o r r e l a t i o n s for p r e d i c t i n g 
p r e s s u r e d r o p and the f i l m coef f i c i en t of hea t t r a n s f e r . Given a l l t h e s e 
i t enas , r e a c t o r t e c h n o l o g y i s su f f i c ien t ly a d v a n c e d to d e t e r m i n e the p o w e r 
c a p a b i l i t i e s of an o r g a n i c - c o o l e d c o r e p r o v i d e d l i t t l e o r no fouling o c c u r s . 
The diff icul ty c o n n e c t e d w i th a n a l y z i n g the h e a t t r a n s f e r p o t e n t i a l of the 
c o r e s t e m s f r o m the l a c k of a f i r m u n d e r s t a n d i n g of the a l l owab le d e s i g n 
l i m i t s for o r g a n i c - c o o l e d r e a c t o r s . F o u l i n g a s a funct ion of f luid and 
s u r f a c e t e m p e r a t u r e s , r a d i a t i o n , c o o l a n t v e l o c i t y , coo lan t c o m p o s i t i o n , 
and ch3,nnel g e o n a e t r y m u s t be d e t e r m i n e d in o r d e r to p r e d i c t conf ident ly 
the p o w e r c a p a b i l i t y of a n o r g a n i c - c o o l e d r e a c t o r c o r e . 

C u r r e n t d e s i g n s a r e b a s e d on neg l ig ib le foul ing, but the coo lan t 
and s u r f a c e t e n a p e r a t u r e s of e a c h d e s i g n a r e s u b s t a n t i a l l y d i f fe ren t T h e s e 
c o n d i t i o n s a r e l i s t e d in T a b l e L 

T a b l e I 

DESIGN LIMITATIONS O F O M R E , E O C R , OCDRE AND P I Q U A 

( C o o l a n t s : M i x e d T e r p h e n y l s wi th 30% HB) 

M a x i m u m 
Coo lan t Sur face 
T e m p , T e m p , 

R e a c t o r F u e l C l a d d i n g °C °C 

O M R E S t a i n l e s s s t e e l and 315-330 400 

a l u m i n u m 

E O C R S t a i n l e s s s t e e l 2 6 0 - 2 7 5 455 

O C D R E S i n t e r e d a l u m i n u m p o w d e r 320-370 480 

P i q u a A l u m i n u m 273-302 400 

The O M R E h a s e x p e r i e n c e d g r o s s foul ing a t the cond i t i ons 
shown in T a b l e I, but t h e foul ing h a s b e e n a t t r i b u t e d to p a r t i c l e s in the 
coo l an t . At the p r e s e n t t inae , t h e r e i s no c o n c l u s i v e p roof t ha t foul ing 
w i l l be a v o i d e d a t the O M R E c o n d i t i o n s in sp i t e of the fac t t h a t the 
O M R E o p e r a t e d for 950 Mwd w i t h C o r e I w i th v e r y l i t t l e foul ing . The 
O M R E h a s not o p e r a t e d f o r a su f f i c i en t ly long t i m e u n d e r e q u i l i b r i u m 
c o n d i t i o n s to a s c e r t a i n l o n g - t e r m e f f e c t s . At the p r e s e n t t i m e , c o n s i d e r ­
ab le e f for t i s be ing e x p e n d e d to p r o v e t h a t foul ing w i l l not o c c u r a t the 
O M R E , E O C R , O C D R E , and P i q u a c o n d i t i o n s and , t h e r e f o r e , the cond i t i ons 
c i t e d m T a b l e I c a n n o t be c o n s i d e r e d a s f i rnaly e s t a b l i s h e d , but r a t h e r a s 
g o a l s w h i c h i t i s hoped o r g a n i c t e c h n o l o g y wi l l a t t a i n . 



With r ega rd to the analyt ical determinat ion of the power 
capability of an organic-cooled co re , the mos t important r equ i rement 
for the analys is is the predic t ion of the film coefficient of heat t r ans fe r , h. 
At the p r e sen t t ime , h for i r r ad ia t ed coolants can be found within i25% 
through the use of the Di t tus-Boel te r cor re la t ion . This cor re la t ion can 
be used for finned pla tes as well as for flat pla tes and round tubes. 

P r e s s u r e losses within a sys t em using forced convection can 
be predic ted by using s tandard engineering methods . 

Vapor blanketing (burnout) is not a p rob lem at s teady-s ta te 
conditions in r eac to r designs that uti l ize s ing le -phase , forced-convect ion 
cooling. Burnout co r re l a t ions a r e n e c e s s a r y , though, for evaluating the 
haza rds a ssoc ia ted with operat ing a r e ac to r . Burnout cor re la t ions a r e 
available for pure fluids. There is a definite need for burnout s tudies , 
however, with complex, mult icomponent , i r r ad ia t ed organic coolants in 
o rder to p roper ly a s s e s s the haza rds assoc ia ted with an organic-cooled 
r eac to r . 

The heat t r ans fe r coefficient for i r r ad ia t ed coolants can be 
predic ted within ±25%, and this is within the same range of accuracy of 
other fluids used in r eac to r technology. Since organics a r e poor heat 
t r ans fe r media , t he re is an incentive in continued work to inc rease the 
rel iabi l i ty of the p red ic ted heat t r ans fe r coefficient. 

Since the pe r fo rmance of c o r e s operat ing at high t e m p e r a t u r e s 
is grea t ly affected by the degree of coola,nt naixing that occurs within a 
fuel subassembly and ve ry l i t t le exper imenta l work has been done on this 
problem, accura te predic t ions of core pe r fo rmance a r e not poss ib le . 
Work is needed in this a r e a to provide a bas i s for judging the degree of 
mixing that will occur in fuel subas sembl i e s . 

In conclusion, it can be s ta ted that the c u r r e n t s ta tus of 
organic-cooled r e a c t o r s is linaited to the forced-convect ion reginae in 
which no changes in the fluid phase occur . Adequate analyt ical information 
is available to p red ic t the power capabili ty of an organic-cooled r eac to r , 
but it is n e c e s s a r y to es tab l i sh the operat ing l imi ts of fuel spacing, velocity^ 
mixing, coolant t e m p e r a t u r e , and surface t e m p e r a t u r e to control fouling. 

While adequate data a r e available for ana lys i s , there st i l l is a 
need to define be t te r the accuracy of the film heat t r an s f e r coefficient, 
burnout, the hot spot f ac to r s , and the method of applying the hot spot fac tors 
to the analys is of the r eac to r co re . 

3. Problenas of Advanced Concepts - The t r end in organic r eac to r 
technology is toward the use of a coolant phase change within the core to 
inc rease pe r fo rmance and, the re fo re , to lower cos t s . This is poss ible 



because higher core power densi ty and coolant t empera tu re a re pe rmiss ib le 
when a coolant phase change is employed as a heat t ransfer mechanism. 

In a design utilizing an organic phase change during operation, 
considera t ion mus t be given to the heat t ransfer and hydrodynamic problems 
assoc ia ted with an organic phase change because burnout of the heat t r a n s ­
fer surface and flow instabi l i t ies may resul t . Coupled with these phenomena 
a r e the problems assoc ia ted with the formation of voids within the coolant. 
The study of these i t ems with proper considerat ion to geometry and radiat ion 
is complicated by the ve ry na tu re of an i r rad ia ted , multiconaponent organic. 
It is expected that the es tab l i shment of methods of predicting heat t ransfer 
and hydrodynamic behavior for si tuations di rect ly applicable to an organic-
cooled r eac to r will be ve ry difficult. 

4. Cur ren t R e s e a r c h and Developnaent P r o g r a m s - Current ly, AI is 
studying the heat t r ans fe r and hydrodynamic problems assoc ia ted with their 
concept of an o rgan ic -coo led -and-modera ted reac to r . The paramount effort 
r e la ted to heat r emova l is to unders tand and control fouling. Most of the 
bas ic mechan i sm work is being done out of pile. Essent ia l ly every heat 
t r ans fe r and hydrodynamic investigation will yield some information on 
fouling as a byproduct. 

AI is continuing i ts studies in out-of-pile facili t ies with forced-
convection cooling in -which no phase change occurs to de te rmine the effects 
of fouling and other per t inent p a r a m e t e r s on the film coefficient of heat 
t r ans fe r . This work should es tabl i sh a good design cor re la t ion and help to 
explain some of the observed anomal ies in the OMRE bypass heater t e s t s . 

Additional work is under way in the local boiling and boiling 
r eg imes a imed at providing data to be used in evaluating hazards in a 
s ing le -phase , forced-convect ion-cooled power r eac to r . Void data will also 
be obtained in this work. 

AI plans to use the loop facil i t ies of the EOCR for deteriaaining 
the effect of radiat ion on fouling and on heat t r ans fe r mechan isms with and 
without a coolant phase change. Although work should be done with i r r a ­
diated coolants and the influence of radiat ion should be investigated, it is 
not expected that a radiat ion environnaent will affect the heat t ransfer 
mechan i sm to any significant degree . 

The effort of Atoiaaic Energy of Canada Linaited ( A E C L ) in the 
field of heat t r ans fe r and hydrcdynamics is devoted to investigating fouling, 
local boiling, and c r i t i ca l heat flux cha rac t e r i s t i c s of Santowax OM with 
30% HB for the OCDRE project . Work will be done in-pile to de termine 
allowable geomet r i ca l spacings and fouling. These tes ts a r e not sophist i ­
cated heat t r ans fe r t e s t s , but applicable heat t ransfer information will be 
obtained. An out-of-pi le heat t r ans fe r loop is also being used to study 



fouling; however, mos t of the OCDRE heat t r ans fe r and hydrodynamic 
studies will be done under AECL contract with the Canadian Genera l E l e c ­
t r i c Company ( C G E ) at Pe terborough, Ontario, Canada. 

CGE plans to invest igate forced convection at Reynolds numbers 
in excess of 2.5 x 10 , the onset of local boiling, burnout heat flux, and foul­
ing. The work is concerned p r i m a r i l y with the OCDRE conditions, but will 
be done in out-of-pi le faci l i t ies . 

CGE is mainly concerned with the effects of gas content, of 
individual organic const i tuents , and of foreign m a t e r i a l and water content 
on the onset of local boiling and the burnout heat flux. There a r e no plans 
to obtain void data. Geonaetr ical var ia t ions , such as eccent r ic i ty of fuel, 
skewing of fuel rods , and spacer , will be invest igated. All the work will be 
done with un i r rad ia ted Santowax OM with 30% OMRE HB. In al l the t e s t s , 
CGE plans to m e a s u r e the physical p rope r t i e s of the coolant. 

Phi l l ips Pe t ro l eum Company (PPCO) at Idaho Fa l l s , Idaho, is 
respons ib le for the operat ion of the Exper imenta l Organic Cooled Reactor 
( E O C R ) and the exper imenta l loops assoc ia ted with the r e a c t o r . The 
r e a c t o r will be a helpful tool for developing organic r eac to r technology. At 
the p re sen t t ime, PPCO does not have an es tabl i shed p r o g r a m for studies 
of heat t r ans fe r and fluid flow, but it is recognized that those in te res ted in 
developing organic technology will make full use of this tool. PPCO will 
have a loop avai lable in the EOCR for invest igat ions in the field of in te res t . 

