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FAST FUEL TEST REACTOR - FFTR CONCEPTUAL DESIGN STUDY 

by 

R. Brubaker , H. H. Hummel, J. H. Kittel, A. McArthy, and A. Smaardyk 

I. INTRODUCTION 

Exper imenta l facil i t ies for the i r rad ia t ion of fast reac tor fuels, in­
cluding those based on plutonium, a r e urgently needed to insure the s u c c e s s ­
ful development of fast breeding. Although EBR-I has limited facil i t ies, the 
plutonium burnup that can be achieved per month on small samples is of the 
o rder of only 0.1%. The fast power -b reede r r eac to r s under construction 
have flux levels of in te res t , but the fuel-handling sys tems a r e inadequate for 
an exper imenta l p rog ram. These r e a c t o r s a re designed without provision 
for t e s t leads and ins t rumenta t ion for control of the specimen. Also, they 
a r e intended for continuous operation, which r e s t r i c t s the conduct of an un­
in ter rupted tes t p rog ram. Thus, the re is a need for a Fas t Fuel Test 
Reactor (FFTR) s imi la r in purpose to the the rmal tes t r e ac to r s that a r e 
suitable for the tes t of t he rma l fuels. For this reason this study has been 
di rected toward a conceptual reac to r plant design that would meet the r e ­
qui rements of an adequate fast fuel tes t p rogram. 

The design concept was ca r r i ed through in sufficient degree in the 
following a r e a s of p re l imina ry concern: 

(1) number and s ize of i r rad ia t ion facil i t ies; 

(2) sample power r equ i remen t s ; 

(3) plant layout to evaluate site r equ i rements ; 

(4) plant and nuclear design p a r a m e t e r s to evaluate essent ia l 
equipment r equ i r emen t s ; 

(5) plant capital cost es t imate ; 

(6) annual operating cost es t imate ; and 

(7) es t imate of construct ion t ime schedule. 

The idea of using a be ry l l ium-modera ted reac tor with a hard in te r ­
mediate spec t rum for test ing fast r eac to r fuel elements was developed in 
the course of previous t e s t r eac to r studies at Argonne National Laboratory.^ 



II. SUMMARY 

The F F T R concept is a nuclear facility for the purpose of i r radia t ing 
samples of fuels and s t ruc tu ra l components for use in fast r eac to r s . The 
reac tor core cons is t s of a pla te- type element in a square configuration. 
Beryl l ium meta l between the fuel e lements is used to obtain a neutron energy 
spect rum in the ha rd in termedia te region. Such a sys tem suggests consid­
erable flexibility for varying moderat ing p a r a m e t e r s by substituting steel 
for pa r t or all the bery l l ium. The in termedia te r eac to r concept allows 
higher fuel i r rad ia t ion r a t e s than a r e provided by a fast r eac to r of the same 
size and power, at the expense of some radial power var ia t ion in samples , 
not believed to be excess ive . Cooling of the core and tes t specimens is 
accomplished by means of sodium coolant entering the r eac to r core at 316°C 
(600°F) and leaving at an average t empera tu re of 427°C (800°F). The normal 
r eac to r power is 200 Mw(t). However, design allowances were made so that 
250 Mw(t) may be re jected to the secondary NaK system and, hence, to the 
a tmosphere by a NaK- to-a i r heat exchanger. 

The r eac to r , fueled with U^^ ,̂ will produce maximum sample fission 
ra t e s equivalent to those provided by a fast flux in the range of 1 x 1 0 n / 
(cm )(sec). Operat ion of the r eac to r is planned on a cyclic bas i s . For the 
changing of fuel and exper iments the r eac to r is shut down for a reasonable 
period of t ime. The remote handling of the fuel is accomplished by means 
of a fue l - t ransfer cel l located direct ly over the r eac to r and manipula tors . 
This p roces s is made visible by means of b inoculars or other viewing 
equipment and through shielding windows in the fuel t r ans fe r cel l . The 
upper pa r t s of the fuel e lements a r e observed after lowering the sodium 
level. 

Per t inent design data a r e summar ized in Table I. 