The EOCR will provide information on fouling, coolant technology, 
fuel e lements , and a lso heat t r ans fe r . The EOCR could be used effectively 
to es tab l i sh the influence of i r r ad ia t ion on heat t r ans fe r and hydrodynamic 
m e c h a n i s m s , and ce r ta in ly some l imited in-pi le studies should be made . 

The Massachuse t t s Insti tute of Technology ( M I T ) p rog ram is 
p r i m a r i l y concerned with coolant technology s tudies . An in-pi le loop for 
i r rad ia t ing a coolant will be operable soon in the MIT r eac to r . This will be 
the f i r s t US organic in-pi le loop to opera te since 1958. The loop will be used 
to study coolant behavior by using Santowax OMP and allowing decomposit ion 
to occur without changing or p rocess ing the coolant. At a la ter date, it is 
planned to study one of the m o r e promis ing inexpensive coolants, such as 
alkyl phenanthrene. 

In conjunction with the coolant technology s tudies , out-of-pi le 
heat t r ans fe r data in the forced-convect ion r eg ime will be obtained from a 
round tube. These t e s t s should be helpful to define be t te r the heat t ransfe r 
film coefficient. 



European organizat ions a r e a l so planning to support heat t r a n s ­
fer invest igat ions. The DOR project in Denmark is a study and r e s e a r c h 
and development p r o g r a m for l a rge heavy wate r -modera ted , organic-cooled 
power r e a c t o r s . A heat t r ans fe r loop is available, and vibration studies of 
fuel rods in water have been made . Flow distr ibution problems a r e of con­
cern in the DOR project and will be invest igated analytically and 
expe r imental ly . 

The EURATOM, ORGEL project places its emphasis on develop­
ing adequate information to decide on the mos t promising organic concept. 
Studies of coolant mixing within fuel bundles have jus t s tar ted . Two smal l 
out-of-pi le heat t r ans fe r loops will be used for measur ing heat t ransfer 
coefficients in rod bundles. Burnout and fouling studies will also be con­
ducted in another loop now under construct ion. A m a t e r i a l s testing r eac to r 
facility, ESSOR, will be built by ORGEL for evaluating heavy wa te r -
modera ted , organic-cooled r e a c t o r s . This facility will probably be used for 
heat t r ans fe r and fluid flow studies of c losely spaced rod bundles within a 
p r e s s u r e tube. 

The PRO project in Italy involves plans for a 30-Mw(t) organic-
modera ted -and-coo led r eac to r . The r e a c t o r is s imi la r to the US facility in 
Idaho, EOCR. The Italian r eac to r will contain an 18-cm diameter loop and 
a 2 .5-cm d iameter loop. R e s e a r c h and development work is planned on 
fouling, heat t r ans fe r , fin design, and nucleate boiling, 

5. Requi red R e s e a r c h and Development - It should be real ized that 
the r e s e a r c h and development work that has been done in the past and is 
planned for the future is genera l ly assoc ia ted with specific r eac to r concepts. 
There has not been a gene ra l r e s e a r c h and development p rogram to develop 
organic r eac to r heat t r ans fe r and fluid flow technology over a broad range 
of possible conditions of r eac to r operat ion. An extensive p rog ram is n e c e s ­
s a r y to make organic technology effective. 

a. Phys ica l P r o p e r t i e s of Organic Coolants - In any heat 
t r ans fe r and fluid flow invest igat ions a imed at corre la t ing data for r eac to r 
des igns , it is impera t ive that sophis t ica ted m e a s u r e m e n t s be made of the 
physical p rope r t i e s of the organic coolant used in the t e s t s . It would also 
be advantageous to identify the coolant composit ion in a detailed manner 
r a the r than by specifying the high boiler content, but this is considered 
imprac t i ca l because of the g rea t deal of effort required . 

For forced convection, the physical p roper t ies of density, 
specific heat, t h e r m a l conductivity, and v iscos i ty a r e important . Data a r e 
avai lable for un i r rad ia ted and i r r ad i a t ed terphenyls , but the data for i r r a ­
diated coolants a r e too m e a g e r . Fu r the r work is considered n e c e s s a r y . 



The successful understanding of organic phase-change heat 
t ransfe r may depend on such physical p roper t i e s as vapor p r e s s u r e , gas 
solubility, and surface tension. Adequate data of this type for i r r ad ia t ed 
terphenyls a r e not avai lable . 

b. Single-phase Fo rced Convection - There is a need for 
continued work to refine the cor re la t ion for the heat t ransfer film coefficient 
in o rde r to improve r eac to r per formance . Since the re is a tendency to use 
finned fuel e lements in organic-cooled r e a c t o r s , future studies in the s ingle-
phase forced-convect ion r eg ime should concentra te on this type of geometry . 
An extension of data to higher Reynolds number s is a lso war ran ted . 

c. Phase -change Heat Trans fe r and Fluid Flow - Extensive 
invest igat ions into the heat t r ans fe r mechan i sm for the formation of voids 
and hydrodynamic phenomena assoc ia ted with an organic coolant phase 
change a r e definitely r equ i r ed to develop the full potential of organic-cooled 
r e a c t o r s , using ei ther an indi rec t s t eam power cycle or a d i rec t organic 
power cycle . The a r e a s for study a r e local boiling, bulk boiling, burnout, 
and the fluid flow c h a r a c t e r i s t i c s assoc ia ted with a phase change. It is 
expected that a thorough understanding of this phase of organic r eac to r 
technology will be difficult and t ime consuming because of the complicated 
na tu re of i r r a d i a t e d organic coolants and because of the many var iab les 
bel ieved to be impor tant Coolant composition, fluid and surface t e m p e r a ­
tu r e s , surface roughness , and the p re sence of foreign substances a r e 
expected to affect c h a r a c t e r i s t i c s of organic coolants during a phase change. 
Another i tem that should be checked is the effect of radiat ion on the mecha ­
n i sms of heat t r ans fe r for a phase change. Geomet ry is expected to be v e r y 
important , but the effects of heat flux leve ls , power distr ibution, and t ime 
should a lso r ece ive attention. Studies involving these p a r a m e t e r s a r e n e c ­
e s s a r y to improve the per formance of organic r e a c t o r s . 

6. Summary - Cur ren t US c o m m e r c i a l organic r eac to r technology 
is l imi ted to designs of s ing le -phase forced-convect ion-cooled r e a c t o r s 
because of a lack of data and exper ience applicable to h igh-per formance 
sys t ems in which a coolant phase change is uti l ized for i nc reased heat t r a n s ­
fer abili ty. Within the r e a l m of cu r r en t technology, work is n e c e s s a r y to 
define be t te r the heat t ransfe r film coefficient, to de te rmine the degree of 
mixing within flow channels , and to de te rmine the design l imitat ions in 
o rder to i n c r e a s e the power capabil i ty of organic-cooled sys t ems . 

In o rde r for organic-cooled r e a c t o r s to achieve and maintain an 
economic posit ion, i nc reased per fo rmance is mandatory . This could be 
accompl ished by utilizing a coolant phase change. As a consequence, inves ­
t igations applicable to the heat t r ans fe r and hydrodynamic conditions of 
o rganic -cooled r e a c t o r s for indi rec t and d i rec t power cycles a r e n e c e s s a r y . 
Although work is cu r ren t ly being done, the p r o g r a m is too r e s t r i c t i v e and 
will r e q u i r e a long t ime . Grea t e r effort mus t be expended to obtain adequate 
design information for organic r e a c t o r s utilizing a mechan i sm involving a 
phase change of the coolant. 



VI. MATERIALS 

The genera l r equ i r emen t s for m a t e r i a l s in organic-cooled r e a c t o r s 
and r e a c t o r sy s t ems a r e that they be r e s i s t an t to co r ros ive at tack by the 
organic coolant, that their dimensional stabil i ty in operat ion be good, and 
that they have and re ta in reasonable mechanical p rope r t i e s . 

Res is tance to co r ros ion is r equ i red to avoid penetrat ion of con­
ta iner or b a r r i e r laaaterials. T h e r e is a lso a more s tr ingent requ i rement 
than th i s . It i s n e c e s s a r y to avoid the formation of too much solid cor ros ion 
products which might be c a r r i e d into the coolant s t r e a m in the form of 
pa r t i cu l a t e s . The impor tance of such par t icu la tes in determining the foul­
ing c h a r a c t e r i s t i c s of the coolant has a l ready been descr ibed . 

Fuel m a t e r i a l s espec ia l ly a r e subject to conditions which cause 
dimensional changes and swelling due to the formation of fission products . 
The requ i rement for stabil i ty is in no way peculiar to the organic r eac to r 
sys t em; the impor tan t p a r a m e t e r is the operating fuel t e m p e r a t u r e . 

Requi rements with r e spec t to mechanica l p roper t i e s a r e in many 
r e spec t s s imi la r to those for other types of s y s t e m s . Mater ia ls must be 
fabr icable , and mus t have and re ta in sufficient s trength and ductility at the 
t e m p e r a t u r e and under the i r r ad ia t ion conditions of each application. 

A. Fuel Elements 

1 . Fuel - The fuel m a t e r i a l s at p resen t under ser ious considerat ion 
include u ran ium alloys and u ran ium dioxide. The re la t ively low uran ium 
atom density and low t h e r m a l conductivity a r e unfavorable features of UO2 
as fuel for t he rma l r e a c t o r s . Fo r this r eason Atomics International has 
been in t e re s t ed in developing u ran ium alloys with acceptable p r o p e r t i e s . 
Although the al loys which have been cons idered do not seem to be the choice 
of the AI people with r e spec t to u l t imate potential , they a r e felt to be good 
fuel for specific appl ica t ions . 

Uranium r eac t s ve ry l i t t le with Santowax, In a number of t e s t s run 
for one week at Z00°C, apparent ly ve ry l i t t le at tack was caused by the water 
p resen t in no rma l amounts as an impur i ty . The amount of oxidation c o r r e ­
sponded to the amount of oxygen that was in the sys tem. Reaction r a t e s have 
not been naeasured, and no t e s t s have been per formed at t e m p e r a t u r e s higher 
than 200°C. Higher t e m p e r a t u r e s in a r eac to r radiation field, however , 
apparent ly do not cause substant ia l reac t ion . One of the U - 3 - w / o Mo e l e ­
ments in OMRE had channel blockage such that some of the aluminum clad­
ding mel ted; the resu l tan t contact of the uran ium alloy with the coolant 
caused no apparent react ion, and the re -was l i t t le coolant contamination. 



Among the alloy systeixis which have been considered for this 
application, u ran ium-molybdenum s e e m s to show the naost p romise for 
h igh - t empera tu r e s tabi l i ty . Tensi le p rope r t i e s of b inary , t e r n a r y , and a 
few qua t e rna ry al loys have been obtained at molybdenum contents of 1 .5 , 
3.5 and 10% (by weight). At t e m p e r a t u r e s higher than 550°C ul t imate 
tens i le s t rength and yield s t rength i n c r e a s e as the molybdenum content is 
i nc reased . At this t e m p e r a t u r e and below, the s t ronges t alloys (ultimate 
tensi le s t rength) contain 3.5% Mo; a qua te rna ry containing 0.1 AI and 0.3 Si 
was the best , followed by a t e r n a r y containing 0,1 AI. At 600°C, these alloys 
had lost approximate ly half of the i r tens i le s t rength and had become weaker 
than the 10% Mo binary alloy. Considering the yield s t rength, which might 
be m o r e impor tant than the ul t imate tens i le s t rength , the 10% Mo alloy was 
super io r between 480 and 550°C. The choice of alloy probably will depend 
on fuel t e m p e r a t u r e . At the highest t e m p e r a t u r e s for organic r e a c t o r s , it 
is l ikely that the alloys with higher molybdenum content will be des i rab le , 
and perhaps n e c e s s a r y . 

Within the range of pe rmi s s ib l e t e m p e r a t u r e s and total burnup, 
s t rengths and duct i l i t ies should be sufficient to mainta in dimensions and 
support the fuel e lement s t r u c t u r e . Wrought a luminum alloy jacke ts a r e 
therefore contemplated for meta l l ic fuel. 

Uranium dioxide has been tes ted in Santowax at 400°C with a 
50 to 100 psi n i t rogen o v e r p r e s s u r e . Small weight gains occur red , appa r ­
ently due to the absorpt ion of sonae of the o rgan ic . These amounts of 
organic m a t e r i a l could be removed by t r e a tmen t s with solvent, so that final 
specimen weights were about the s ame as before ini t ial exposure . Equally 
ins t ruc t ive was the behavior of the fuel during an i n - r e a c t o r defected fuel 
tes t at Chalk River . There was no indication of in te rac t ion between the 
coolant and the UOj, even though a cons iderable amount of coking occu r r ed 
and the fuel t e m p e r a t u r e mus t have been high. 

The stabil i ty of UOj to i r r ad ia t ion has been studied in cons ider ­
able deta i l . There is l i t t le growth and l i t t le r e l e a s e of fission gases at 
elevated t e m p e r a t u r e s . This explains the genera l i n t e r e s t in this m a t e r i a l 
as fuel for organic r e a c t o r s . 

Cha rac t e r i s t i c of i t s p rope r t i e s is high s t rength at e levated 
t enapera tu res , but with accompanying b r i t t l e n e s s . This b r i t t l e n e s s , together 
with a low heat conductivity, makes it n e c e s s a r y to expect that UOg will f rag-
raent during operat ion, and perhaps espec ia l ly during s ta r tup and shutdo-wn. 
For this r eason it does not s e e m possible to use naonolithic UOj of significant 
th ickness if the dimensions and configuration of the fuel e lement a r e to be 
re ta ined . In such a case it would be n e c e s s a r y to use a jacket ing m a t e r i a l . 
Consequently, the use of wrought a luminum sheathing i s not contemplated 
at t e m p e r a t u r e s of i n t e r e s t in organic r e a c t o r s . Instead, a luminum products 
with higher s t rength , and pa r t i cu la r ly with be t te r c r e e p r e s i s t a n c e , a r e 
being developed. 



2. Jacketing - Among fuel-jacketing m a t e r i a l s , in te res t has cen te red 
on meta l s of low neutron c r o s s sect ion. It is apparently believed that the use 
of s teels in this application would make the reac tor type economically unat­
t rac t ive because of their neutron absorpt ion. The me ta l s of genera l in te res t 
include beryl l ium, magnes ium, z i rconium, and aluminum. Beryl l ium has 
excellent co r ros ion r e s i s t a n c e , but its technology is insufficiently advanced 
and its cost is high. There is apparent ly no in te res t in it at AL Magnesium 
is badly cor roded at tenapera tures of in te res t , apparently by the water content 
of the organic, Z i rca loy-2 has shown considerable hydrogen uptake during 
exposure to Santowax at 400°C. After 1000-hr exposure , samples contained 
2800 ppm hydrogen when a hydrogen cover gas was used and 460 ppm in the 
p resence of argon. Anodizing specimens before exposure reduced the quan­
tity of hydrogen absorbed by a factor of the order of 10 in tes ts of this dura­
tion, but the possibi l i ty of b reaks and defects in such coatings (and subsequent 
hydrogen embrit t lenaent) has caused the AI people to be pess imis t i c about the 
possibi l i ty of using zirconiuna-base naater ia ls . They apparently a r e planning 
no further work on these m a t e r i a l s . 

The situation is not as bad at lower tenapera tures . Zirconium 
and an alloy (containing AI, Sn, and Mo) were apparently in reasonably good 
condition after 5000 hours in OMRE coolant at 315 to 345°C. Samples ex­
posed in an i n - r e a c t o r loop at Chalk River showed no hydrogen pickup by 
Zircaloy-Z at 260°C. The possibi l i ty of using z i rcon ium-base alloys can­
not be ent i re ly ruled out at this tinae, although prospects do not look good. 
Apparently the Canadians a r e planning to at tempt to find means of making 
the behavior of z i rconium alloys acceptable . 

Alunainum has shown good cor ros ion r e s i s t ance in labora tory 
exposure to Santowax R, during exposure in the NAA-20 loop (MTR), and 
in the OMRE both as fuel e lement jacketing and in the form of cor ros ion 
spec imens . Labora to ry t e s t s at 400°C for one naonth have shown a s ens i ­
tivity to water content of the organic . There has been li t t le cor ros ion 
damage at no rma l water contents (less than 200 ppm). At 1000 ppm water , 
a weight gain indicating co r ros ion of the o rder of -^ mi l was observed. This 
i nc reased to about a 2-nail penetra t ion in one month at 2000 ppm water . 

The re la t ionship between water content and cor ros ion behavior 
has not rea l ly been de termined, since the effect of exposure t ime has not 
been invest igated. At r e a c t o r operat ing t e m p e r a t u r e s it is probable that 
amounts of water above some c r i t i ca l concentrat ion will cause deep pene­
t ra t ing co r ros ion at tack of both wrought and powder meta l lurgy aluminum. 
This c r i t i ca l water content might very wel lbe below the 1000 ppm which has 
been used in labora tory t e s t s . During exposure to water , the rapid at tack 
is observed to occur only after re la t ive ly long exposure at t e m p e r a t u r e s 
which might be cal led threshold in t e r m s of causing rapid penetrat ing 
at tack. For this r eason it is quite difficult to form an opinion about an 
upper pe rmi s s ib l e l imit for the water content of organic coolants . The 



water p r e sen t in the OMRE coolant s eems to have been below such a m a x ­
imum pernaissible level , as judged by the behavior of 1100 aluminum during 
28 months of exposure . If the water concentrat ion in a power r eac to r cool­
ant can be kept at or below the level which has existed in OMRE, there is 
good reason to feel that the amount of co r ros ion will be acceptable . 

The effect of coolant velocity on cor ros ion a n d / o r e ros ion has 
been studied only in l abora tory t e s t s , where spinning samples gave calculated 
speeds up to 15 f t / s e c . When no water was added to the organic liquid, there 
was general ly no significant effect of the flow ra t e . In the p resence of 
1000 ppm or naore wa te r , consis tent i nc rease in the amount of cor ros ion 
(in one month) was observed as the speed of flow was increased . 

The influence of par t icu la te concentrat ion on this effect has not 
been studied d i rec t ly . The acceptable behavior of the aluminum cladding on 
OMRE fuel e lements suggests that behavior is sa t is factory at the flow rate 
(16 f t / sec ) exper ienced t he r e . 

It is unlikely that the re is a problem of dimensional stabili ty for 
a luminum jacketing m a t e r i a l s , e i ther the weak wrought 1100 alunainuiai as 
bonded to a u ran ium alloy fuel, or a s in te red powder product alunainuna 
jacket containing f ree-s tanding UOj pe l le t s . I r rad ia t ion exper ience has 
shown no cause for concern . 

Because wrought a luminum alloys a r e weak at elevated t e m p e r ­
a t u r e s , the contemplated sheathing for UOg fuel is a product produced by the 
techniques of powder ineta l lurgy. The basic method is to compact aluminum 
powder into shapes and to fabr ica te thena into final product . Cer ta in extruded 
shapes and plate a r e believed to be commerc ia l ly avai lable : these have 
p rope r t i e s which a r e probably sufficient for use up to about 480°C (this 
depends on design s t r e s s ) . F o r a few y e a r s now, ALcoa and a few other 
companies have been developing p r o c e s s e s for naaking good quality tubing 
of this genera l type. Although naany p ieces of tubing with acceptable dimen­
sional to le rance , surface finish, and freedom, from inclusions have been 
made , it cannot be s ta ted that one could o rde r and expect to receive with 
no rma l del ivery t ime any substant ia l anaount of completely sa t is factory 
tubing. Efforts a r e under -way at s eve ra l locations to develop manufacturing 
p rocedures to a point which will allow predic table and reproducible quality 
tubing. Both AI and the Canadian Genera l E lec t r i c Company a r e sponsoring 
such work at the Aluminum Company of Amer ica (in the form of purchase 
o r d e r s ) , and CGE sponsors this kind of development at two Canadian con­
ce rns . In addition, development work with s imi la r objectives is being c a r ­
r ied out by the Montecatini Company in Italy and by the Alunainuna Industr ie 
AG in Switzerland. Work with the same objective has apparent ly been 
s ta r ted at the R e s e a r c h Center of the Tre f i l e r i es at Lamino i r s du Havre , 
F r a n c e . 



In considera t ion of the fact that some good tubing has been manu­
factured, it i s reasonable to suppose that the aaxiount of effort now being 
applied will be sufficient to make possible the routine production of s a t i s ­
factory m a t e r i a l . It is difficult to es t imate the t ime requi red for this 
development; it is hoped that the problem will be solved in the reasonably 
near future (CGE r e p o r t s it will be n e c e s s a r y to o rde r tubing for OCDRE 
at the end of 1961 in o rde r to mee t the proposed construct ion schedule). 

Based on l imi ted exper imenta l work per formed within the las t 
two y e a r s at the Armour Resea rch Foundation, it is quite possible that 
poAvdered a luminum product tubing can be developed with substantial ly higher 
s t rength at e levated t e m p e r a t u r e than is possessed by Alcoa M257, the ref­
e rence m a t e r i a l so far chosen by both AI and CGE. The cost of s t ronger 
m a t e r i a l might be g r e a t e r , because of additional powder process ing before 
fabr icat ion. 