Table I 

F F T R DESIGN DATA 

Power 
Reactor power, Mw(t) (nominal) 

Heat flux, Btu/(hr)(ft^), (watts/cm^) 
Average 
Maximum 
Maximum-to-average ra t io , total 

axial 
radia l 

Power density, Mw/1 
Average 
Maximum 

Sample specific power, kw/g Pu ^̂  

200 

564,000 (178) 
975,000 (308) 
1.73 
1.21 
1.43 

0.67 
1.17 

0 . 2 - 1 . 5 



Table I (Cont'd.) 
Power (Cont'd.) 

Control element surface a r ea , ft (m ) 
Safety element surface a r ea , ft^(m^) 

Core 
Geometr ica l a r r angemen t 

Overal l dimensions 
Diameter , in. (cm) 
Height, in. (cm) 
Total volume, 1 

Composition 
Total U inventory, kg 
Vol % UO2 in core (p = 10.0 g m / c c ) , 
Vol % UO2 in type 304 s ta in less steel 

ma t r i x 
Vol % ma t r i x in core 
Total Vol % m a t r i x and s t ruc tu ra l 

s teel in core 
Subassembly, including rods 

Control rods 
Saiety rods 

Fuel e lement assembly 
Element shape 
Overal l d imensions , in. (cm) 
No. of plates per a s sembly 
Clad, m a t e r i a l 
Clad, th ickness , in. (cm) 
Dimensions, plate (active port ion), 

in. (cm) 
Heat t r ans fe r surface, ft^ (T^) 
Channel width, in. (cm) 
Channel a r ea per assembly , in.^(cm^) 
UO2 content (93% enriched) , gm/pla te 

Centra l Fuel T e m p e r a t u r e , °F (°C) 
Maximum without hot channel fac tors 
Maximum with all hot channel fac tors 

Coolant 
P r i m a r y sys tem 

Vol % in core 
Flow ra t e , gpm ( m y sec) (normal) 

total through core and loops 
output main coolant pumps 
through core excluding loops 
through ref lector 
through one open loop 
through one closed loop 

10 (0.93) 
10 (0.93) 

right c i rcu la r cylinder 

31 (79) 
24 (61) 
298 

- 1 5 0 
7.75 max 

26.75 max 
28.8 

37.4 
121 

plate 
2 .08x2 .08x55(5 .3x5 .3x140) 
15 
304 s ta inless steel 
0.005 (0.0127) 

0 .070x2x24(0 .178x5 .08x61) 
10 (0.93) 
0.066 (0.168) 
1.99 (12.8) 
126.28 

990 (532) 
1200 (649) 

Na 

34 

26,200 (1.65) 
25,400 (1.60) 
22,400 (1.41) 
1,400 (0.088) 
200 (0.013) 
200 (0.013) 



Table I (Cont'd.) 

Coolant (Cont'd.) 

Velocity in core , fps ( cm/sec ) 

Average reac to r t e m p e r a t u r e , °F (°C) 
inlet 
outlet 
during fuel t r ans fe r 

Secondary System 

Flow ra t e , gpm ( m y sec) 
Average t empera tu re in heat 

exchanger , °F (°C) 
inlet 
outlet 

Air cooled heat exchanger t empera tu re 
o p (0(3) 

inlet, a i r 
outlet, a i r 

Flow ra t e , Ib /h r ( m y sec) 

Phys ics 

Burnup per cycle (30 days) , 3.5 weeks 
at 200 Mw, kg 

Burnup per yea r , kg 

Max total flux, n/(cm^)(sec) 

Max flux > 0.9 Mev, n/(cm^)(sec) 

The rma l f i ss ions , % 

F iss ions below 100 ev, % 

Control Rods 

Type 
Location 

Exper imenta l Fac i l i t i e s , (no. of each) 
Closed loops 
Open loops 
Capsule locations in core 
Capsule locations in ref lector 

33 (1010) 

600 (316) 
800 (427) 
280-300 (140-150) 

NaK 

32,100 (2.02) 

648 (342) 
448 (231) 

100 (38) 
500 (260) 
7.1 X 10^ (965) 

6.6 

->- 80 

8 X 10^^ 

1.5 X 10^^ 

<1 

m a g n e t i c j a c k 
b o t t o m m o u n t e d 

^^40 
32 



III. REACTOR DESIGN CRITERIA 

The design of the F F T R has been so oriented as to give it the fol­
lowing c h a r a c t e r i s t i c s , not all pos se s sed by any single existing reac tor : 