The a luminum m a t e r i a l s being worked upon a r e sufficiently 
ductile for the application and have shown no indication of loss of p roper t i e s 
upon i r r ad ia t ion (although there have been li t t le or no quantitative 
m e a s u r e m e n t s ) . 

3 . Bonding - It i s planned to clad uran ium alloy fuels in a luminum. 
It i s highly des i rab le to bond the a luminum sheath to the uran ium alloy fuel, 
for two r e a s o n s . A t e m p e r a t u r e drop a c r o s s the interface would inc rease 
the fuel t e m p e r a t u r e and is to be avoided. In the event of perforat ion of the 
a luminum, it i s e ssen t i a l to min imize the buildup of polymerized coolant in 
a layer along the in te r face . 

Unfortunately, d i rec t bonding of a luminum to uran ium can be 
expected to lead to in ter diffusion and the formation of br i t t le compounds at 
operat ing t e m p e r a t u r e s . For th is r eason , a diffusion b a r r i e r i s n e c e s s a r y , 
and cons iderable effort has been expended in developing such b a r r i e r s , both 
for organic r e a c t o r s and for o t h e r s . Nickel can be used for this purpose if 
the t e m p e r a t u r e is low enough, and the methods of application and bonding 
have been worked out. The raaximum t e m p e r a t u r e of use appears to be 
below 400°C, since a one -mi l - th ick l ayer d i sappears in six months at that 
t e m p e r a t u r e . One-fourth of a mi l diffuses into the u ran ium alloy during 
only one hour at 540°C. 

There a r e be t te r diffusion b a r r i e r s than nickel . Niobium is 
apparent ly quite good. During 4.2 months at 540°C, there was no obse rv ­
able diffusion of a luminum into niobium; after 7 months at the same t e m ­
p e r a t u r e , -J-mil had diffused. AI is now attempting to develop a method of 
applying a niobium l a y e r . Application to the 10% Mo alloy is of most 
i n t e r e s t , s ince it is believed that it can opera te at higher t e m p e r a t u r e s 
than can lower a l loys . Relat ively l i t t le success has been achieved to date . 



Some other me ta l s a r e a lso promis ing as diffusion b a r r i e r s . 
The ORGEL project ( E U R A T O M ) i s sponsoring work on vanadiumi and 
chromiium as well as niobium. They have looked at zinc, copper and nickel , 
but they believe these a r e not as good as the th ree chosen for study. 

B. S t ruc tura l Mater ia l s 

The m a t e r i a l s of const ruct ion of r eac to r ve s se l , m e c h a n i s m s , piping, 
and ex terna l components a r e bas ica l ly s t e e l s . The cor ros ion r e s i s t ance of 
a number of s tee ls ranging from s t ra ight carbon steel to s ta in less s teel 
has been shown to be good in the organic coolants contemplated for u s e . 
The co r ro s ion ra te of inild s tee l (1018 or 1020) i s of the o rde r of 
0.05 m g / c m Y m o (or 0.03 m i l / y r ) , as an average during a 28-month exposure 
in OMRE at 315°C. Publ ished data do not make it c lear how the r a t e of r e ­
action changes with t i m e . AI people believe that this r a t e is re la t ive ly con­
stant with t ime , yet l abo ra to ry t e s t s of one-month duration showed an 
average co r ros ion ra t e up to about 7 t i m e s this value (at 400' 'C). The 
significance of these co r ro s ion r a t e s is thei r re la t ion to the possible 
en t ra inment of par t icu la te co r ro s ion product and i ts subsequent influence 
on fouling. F o r example , the coolant in a r eac to r such as the PIQUA, which 
has an approximate s teel surface a r e a of 15,000 ft^ might acqui re meta l 
oxide pa r t i c l e s at a r a t e between 32 and 220 g r a m s / d a y . In the 1520 ft^ of 
coolant this would co r re spond to 0.8 to 5.8 ppm/day . 

Dimensional s tabi l i ty of the s tee l s should be good and mechanica l 
p rope r t i e s a r e well known for noni r rad ia t ion envi ronments and fair ly well 
known in r e a c t o r . The re has been an indication of par t i a l embr i t t l ement of 
carbon s tee l sanaples in OMRE. It has not yet been possible to say Avhether 
this effect was par t ly due to hydrogen pickup from exposure to the o rgan ic . 

C. R e s e a r c h and Development Required 

In o rde r to r each what i s bel ieved to be the potential of the r eac to r 
type for the production of economic power, it will be n e c e s s a r y to develop 
fuel e lements which a r e capable of high burnup at t e m p e r a t u r e s as high as 
the l imi t of the organic coolant . It will a lso be n e c e s s a r y that the cost of 
the fuel e lements and the neutron absorpt ion of the m a t e r i a l s used be 
acceptab le . 

It is genera l ly believed that UOj offers the mos t promiise of meet ing 
the r e q u i r e m e n t s for the fuel. If pe l le ts a r e used, no significant development 
i s r equ i r ed . Because of the cost of making UOg pe l l e t s , it is quite possible 
that a l te rna t ive methods, such as v ib ra to ry compaction of powdered oxide in 
the fuel jacket , or swaging of the powder-f i l led jacket , would lead to signifi­
cant cost reduct ion. These methods should be t r i ed with s in te red a luminum 
powder (SAP) j acke t s . This work might not be urgent ly r equ i red , because 
it would not prevent the cons t ruct ion of f i r s t model power p lan t s . On the 



other hand, it might significantly influence la te r decisions as to whether to 
continue with developnaent of the r e a c t o r type. Atomics International has 
no cu r r en t plans for this type of work. As far as is known, only the DOR 
project (Denraark) expects to pursue this kind of development in the near 
future; they plan to t r y swaging SAP tubes onto powdered UOg. There a r e 
other s tudies on densification of powders . With the exception of the work 
of NUKEM (Germany) on UOj-carbon m i x t u r e s , thei r in teract ion and com­
paction, these studies do not appear to be easi ly applicable to the production 
of fuel e lements for organic r e a c t o r s . 

At p resen t the use of UO2 fuel appears to requ i re s in tered a lumi ­
num powder jacket ing. It is impera t ive that p rocedures for the manufacture 
of such tubes be developed. The work at a half dozen or m o r e locations is 
tes t imony that all those in the field take this problem ser ious ly . It appears 
quite des i rab le to mainta in c lose contact between those working on this 
problera so as to ensu re that p r o g r e s s will be as rapid as poss ib le . There 
is danger that p r o p r i e t a r y r ights of some of the companies actually develop­
ing the p r o c e s s e s will prevent the exchange of information which it is felt 
i s highly des i r ab l e ; the impor tance of successful development suggests that 
some effort be made to overcome this impediment . 

In addition to learn ing the method of manufacture of tubes of m a t e ­
r ia l which now can be fabr icated into other shapes , it is des i rab le to work 
toward the objective of obtaining be t te r h igh - t empera tu re p r o p e r t i e s . The 
yield s t rengths and c r e e p r a t e s of available m a t e r i a l a r e ba re ly adequate 
or a r e inadequate at the highest t e m p e r a t u r e s contemplated for organic 
r e a c t o r s . The fact that some exper imenta l rna te r ia l s having g rea t e r 
s t rengths and adequate ductil i ty have been made suggests that it is feasible 
to develop c o m m e r c i a l products with improved p r o p e r t i e s . It is not c lear 
whether p resen t efforts can be expected to c a r r y development in this d i r e c ­
tion, but such a r e s e a r c h and development p r o g r a m is recommended . 

The c losure of s in te red powder jackets has been a se r ious problem. 
The development of hot p re s s ing or eutect ic bonding will perhaps solve the 
p rob lem. Atomics Internat ional apparent ly feels that they have been ent i re ly 
successful , but this has not been demons t ra ted . Continuation of the work 
a l ready contemplated at AI and the Canadian General E lec t r i c Company 
s e e m s l ikely to ensu re at l ea s t eventual s u c c e s s . In addition, var ious weld­
ing techniques a r e being developed at AI and at severa l European s i t e s . 
Quite possibly , the successful p rocedure will involve sealing in a plug at 
the end of the tube, followed by welding around the exposed bond l ine. The 
fo rmer should provide s t rength and the l a t t e r might ensure leakt ightness . 
This solution of the p rob lem does not s eem to have been se lected at this 
t ime by any of the organizat ions in this field. 

An a l te rna t ive m a t e r i a l for jacketing might possibly be found in a 
z i rconium alloy. Resul ts to date suggest that hydriding of Zi rca loy-2 p r e ­
cludes i t s use at t e m p e r a t u r e s of i n t e re s t , probably even with some surface 



p r e t r e a t m e n t . However, t he re is a cons iderable var ia t ion in the hydrogen 
absorpt ion, during s t eam cor ros ion , caused by the addition of some alloying 
const i tuents . Using this r e su l t as a guide, it might be possible to develop 
alloys which would solve the jacketing (and perhaps p r e s s u r e tube) p rob lem 
as well or be t te r than does d i spe r s ion-ha rdened a luminum. 

If u ran ium alloys can be made strong enough at t e m p e r a t u r e s of 
i n t e r e s t , without using too much neu t ron-absorb ing alloying const i tuents , 
it will probably be poss ib le to rnake a l l -me ta l l i c fuel e lements which a r e 
be t te r than jacketed UO2. This might be t rue from the points of view both 
of cost and of fuel worth . To date , work has l a rge ly been r e s t r i c t e d to the 
study of u ran ium-molybdenum a l loys . The burnup potential of these alloys 
should be de te rmined . Both AI and Saclay wish to do th is , although the 
AI p r o g r a m has been suspended for lack of funds. This p rogra in should be 
supported, with any changes which a r e felt to be needed to ensure that the 
burnup l imi ts will be es tab l i shed . 

In addition, other alloy sys t ems ought to be studied. The high-
t e m p e r a t u r e p rope r t i e s of u r an ium- f i s s ium alloys suggest invest igat ion of 
their potent ial . The development of new alloys designed to provide s t rength 
by the s imultaneous addition of sraall amounts of a nuraber of alloying 
consti tuents should be inves t igated . 

Another m a t e r i a l of potential i n t e r e s t is the u ran ium-s i l i con com­
pound U3Si. I r rad ia t ion exper ience is felt to be inadequate to judge i ts 
potential pe r fo rmance , but i t s worth as fuel is good. The cost of p repara t ion 
might be an adve r se fac tor . 

Work on other potential fuels seems just if ied. There has been i n t e r ­
es t at a number of s i tes in u ran ium ca rb ide , and it i s des i r ab le to continue 
th i s . The development and evaluation of uranium-conta ining g las ses and 
thor ium-conta in ing fuels s e e m s worthy of support , if a u ran ium densi ty 
which will not r equ i re an inordinate ly high enr ichment appears capable of 
achievement , 

There has been a hint that hydrogen absorpt ion and embr i t t l emen t 
of s tee l s might occur during exposure to (moist) terphenyl mix tu re s in the 
radiat ion field of a r e a c t o r . It s e e m s essen t ia l to l e a r n whether or not this 
will occur to a significant extent . 

Organic r e a c t o r s other than the PWR type would have m a t e r i a l s 
p rob lems not yet cons idered h e r e . The behavior of available g rades of 
graphi te in organic l iquids during i r r ad ia t ion ixiight need to be de te rmined . 
Methods of making and cladding v e r y smal l fuel e lements might need to be 
developed and demons t ra t ed (fluid-bed concept) . Whether any of these things 
should be done depends upon the des i rab i l i ty of pursuing the development of 
different r e a c t o r t ypes . It i s recominended that evaluations be made of the 
apparent economic (or other) potential of proposed new types before m a t e ­
r i a l s r e s e a r c h and development is author ized . 



VII. REACTOR SYSTEMS DESIGN 

A Physics 

Organ ic -modera ted-and-coo led r e a c t o r s a r e ainenable to physics 
analysis which closely follow the analyt ical p rocedures for the physics of 
w a t e r - m o d e r a t e d r e a c t o r s . The basic differences between organ ic -
modera ted and wa te r - inode ra t ed r e a c t o r s is that the former has a g rea te r 
age and a g r e a t e r t he rma l diffusion length. 

At the p resen t t ime adequate information is available for designing 
o rgan ic -modera t ed -and-coo led r e a c t o r s , but the re sti l l is a definite need 
for further physics studies to pe rmi t m o r e accura te determinat ion of the 
c h a r a c t e r i s t i c s of o rgan ic -modera t ed reac to r c o r e s . In pa r t i cu la r , age 
m e a s u r e m e n t s of i r r ad i a t ed coolants and represen ta t ive reac to r core 
composi t ions a r e advisable . It is understood that AI has embarked on this 
phase of the physics studies and will a lso m e a s u r e the relat ionship of the 
the rmal diffusion length and t e m p e r a t u r e . 

Phys ics calculat ions he re in re fer to studies made by Atomics In ter ­
national on r e a c t o r s using organic coolants and modera ted by 

a organic m a t e r i a l ; 

b . D2O,; 

c. graphi te ; and 

d ZrH 

There a r e a va r ie ty of r eac to r studies with different power ra t ings , 
using an alloy of S ^ w / o Mo-U or 10 w/o Mo-U, UOg, or UC as fuel. 

Two-group theory methods have been used for making p a r a m e t r i c 
studies (such as for optimizing the ra t io of modera tor to fuel for a chosen 
burnup). Final design and checks of exper imenta l data have been obtained 
by 16-group CURE or PDQ calcula t ions . For core l ifet ime or burnup 
s tudies , ze ro -d imens iona l (no allowance for spatial var iat ion) KINDLE code 
calculat ions have been m a d e . 

According to AI s tudies , the mos t promis ing r e a c t o r s a r e o rgan ic -
coo led-and-modera ted ones , in p re fe rence to units with organic coolants but 
modera ted with DgQ^ graphi te , or ZrH. The DjO and g raph i te -modera ted 
r e a c t o r s a r e re la t ive ly bulky and yield g rea t e r overal l cost in mi l l s per 
kw-hr The ZrH modera to r looks favorable when smal l size and reduced 
organic ra t io a r e of paramount impor tance . 



The fuel m a t e r i a l s used in these studies a r e : 

1) 3.5 w/o Mo-U; 
2) 10 w/o Mo-U; 
3) UO2 ; and 
4) UC. 

Whenever high burnups a r e feasible , UO2 is used. In a D2O-
modera ted r e a c t o r , a unit using UO2 fuel with 1.6% enr ichment yields a 
burnup of 15,000 Mwd/T; another unit with 3.5 w/o Mo-U(nat)fuel yields 
3-4000 Mwd/T exposure . 

Use of organic coolant (instead of D2O) in a D20-modera ted r e a c t o r , 
resul t ing in grea t ly reduced operat ing p r e s s u r e , is a decided advantage. To 
benefit fully from the use of D2O, however , we should minira ize pa ras i t i c 
absorption. In the 3.5 w/o Mo-U alloy, loss of neut rons by pa ras i t i c a b s o r p ­
tion by molybdenum is of the o rde r of that of the coolant. It s eems n e c e s ­
sa ry , the re fore , to obtain a U alloy with low pa ras i t i c absorpt ion, for use 
in organic-cooled r e a c t o r s . 

Use of U(nat)02 ins tead of 3.5 w/o Mo-U(nat) alloy should re ta in the 
same the rma l ut i l izat ion, but i nc r ea se resonance escape probabil i ty , and 
hence reac t iv i ty , by about 4%. AI c la ims that an i n c r e a s e in enr ichment to 
0.98% in the 3.5 w/o Mo-U alloy and an enr ichment of 1.6% in UO2 will 
r e su l t in burnup exposure of 7,000 Mwd/T, and 15,000 Mwd/T, respec t ive ly . 

In this connection it is in line to point out to the high pa ras i t i c c r o s s 
section in 10 w/o Mo-U alloy, which has been specified for poss ible use in 
AKS reac tor mode ra t ed and cooled by organic . This amount of Mo would 
lower reac t iv i ty in the co re by about 4%. A suitable subst i tute for this alloy 
could be 5 w/o f iss iura-U alloy, if rhodium (present to the extent of 0.29 w/o) 
could be el iminated from this alloy. The la t te r alloy would then reduce the 
pa ras i t i c poison in the 10 w/o Mo-U alloy by a factor of 2. F i s s i u m - U alloy 
has stood i r r ad ia t ion at ~800°C at l eas t as well as the Mo alloy. 

The advantages of ZrH as a s table modera to r possess ing H densi t ies 
approaching that of water is recognized, p re fe rence being given to the pow­
dered hydride^ which appears to be super io r to the me ta l hydride from 
economic as well as nuc lear cons idera t ions (grea te r sca t t e r ing c r o s s s e c ­
tions per z i rconium atom as well as m o r e efficient fuel ut i l izat ion). 

Some disadvantages a r e pointed out, such as the migra t ion of hydro ­
gen from the hydride at t e m p e r a t u r e s > 540°C to regions of the core per ipher 
as the r e su l t of rad ia l t empera ture g rad ien t s . L imi ted knowledge of the 
p roper t i e s and cost of the hydride a r e also pointed out. 

In s u m m a r y , r e su l t s of AI s tudies may point to the des i rab i l i ty for 
developing an alloy of U me ta l with sufficient stabil i ty but with lower 
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p a r a s i t i c absorpt ion. Also, further studies of r e a c t o r s modera ted by D2O 
and ZrH a r e des i r ab l e . Additional work to refine the physics by obtaining 
be t te r m e a s u r e m e n t s of age and diffusion length is neces sa ry . 

B. P lan t Layout and Components 

In genera l , p r e s s u r i z e d o rgan ic -coo led-and-modera ted r e a c t o r s which 
have been proposed to date have followed design pr inciples a l ready developed 
for p r e s s u r i z e d water r e a c t o r s . The exceptions to this rule ref lect the advan­
tages offered by organic coolants: low vapor p r e s s u r e at elevated t e m p e r a ­
t u r e s , and absence of significant co r ros ion effects on low-cost s t ruc tu ra l 
m a t e r i a l s , such as carbon s tee l . These factors have made it possible to de ­
sign r e a c t o r v e s s e l s and p r i m a r y sys tem components for maximum p r e s s u r e s 
in the 200-300 ps i range r a the r than the 1000-2500 psi range requ i red for 
economical water r e a c t o r s , and essent ia l ly to el iminate s ta in less s teel as a 
s t r uc tu r a l m a t e r i a l . 

The bas ic p r i m a r y s y s t e m of the o rgan ic -modera ted r eac to r consis ts 
of the r e a c t o r , coolant c i rcula t ing pumps, s t eam genera to r s and supe rhea te r s , 
a surge tank, and connecting piping. Side s t r e a m s lead to the degasifier and 
to high boi ler and p a r t i c l e - r e m o v a l s y s t e m s . The p r i m a r y sys tem p r e s s u r e 
is applied and control led by the degasif ier sys tem. The secondary s t eam 
sys t em opera te s at considerably higher p r e s s u r e s than the p r i m a r y sys tem 
in o rde r to achieve an economical s t eam cycle. 

A g rea t effort has been made to re ta in s implici ty of design and to 
keep coinponent r e q u i r e m e n t s within no rma l c o m m e r c i a l p rac t i ce . For ex­
ample , single tube sheets a r e used in steaixi gene ra to r s , and the philosophy 
of permi t t ing some water inleakage is accepted, although not specified. Indi­
cations a r e that the co r ros ion r a t e of the carbon s tee l p r i m a r y sys tem of 
OMRE is not significantly affected by changes in water content in the coolant 
up to 500 ppm. It i s felt that no rma l operat ion of the degasif ier sys tem will 
r emove smal l amounts of water inleakage without de le ter ious effects on the 
plant. 

It has been found that components r equ i red for organic sys tems 
usual ly fall beyond the nor ina l exper ience of vendors , despi te the available 
c o m m e r c i a l background in d iphenylheat exchangers and pe t rochemica l equip­
ment. Reac tor components a r e genera l ly of l a rge r s i zes , and must operate 
at higher t e m p e r a t u r e s than a r e normal ly encountered. Cleanliness and 
leakt ightness have been pa r t i cu la r ly difficult to attain. 

Some development work appears to be n e c e s s a r y in the field of 
gasket, packing, and seal ing miaterial. Valves with extended packing have 
been used in the OMRE sys tem, but sma l l leaks at valves continue to be a 
p rob lem. F u r t h e r m o r e , difficulties have been repor ted in procur ing a 
sea l m a t e r i a l for t e m p e r a t u r e s up to 455°C for the main coolant pumips for 



EOCR. Although it s eems doubtful that combined pyrolyt ic and radiolyt ic 
damage r a t e s will p e r m i t operat ion with p re sen t coolants at such high bulk 
t e inpe ra tu re s , the poss ib le development of improved coolants may justify 
r e s e a r c h in this a r e a . 

With r e s p e c t to heat exchange equipment, it is not cer ta in that the 
approach of using s tandard components is bes t on a long-range b a s i s . The 
d i rec t adaptation to organic fluids of equipment fundamentally designed for 
water might exact economic penal t ies of a magnitude not fully apprecia ted 
at this t ime . Compact heat exchangers , in which coolant passage geomet r ies 
a r e designed specifically to be consis tent with coolant p rope r t i e s , appear to 
have potential application to organic r e a c t o r s . By means of novel designs 
involving fins and other devices having extended sur faces , it might be p o s ­
sible to compensate sufficiently for the poor heat t r ans fe r c h a r a c t e r i s t i c s 
of o rganics to make such units economical ly a t t r ac t ive . Development work 
in this field should be init iated. 