(1) a neutron energy spec t rum that will a s s u r e acceptably uniform 
burnup ra t e s in fast r eac to r fuel subassembl ies of reasonable 
s ize; 

(2) a typical fast r eac to r environment of sodium at high t empera ­
ture to s imulate engineering conditions for the tes t samples of 
fuel and s t ruc tu ra l m a t e r i a l s ; 

(3) ready access ib i l i ty of fuel and test samples ; 

(4) provis ion for exper imenta l t e s t leads and instrumentat ion; 

(5) flexibility, pa r t i cu la r ly in the location of the exper iments and 
methods for increas ing or decreas ing tes t fuel loading permi t ted 
by adjusting coolant flow ra t e s in the open and closed tes t loops; 

(6) inclusion of closed tes t loops in which experinnental i r radia t ions 
can include r e l ea se of f ission products , or use of coolants other 
than sodium; and 

(7) adequately high specific power in the tes t fuel. 

Fuels for fast r eac to r normal ly contain high concentrat ions of f issi le 
a toms because of the re la t ively low fission c ro s s section of U^̂ ^ and Pu'̂ ^^ for 
fast neutrons . For specimens with high fuel concentrat ions and of reasonable 
d iameter , for example 0,3 cm, i r r ad ia t ed in a the rmal r eac to r , a lmost all of 
the f issions will be concentra ted in the outer l aye r s . This makes in t e rp re ­
tation of fue l - i r rad ia t ion exper iments difficult since the t empera tu re and 
par t i cu la r ly the f ission product dis t r ibut ions in the samples a re quite dif­
ferent from what they would be in the actual fast r eac to r . The i r radia t ion 
in t he rma l tes t r e a c t o r s of fast r eac to r fuels based on plutonium is par t icu­
lar ly complicated by the fact that a plutonium isotope of low c ros s section 
comparable to U^̂ ^ is not available to lower the "enrichment" of the fuel. 
One cannot dilute such fuels without adding some element other than plu­
tonium, and this would resu l t in a l t e red meta l lurg ica l cha rac t e r i s t i c s . 
Thus, i r rad ia t ions of even single specimens of fast r eac to r plutonium fuels 
in a the rmal tes t r eac to r mus t neces sa r i l y be performed under conditions 
for which burnup is concentra ted in the outer l ayers of the specimen. Be­
cause of their g r e a t e r s ize , i r rad ia t ions of fast r eac to r plutonium fuel 
subassembl ies in a t he rma l tes t r eac to r would be even more subject to 
excessive f lux-depress ion effects. Hence, exper imental fuels with high 
f iss i le atom concentrat ion cannot be effectively evaluated in the rmal tes t 
r e a c t o r s . 



Fuel m a t e r i a l s a r e usually evaluated by f i r s t i r radia t ing relat ively 
small samples of the m a t e r i a l of in te res t . If the r e su l t s a r e promis ing , 
prototype or ful l -scale fuel e lements a re often then fabricated from the 
ma te r i a l and then t e s t ed in loop or core faci l i t ies . It is expected that the 
majori ty of investigations in the loops of the proposed reac to r would be c a r ­
r ied out with sample s izes of the o rde r of 20 fuel p ins , which would co r ­
respond to a sample d iameter without container of about 2.5 cm. Final 
proof t e s t s of complete subassembl ies would probably be des i red occasion­
ally, which would requ i re a sample d iameter of perhaps as much as 8 to 
10 cm for la rge r eac to r subassembl ies . A core height of 2 ft (6l cm) is des i rable 
in o rde r to prevent an excess ive axial flux gradient . The radia l power v a r ­
iation in the samples should not exceed about 25%. 

The maximum specific power of the fuel for the f i r s t core loadings 
of EBR-II and the F e r m i r eac to r is <1 kw/gm of \J^^^. 