Fuel handling in organic r e a c t o r s has some p rob lems not encountered 
in other r e a c t o r types . Difficulties a r e caused p r i m a r i l y by the fact that the 
coolant in the r e a c t o r mus t be kept above the melt ing point but below the 
flash point (about 150 and 190°C, respec t ive ly , for Santowax R) while r e a c t o r 
is open, and by the need for washing and further cooling of fuel e lements b e ­
fore they can be placed in a conventional water - f i l l ed s torage canal or pit. 
A r a the r complex sy s t em for accomplishing such fuel - t ransfer operat ions 
has been devised for EOCR, but extensive test ing mus t be c a r r i e d out b e ­
fore i t s success can be a s s u r e d . Moreover , the EOCR procedure appears to 
be excess ive ly t ime-consuming for application to power r e a c t o r s where in 
shutdov/n t ime mus t be minimized for economic r e a s o n s . A continuing de ­
velopment p r o g r a m on fuel-handling methods is there fore n e c e s s a r y . 

With the exceptions noted, t he re do not appear to be any fundamental 
p rob lems which would prec lude the development of sui table components for 
l a r g e - s i z e d o rgan i c -mode ra t ed r e a c t o r s by re la t ive ly s t ra ight forward ex­
tension of p r e s e n t c o m m e r c i a l p r a c t i c e s . 

Since OMRE, EOCR, and Piqua a r e the only organic r e a c t o r s for 
which equipment has been purchased to date , the re s t i l l appear s to be con­
s iderab le lati tude for reconci l ia t ion of ini t ial specifications with actual 
needs as de te rmined by operat ing exper ience . Moreover , it i s probable that 
the accumulat ion of such exper ience will p e r m i t some i n c r e a s e in power r a t ­
ings, and consequent reduct ion in unit power cos t s , as has been the case 
with -water r e a c t o r s . It i s significant to note that al l o rgan ic -modera t ed 
r e a c t o r sys t ems cur ren t ly under design or construct ion a r e overdesigned 
with r e spec t to t e m p e r a t u r e and p r e s s u r e in o rde r to p e r m i t exper imenta l 
ra i s ing of ini t ial operat ing condit ions. 

In the field of organic-cooled, heavy w a t e r - m o d e r a t e d r e a c t o r s , 
additional p rob lems include fabricat ing p r e s s u r e tubes of a m a t e r i a l having 



low neut ron-absorp t ion c h a r a c t e r i s t i c s , providing the rma l insulation b e ­
tween the organic coolant and the modera to r , and devising leaktight con­
nections between the tubes and the r emainder of the coolant circulat ing 
sys tem. Canadian and European project groups concerned with this r e ­
actor type a r e pursuing active development efforts on these p rob lems . A 
close l iaison should be maintained with these groups to insure that 
applicable solutions reached in these or the more genera l component p rob ­
lems a r e incorpora ted into the U.S. p r o g r a m . 

C. Safety Considera t ions 

The physics aspec ts of the safety of o rgan ic -modera ted-and-cooled 
r e a c t o r s a r e s imi l a r in mos t r e s p e c t s to wa te r -modera ted -and-coo led 
r e a c t o r s . The reac t iv i ty coefficients for fuel t empe ra tu r e and for coolant 
and modera to r t e m p e r a t u r e s and voids can all be made negative, provided 
the r eac to r core is designed on the under -modera ted side and other con­
ditions a r e met . (The OMRE has a posit ive coolant -modera tor t empera tu re 
coefficient in some t e m p e r a t u r e r anges , p r imar i l y because the reac to r core 
is ove r -mode ra t ed to obtain maximum radiat ion exposure of the coolant, for 
exper imenta l purposes . ) 

Some considera t ion has been given to the effect of water additions to 
organic sys t ems , as could occur -with the rupture of a s t eam genera tor tube. 
If an o rgan ic -modera t ed r e a c t o r core has a modera tor - to - fue l ra t io of 
2-2,5 , the addition of liquid wate r will i nc r ea se react ivi ty, since water is a 
m o r e effective modera to r than organic liquids under cur ren t considerat ion. 
However, s ince the modera to r - coo lan t would always be above 150°C when 
the r e a c t o r is under no rma l power operat ion, water injected would most 
probably flash to vapor upon entering the organic s t r e a m . Water vapor in 
the core would behave essent ia l ly as a void, and react ivi ty would dec rea se . 

The non-nuclear effect of water addition on sys tem p r e s s u r e has 
been studied in exper iments at AI. A quantity of cold water was injected 
suddenly into a tank of hot organic , in an effort to deternaine whether a p r e s ­
su re t r ans i en t of explosive violence could thus be initiated. It was de t e r ­
mined that the re la t ive ly slow heat t r ans fe r from the organic to the water 
caused the p r e s s u r e r i s e to occur over a number of seconds, ra ther than in 
a fraction of a second. S'uch slow r i s e s can be accommodated without 
danger of sys t em damage, 

A p r e s s u r e - t r a n s i e n t loop is under construct ion at AI to conduct 
safety s tudies . The facility includes a fully ins t rumented flow channel in 
which the void and p r e s s u r e drop effects will be measu red under conditions 
of local and bulk boiling in two-phase flow. The tes t section will la ter be 
expanded to obtain the effects of mult iple flow channels. L o s s - o f - p r e s s u r e 
and loss-of-f low t e s t s a r e a lso planned in this facility. 



The nuclear effects of core voids a r e also under analyt ical study at 
AI. Mathemat ica l models for use in both analog and digital computers a r e 
under development. It is anticipated that the r e su l t s of these analytical 
s tudies will be verif ied experimientally in the EOCR by means of m e a s u r e ­
ments with void-s imula t ing m a t e r i a l s such as Styrofoam. 

Since, under r e a c t o r operat ing conditions, organic coolants a r e used 
above their flash and flame points (190 and 238°C, respect ive ly , for Santo­
wax R), pa r t i cu la r attention mus t be paid to poss ible sources of ignition near 
the r e a c t o r p r i m a r y sys tem. Explosion-proof e l ec t r i ca l equipment mus t be 
used. Although ex t r eme ca re mus t be taken during refueling operat ions when 
the r e a c t o r v e s s e l i s open, it appea r s poss ible to c a r r y on these operat ions 
with the coolant below the flash point, and the possibi l i ty of a se r ious f ire 
resul t ing from smal l sy s t em leakages s eems r e m o t e . Investigations have 
shown no exothermic reac t ions of organic coolants with other m a t e r i a l s in 
the r e a c t o r . However, t he re a r e no data available at this t ime as to the 
effect of varying contents of rad io lys i s products on flash, f lame, and au to-
ignition p rope r t i e s of coolants . This mus t be studied. 

Hydrogen const i tutes the major fraction of the gas produced by 
rad io lys i s in organic r e a c t o r s . However, s ince oxygen is not produced 
s imultaneously in the r eac to r , the danger of gas explosions is perhaps s o m e ­
what l e s s than in the case of water r e a c t o r s . 

The toxicity of diphenyl has been studied extensively. It was been 
judged that the max imum safe concentra t ion for prolonged human exposure 
is considerably higher than the concentrat ion detectable by odor. However, 
although coolants cu r ren t ly cons idered for r e a c t o r use a r e chemical ly s i ra-
i lar to diphenyl, t he re is l i t t le d i r ec t knowledge of thei r toxic i t ies . M o r e ­
over, the re is evidence that some products of organic-coolant i r r ad ia t ions 
a r e of a carc inogenic type, so that further study of toxic p rope r t i e s is 
essen t ia l . 

E lements in which high act ivi ty may be induced have been excluded 
from proposed organic coolants . As a resu l t , it has been poss ib le to design 
p r i m a r y sys tems (except the r e a c t o r p roper ) without biological shielding, 
at a cons iderable cost saving. This pr inc ip le has been demons t ra ted as safe 
in OMRE even under conditions of fuel fa i lure . However, it r e m a i n s to be 
proven whether this design philosophy will r e m a i n valid with advanced cool­
ants , possibly containing addi t ives , and with fa i lures of m o r e highly i r r a d i ­
ated fuel e lements . 

Because of the low latent heat of vaporizat ion of organic coolants , a 
major rup ture of the p r i m a r y s y s t e m could r e su l t in the flashing to vapor of 
a l a rge fraction of the coolant before the remaining liquid (and the sy s t em 
itself) had cooled below the a tmosphe r i c boiling point. This appea r s to be 
a se r ious p rob lem for diphenyl (boiling point ~'260''C), although not se r ious 



for the terphenyls (boiling point ~370°C). More complete thermodynamic 
data must be obtained for the var ious organic ma te r i a l s and inixtures before 
this p rob lem can be fully evaluated. 

The deg ree of containment n e c e s s a r y for organic r eac to r sys tems 
is under intensive study. It is evident that until a g rea t deal m o r e operating 
exper ience has been obtained with r e a c t o r s of all t ypes , some form of con­
ta inment will be requ i red except in r emote a r e a s such as NRTS. However, 
the low working p r e s s u r e s of organic r e a c t o r s probably el iminate any need 
for p r e s su re -ho ld ing containment. 

In the absence of conclusive evidence permit t ing elimination, p r e s ­
su re containment has been specified both for the Piqua nuclear power facility 
and for the i n t e r m e d i a t e - s i z e prototype (50~Mwe) plant now under cons idera ­
tion. It is significant, however, that for the la t ter plant a containment size 
of 60 ft in d iamete r and 78 ft high has been specified. In comparison, the 
containment for EBWR is 80 ft in d i ame te r and 120 ft high, while the power 
capabili ty of this plant is probably 25-28 Mwe at best . 

An invest igat ion is under way at AI to de te rmine means by which 
re la t ive ly s tandard buildings can be made sufficiently gastight to contain 
organic r e a c t o r sys t ems safely. This p r o g r a m should be pursued diligently 
and expanded if n e c e s s a r y to obtain conclusive r e su l t s at an ear ly date, since 
nainimized containment cost is an impor tant e lement in the potential economic 
advantage of organic r e a c t o r s . 

The safety aspec t s of hea-vy wa te r -modera t ed , organic-cooled r e ­
ac to r s a r e s imi l a r in mos t r e s p e c t s to o rgan ic -modera ted r e a c t o r s . Dif­
fe rences occur in the nuclear effects. Since in these r e a c t o r s the organic 
coolant genera l ly ac ts m o r e as poison than as additional modera tor , the co­
efficients of reac t iv i ty fcr coolant t e m p e r a t u r e voids and loss a r e posit ive. 
However, it i s expected that reac t iv i ty coefficients for fuel and modera tor 
t e m p e r a t u r e can be made sufficiently l a rge to compensate for the positive 
effects, at l eas t in the case of slower t r ans i en t s , and to provide a negative 
overa l l power coefficient. 

The planned construct ion and operat ion of the ECO facility, a pa r t of 
the EURATOM ORGEL p r o g r a m , should contribute important knowledge in 
this field. Exper imen t s will be d i rec ted toward determining the effects of 
independently varying modera to r and coolant t e m p e r a t u r e s on such p a r a m ­
e t e r s as neutron spec t rum in a core . Close l iaison should be maintained 
with this group. 



VIII. ADVANCED CONCEPTS 

Several advanced r eac to r concepts have been proposed to uti l ize 
organic m o d e r a t o r s and coolants . These concepts have involved the use 
of l iquid-vapor phase changes for the t r an spo r t and convers ion of energy, 
or the subdivision of fuel to var ious extents . 

A. Direc t Cycle Organic Reactor Systems 

More than twenty y e a r s ago diphenyl and s imi l a r m a t e r i a l s were 
cons idered as working fluids for foss i l fueled power-gene rat ing cycles . 
The use of organic coolants as -working fluids in d i r ec t - cyc le nuclear 
energy convers ion sys t ems has been studied by AI and by the Marquard t 
Corporat ion. A boiling organic , d i r ec t -cyc le r eac to r sys tem-was studied 
briefly by AI, but Avas d i s m i s s e d on economic grounds. In the Marquard t 
study, a conceptual design was developed for a forced-c i rcu la t ion , diphenyl-
cooled r eac to r in which a por t ion of the coolant was flashed to vapor in 
an ex terna l d rum and passed through a turb ine , regenera t ive heat ex­
changer , and condenser . The design also employed fuel m a t e r i a l embedded 
in graphite blocks. These blocks were intended to s e rve also as m o d e r a t o r , 
in o rde r to reduce the volume of coolant in the core and thereby to min i ­
mize radiat ion damage to the coolant. 

In view of the sketchy information available as to the thermodynamic 
p rope r t i e s of the var ious organic coolants and coolant sys t ems under devel­
opment, it does not s eem poss ib le to make a p roper evaluation of e i ther of 
these concepts at this t ime . The conclusions of the different groups in the 
field appear to be in conflict on a number of points . F o r example , AI has 
re jec ted the use of boiling organics because of low heat of vaporizat ion 
and consequent high v a p o r - t r a n s p o r t r e q u i r e m e n t s , although Purdy,\16) 
in a study for the Chrys l e r Corporat ion, has indicated that under ce r t a in 
conditions the turbine exhaust volume flow for a diphenyl turbine , pe r unit 
of energy, is about the same as that for a s t eam turbine . On the other hand, 
the Marquard t study pred ic t s cons iderably higher plant efficiencies than 
appear justifiable from the Purdy work. 

Several major suppl ie rs of power plant equipment have recent ly ex­
p r e s s e d in t e r e s t in the use of a d i r ec t diphenyl cycle in conventional foss i l -
fueled power p lants . This should se rve as an indication that the use of such 
cycles in nuclear plants should not be d i smi s sed lightly without thorough 
evaluation. The c u r r e n t AEC-suppor ted Monsanto effort to extend the 
thermodynamic data on organic fluids should provide an excellent bas i s for 
such evaluation. 



A broad study should be init iated to determine the potential i t ies 
and l imi ts of d i r ec t - cyc le organic r eac to r sys t ems . The study should in­
clude both forced and na tu ra l - c i r cu la t ion sys tems with boiling within the 
co re , as well as with flashing cyc les . Exper imenta l work should be in­
cluded where n e c e s s a r y , pa r t i cu la r ly in the field of heat t ransfer and 
fluid flow, to provide a sound bas is for the conclusions reached. Consid­
era t ion should be given to the construct ion of a smal l Borax-type reac tor 
exper iment to t es t the mos t favorable concept found in the study. 

B. Subdivided Fuel Concepts 

F lu id ized-bed r e a c t o r s util izing organic coolants have been p r o ­
posed by both the Mar t in Company and Westinghouse. The unique feature 
of this r eac to r concept is tha,t the fuel, instead of being in the form of 
r igidly supported rods , is in the form of f ree-moving pel lets which a r e 
fluidized by upward flowing liquid coolant. The fuel proposed for the 
Liquid Fluidized Bed Reactor Exper iment (Martin) consis ts of uranium 
dioxide pe l l e t s , 230 mi l s in d iamete r clad with 10 mi l s of aluminum, 
altho'ugli meta l l i c fuels could also be considered. The use of organic 
terphenyl coolant is incideiital to the main feature of the concept, which 
is the fluidiaed fueL However, beca,use of the choice of coolant the de­
sign of the LFBRE is strongr^ influenced by the design of the OMRE. 

The p r o g r a m which has been proposed to study the fluidized-bed 
r eac to r is -not intended specifically to fur ther the technology of organic 
coolants . Consequently, it has been proposed that only those aspec ts of 
the coolant v/hich pe r t a in d i rec t ly to the requ i rements of the fluidized-bed 
reac to r should be studied. F o r example , changes in physical p rope r t i e s 
(such as density and viscosi ty) of the coolant result ing from i r rad ia t ion 
would affect fluidizatio-n of the bed, and therefore would requ i re study. 
Cer ta in aspec t s of o rganic -cooled r e a c t o r s , such as fouling of heat t r a n s ­
fer surfaces and ra te of buildup of high bo i l e r s , might be affected by the 
different tjp- of fuel, and would also be investigated 

The contaminat ion of coolant by (1) f ission products r e l eased through 
defects in the cladding of the fuel pe l l e t s , and (2) debr is resul t ing from fuel 
pel let abras ion , would be another effect specific to the fluidized-bed concept, 
and would r equ i re study. The extension of this p r o g r a m to include contam­
ination resul t ing f rom the use of unclad fuel pel lets has also been proposed. 

Because of the p r e s e n t unknown effects of surface boiling on 
f luidized-bed stabi l i ty, the use of local boiling has not been recommended. 
A bulk coolant t e m p e r a t u r e of 400°C and a maximum t empera tu re of 455°C 
for the fuel surface have been proposed for a lOO-Mw(e) r eac to r . 



The suggested f luidized-bed r e a c t o r s appear to have a power density 
l imitat ion lower than that of fixed-fuel, o rgan ic -modera ted designs. This 
l imitat ion would probably offset advantages which might be gained through 
improved neutron economy, low cost of fuel fabricat ion, and m o r e uniform 
burnup. Moreover , the economic benefits of a fuel featuring par t i a l f ission 
product containment a re quest ionable. Costs of fuel fabricat ion include a 
cladding i tem, while at the same t ime the r eac to r sys tem design mus t 
provide for f ission product r e l e a s e . 

It appears that an approach which might hold significantly g r e a t e r 
p romise is a na tura l c i rcula t ion boiling s l u r r y concept s imi la r to 
SLURREX,(^^) but adapted to use of an organic coolant. Here the potential 
for high power density and low-cos t fuel cycle a r e outstanding. M o r e ­
over , the s l u r r y fuel concept has a pa r t i cu l a r advantage when coupled with 
organic coolants , in that the l a rge heat t r ans fe r surface offered by the 
s lu r ry min imizes the effect of the poor heat t r ans fe r c h a r a c t e r i s t i c s of 
the organic . In addition, with organic fluids, cons idera t ion can be given 
to the use of meta l l ic fuel powders , which may offer fur ther advantages 
over the ce r amic powders to which aqueous s lu r ry concepts a r e l imited. 

C. Scope of Organic Reactor P r o g r a m 

There a r e indications that the re la t ively na r row scope of organic 
r eac to r invest igat ion to date may have r e s t r i c t e d development of concepts 
to l ines previously employed for p r e s s u r i z e d water r e a c t o r s . Novel fea­
tu res pa r t i cu la r ly suited to the p r o p e r t i e s of organic coolants may thereby 
have been neglected. Both p r e s e n t and advanced organic r eac to r concepts 
should be reviewed m o r e broadly , with the a im of determining a r e a s where 
depa r tu re s from p r e s e n t p r inc ip les and uti l izat ion of specific coolant 
p rope r t i e s might r e su l t in significant economic improvements . 

IX. APPARENT ECONOMIC POSITION OF ORGANIC REACTORS 

The determinat ion of the t rue economic posit ion of organic r e a c t o r s 
is not poss ible at the p r e sen t t ime because of the l imi ted exper ience with 
the concept and because of the many a r e a s which requ i re r e s e a r c h and 
development. The r e su l t s of the r e s e a r c h and development efforts will have 
a pronounced influence on the economic analysis and obviously no absolute 
s ta tements can be made of the c u r r e n t and future economic posit ions at this 
t ime. In l ieu of absolute de te rmina t ions , e s t ima tes have been made of cu r ­
rent and future development efforts and the expected po-wer cost for cu r r en t 
and future organic r eac to r power p lants . 

As an aid in a s se s s ing the economic s ta tus of organic r e a c t o r s , 
published power cos ts f rom var ious sources a re l i s ted in Table 2. This 
table p r e s e n t s the published e s t ima te s of organic r eac to r and coal - f i red 



power plants in the range from 1 0 to 300 Mw(e). Current and future cost 
a r e shown for the organic r eac to r power plants , but only cur ren t coal-f i red 
power costs a r e shown. It should be recognized that the power costs shown 
for the organic r eac to r depend upon the successful outcome of the r e s e a r c h 
and development p r o g r a m . 
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F r o m Table 2, the usual t rend of lower power costs with size and 
t ime can be noted both for the cu r ren t and future organic reac to r and 
coal- f i red plants . There is a noticeable difference between i tems 1 and 
2 for cu r r en t designs. A possible explanation is that the Piqua plant is 
AEC owned and does not include the same capital cost i tems as i tem 2. 
I tems 3 to 5 inclusive show a reasonable agreement , but i tem 7 differs 
markedly from i tem 8. The difference in the cur ren t 300-Mw(e) power 
cos ts occurs p r ima r i l y because of es t imated fuel-cycle cos t s . The fuel-
cycle cost of 2.81 mi l l s /kwh for i tem 8 ref lects a higher fuel burnup than 
in i tem 7. Aside from these d i sc repanc ies , the cu r ren t and potential 
organic r eac to r total power costs agree within about 30% for the plants 
producing g rea t e r than 5 0 Mw(e). 

The apparent economic posit ion of organic r eac to r s can be es t imated 
by comparing the nuclear power costs with the power costs from a coal-
fired plant. The la t te r cos ts a r e shown in i tems 9 through 13. The spread 
between the nuclear and coal- f i red power costs dec rease s with increasing 



plant s i ze . In spite of th i s , the organic r eac to r is shown to have higher 
power cost for cu r r en t des igns . The incentive in pursuing organic nuclear 
r eac to r power plants i s c l ea r ly tied to the cost advantages that will acc rue 
with t ime as shown by i tems 14 to 17 if the r e s e a r c h and development 
p r o g r a m s succeed in substantiat ing the conditions specified in the potential 
organic nuclear power plants and if coal - f i red plant costs i nc rease or 
r ema in constant . 

In the studies l i s ted in Table 2, the cost of the organic is taken to 
be about 17 c e n t s / l b . For the decomposit ion r a t e s with o rgan i c -mode ra t ed -
and-cooled r e a c t o r s , a makeup cost of 0,6 mi l l /kwh is indicated and is 
cons idered a par t of the operat ion and maintenance cost shown in Table 2. 
If r e s e a r c h and development of low-cost organics (about 3 cents / lb) is 
successful , lower power cost will r e su l t . For the same makeup r a t e , 
the use of the low-cos t organic could resu l t in a major cost reduction of 
0.5 mi l l /kwh. For this reason , support of r e s e a r c h and development of 
low-cos t organic fluids should be encouraged. 

Other cost reduct ions may be possible by minimizing containment, 
by increas ing pe r fo rmance , and by simplifying the reac to r sys t em. It is 
expected that cost reduct ions in these a r e a s will ma te r i a l i ze after suffi­
cient exper ience is gained in operat ing organic r eac to r power p lants . 

X. RECOMMENDED ADDITIONAL AREAS OF DEVELOPMENT 

The cu r r en t U.S. p r o g r a m aimed at the development of organic nu­
c lear r e a c t o r s is of cons iderable breadth and intensi ty. This , together with 
the Canadian project and with European work and plans , const i tutes a d i ­
vers i f ied effort along t-wo major l i ne s : o rgan ic -modera ted , enr iched uraniuin 
r e a c t o r s , and heavy w a t e r - m o d e r a t e d , na.tural u ran ium r e a c t o r s . Never ­
the l e s s , it appears that mos t of the p r o g r a m s have fair ly s ho r t - r a nge and 
n a r r o w goals in keeping with the specific na ture of the concepts they a r e 
a imed to demons t r a t e , and that empi r i ca l r a the r than bas ic solutions to 
problems may be cons idered acceptable for this purpose . 

It i s , however , conceived that the field of useful organic r e a c t o r s 
may -well be cons iderably b roade r than is at p resen t genera l ly recognized. 
F u r t h e r m o r e , a t ru ly adequate development of the p resen t ly emphas ized 
concepts , in par t because of the complexity of the coolant sys t em, -will r e ­
quire basic knowledge of the m e c h a n i s m s , in te rac t ions , and l imi ta t ions 
of the sys t ems involved. It i s impor tan t to proceed concur ren t ly with 
p resen t efforts toward such ul t imate goals in o rde r that organic concepts 
r emain with other r e a c t o r concepts . Other types of r e a c t o r s , as well as 
conventional power s o u r c e s , can also expect continued benefits from 
technological advances within thei r a r e a s . Consequently, the following 



a r e a s of r e s e a r c h and development per t inent to organic r eac to r s a re 
recommended for new invest igat ions , or for amplification where p resen t 
efforts s eem undesi rably l imi ted: 

A. Coolant Radiation Chemis t ry 

1. Determinat ion of the fundamental mechan i sms of radiolys is 
of a broad spec t rum of organic compounds ' the t r ans ien t in te rmedia tes 
formed, the composit ion dis t r ibut ion, and p roper t i e s of the compounds 
produced. 

2. Deter ininat ion of the t empe ra tu r e effect and catalytic effects 
on radiat ion decomposi t ion and polymer iza t ion in the range of r eac to r 
operat ing conditions. 

3. Development of analyt ical methods and tools for these s tudies . 

B. Coolant Technology 

1. Basic s tudies with the objectives of leading to new coolants 
having one or m o r e of the following c h a r a c t e r i s t i c s ' 

a Readily reformable to useful coolants 

b. Capable of forming balanced mix tures of polymerizing and 
depolymeriz ing compounds. 

c Consist ing of deu te ra ted compounds. 

d. Optimum for r e a c t o r s using DgO and other m o d e r a t o r s . 

e Optimum for d i r ec t - cyc l e power sys t ems . 

2. Studies to de te rmine the re la t ionship between fouling ra t e , size 
and composi t ion of p a r t i c l e s , and coolant composition. 

3 Development of coolant management techniques for initial 
formulat ion and subsequent maintenance of coolant having specific p r o p e r ­
t i e s . Investigation of opt imum composi t ion, as well as concentrat ion, of 
high boi ler f ract ion (i e. , p rocess ing to leave quaterphenyl and hexaphenyl 
in "good"' coolant, and removing only m a t e r i a l above this) . The scope of 
AI plans in this field is not known, and it is included because of its 
impor tance 

C. Coolant P r o c e s s i n g and Reclamat ion 

1. Determinat ion of the feasibi l i ty of a single sys tem for pe r fo rm­
ing the mult iple functions involved in coolant p rocess ing . 



2. Determinat ion of the ra te of par t ic le formation in the coolant 
under var ious conditions and the r equ i rement s for removal of insoluble 
pa r t i c l e s . 

3. Examinat ion of a l te rna t ive methods of was te-coolant disposal , 
such as bur ia l in t e r r e s t r i a l pi ts and ref inements of known techniques; 
de terminat ion of the feasibil i ty of separa t ing potentially useful fract ions 
(for other applications) f rom waste coolant. 

4. Development of improved methods for disposal of waste 
gases containing gaseous f ission products r e l eased during poss ible fuel 
e lement rup tu re s . 

5. Determinat ion of the economic feasibil i ty of simplifying 
coolan t -process ing opera t ions by modifications in the r eac to r sys tem 
design to avoid complicat ing f ac to r s , such as format ion of insoluble 
pa r t i c l e s and in- leakage of water and a i r . 

6. Determinat ion of the feasibi l i ty of t rea t ing chemical ly the 
whole coolant (as dis t inguished f rom separa ted high boi ler fraction) to 
accompl ish one or m o r e of the following i t e m s : 

a. Counteract the effects of radiolytic decomposi t ion 

b. Provide improved r e s i s t ance to radiat ion 

c. Lower v iscos i ty 

d. Decrease mel t ing point, 

7. Coordination of coolant rec lamat ion studies with: 

a. coolant management s tudies to aid in select ing the 
optiraum rec lamat ion approach; 

b. p re l i r a ina ry cost e s t ima te s to s c r e e n out expensive 
p r o c e s s e s . 

8. Examinat ion of the potential for simplified coolant rec lamat ion 
of the rmal ly stable a roraa t ic compounds other than the polyphenyls, and 
of the rmal ly stable nonaromat ic compounds. 

D. Heat Trans fe r and Fluid Flow 

1. Careful m e a s u r e m e n t s of significant physical p rope r t i e s of 
var ious coolants over composi t ion ranges conceivably influenced by r eac to r 
i r rad ia t ion , p rocess ing , and rec lamat ion ; this could p e r m i t much- improved 
co r re l a t ions of heat t r an s f e r data and optimizat ion of sys tem operat ing 
conditions. 



2. Determinat ion of the heat t ransfe r and fluid flow cha rac te r i s t i c s 
of p resen t and potential organic r eac to r coolants during local boiling and 
bulk boiling as a function of the many p a r a m e t e r s involved in a mul t i -
component, i r r ad ia t ed organic fluid. 

3. Determinat ion of the allowable operating l imits of fuel element 
spacing, and of fluid and surface t e m p e r a t u r e s . 

4. Evaluation of burnout heat t r ans fe r l imitat ions of ser iously 
cons idered coolants and of the factors significant in burnout. 

E. Fuels Development and Mater ia l s Evaluation 

1. Development of effective and inexpensive methods of compaction 
of UO2 powder in a luminum powder meta l lurgy tubes. 

al loys. 
2. Determinat ion of burnup l imitat ions of uranium-molybdenum 

3. Development of fuel e l ement s based on other m a t e r i a l s , such a s : 

a. Uranium alloys with h igh- t empera tu re s trength, high 
burnup capabil i ty, and low paras i t i c absorption. The la t ter 
is pa r t i cu la r ly impor tant for nonorganic-modera ted 
r e a c t o r s . 

b. Uranium compounds, UC and UsSi 

c. Uranium-containing g l a s se s . 

4. Organizat ion and implementat ion of a cooperative p rog ram for 
the commerc i a l development of aluminum powder meta l lurgy fuel e lement 
components; development of aluminum powder meta l lurgy products with 
g rea t e r s t rengths at elevated tem.peratures than those now being made. 

5. Development work with the objective of producing zirconium 
alloys or products with r e s i s t ance to hydrogen absorption from exposure 
to organic r eac to r coolants . 

6. Evaluation of the s e r i ousnes s of the potential problem of hydro­
gen embr i t t l ement of s teels in organic r e a c t o r s . 

7. Investigation of techniques for prepar ing organic reac to r fuels 
suitable for r ep rocess ing in conventional faci l i t ies . 

8. Investigation of na tura l ly fornaed organic films as potential 
cladding m a t e r i a l s for fuels, pa r t i cu la r ly for s lu r ry or fluid-bed fuels. 



F. Reactor System Design and Component Development 

1. Cr i t i ca l evaluation of specifications which have been wr i t ten 
for components of organic reac to r s y s t e m s , and compar ison with observed 
reac to r operat ing conditions and r e s u l t s , to determine a r ea s where 
specifications a r e unnecessa r i ly s t r ingent and where relaxat ion could r e ­
duce costs without affecting utility. 

2. Development of improved gasket , packing, and sealing m a t e ­
r i a l s , and methods for containment of organic fluids at high tenapera tures . 

3. Investigation of existing compact heat exchanger des igns , 
and development of new des igns , for organic r eac to r appl icat ions. 

4. Development of simplified and rapid fuel-handling techniques. 

5. Determinat ion of the effect of varying content of radiolys is 
products on flash, flame and auto-ignit ion t e m p e r a t u r e s in presen t ly con­
s idered coolants , as well as those developed in the future. 

6. Investigation of the toxicity of terphenyls and other proposed 
coolants , and of their radio lys is p roducts , with pa r t i cu la r emphasis on 
the format ion of carcinogenic compounds. 

G. Advanced Concept Development and Evaluation 

1. Broad investigation of the potent ial i t ies and l imitat ions of pos ­
sible d i rec t -cyc le organic r eac to r s y s t e m s , including exper imenta l work 
where n e c e s s a r y ; const ruct ion of a smal l r eac to r exper iment to tes t the 
mos t p romis ing concept and to verify predic ted potential and l imi t s . 

2. Considerat ion of the potent ia l i t ies of a na tu ra l -c i rcu la t ion 
boiling organic s l u r r y r eac to r (SLURREX pr inciple) , including evaluation 
of metal l ic fuel powders . 

3. Broad review of scope of organic r eac to r prograiai, including 
recons idera t ion of p r e sen t and advanced concepts , to de te rmine if depar ­
ture from p resen t pr inc ip les and incorporat ion of novel fea tures pecul iar 
to the use of organic coolants might r e su l t in m o r e economical sys t ems . 

In recognit ion of the significance of work now planned and under 
way in foreign count r ies , it is recommended that specific information-
exchange (and possibly personne l exchange) ag reemen t s be made with 
Danish, German and EURATOM organic r eac to r p ro j ec t s . These should 
provide for frequent free interchange of in ternal r epo r t s and maintenance 
of close pe r sona l l ia ison with these projec t groups (and with CNEN, Italy, 
with which an agreement a l ready exis ts) to ensure that a l l new develop­
ments a re recognized as quickly as poss ib le . 
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