Alloys and ce r amic fuels now under development will in all l ikel i ­
hood pe rmi t significantly higher specific powers before the rma l conditions 
become l imiting. Accordingly, the F F T R was designed to provide exper i ­
mental ly obtainable specific power ranging up to 1.5 kw/gm Pu^^^. This 
relat ively high specific power will enable i r radia t ion test ing of ce ramic 
and re f rac tory alloy fuels near their capability l imi t s . It will also pe rmi t 
acce le ra ted burnup t es t s on p re sen t fuels for r e a c t o r s such as EBR-II and 
the F e r m i Reactor . A m o r e detailed discuss ion of des i r ed burnup ra t e s is 
given in Appendix B. 

Exper ience at t es t r e a c t o r s such as MTR has indicated that fuel 
ma te r i a l s can profitably be studied exper imental ly in ins t rumented cap­
sules and in loops. Both types of faci l i t ies a re usually located in or near 
the core for maximum burnup r a t e s . Every effort has been made in the 
design of the F F T R to have as many capsule and loop faci l i t ies as possible 
throughout the core and ref lector to provide a wide choice of sample spe­
cific powers . Because fuel e lements will be used in the idle loops, through 
loops will be cons t ruc ted as pe rmanen t p a r t s of the r eac to r s t ruc tu re . 
Since the loops a r e an in tegral pa r t of r eac to r operat ion, expe r imen te r s 
will be free of many of the p rob lems usually assoc ia ted with the cons t ruc ­
tion and instal lat ion of loop-type exper iments . 

A major r equ i r emen t is that the fuel samples be access ib le for in­
stallation of exper imenta l l eads , such as thermocouples . - Although this r e ­
qui rement p r e s e n t s a difficult technical design problem, i r rad ia t ion 
t empera tu re de terminat ions a r e indispensable in fuel t es t exper iments . 

Although the fuel in mos t other liquid meta l -coo led r e a c t o r s is 
loaded remote ly , it was cons idered essent ia l that the F F T R core be loaded 
with fuel and that exper iments be under full visual observa t ions . This la t ter 
requ i rement a r i s e s mainly from the necess i ty of handling of the exper imental 



specimens , including leads , such as thermocouple w i r e s . However, the 
opacity, chemical activity, and radioactivity of the sodium coolant great ly 
complicate the provis ion of visual access to the top of the core lat t ice. 
The requ i rements a r e met in the F F T R design by installing an argon-fil led 
shielded cell over the r eac to r . After core decay heating has diminished to 
a sufficiently low value, the sodium can be lowered to expose the top of the 
fuel la t t ice . It is then poss ible to view the ent i re loading manipulation 
through shielding windows. 



IV. SELECTION OF REACTOR CORE FEATURES 

The emphas is in this r epor t has been di rected mainly toward a Be-
moderated r eac to r with a neutron energy spect rum par t ia l ly degraded into 
the ha rd in termedia te region. It is believed possible to obtain higher fuel-
sample specific powers in such a r eac to r than in a fast r eac to r of the same 
core size and total power without encountering excess ive sample spatial 
power var ia t ions . With a fast r eac to r such var ia t ions a r e a lmost com­
pletely el iminated. Since one would prefer not to have these var ia t ions at 
all , it would seem des i rab le to incorporate enough flexibility into the de­
tailed design so that operat ion as a fast r eac to r would be possible at t imes 
when the higher specific powers of the in termedia te r eac to r were not 
necessa ry . 

A U02-s ta in less steel plate was selected as the r eac to r fuel because 
this fuel e lement is commerc ia l ly available at known cost . This in turn 
suggested the square gr id layout that is proposed for the co re . It was felt 
des i rable to have the Be modera to r separa te from the fuel so that it would 
not have to be removed every cycle . It was therefore placed in the in te r ­
s t ices between the square fuel subassembl ies . 

The approximate size of the core is dictated by the des i re to have a 
minimum height of 61 cm for exper imenta l r easons and by the U^̂ ^ con­
centrat ion possible in the proposed fuel element . Two core s izes have been 
considered for the FFTR, a sma l l e r one with a volume of 238 l i t e r s co r ­
responding to 97 subassembl i e s , and a l a r g e r one of 298 l i t e r s correspondin 
to 121 subassembl ies . Actually, the physics calculat ions were c a r r i e d out 
for core radi i of 34.3 cm and 40 cm, corresponding to volumes of 226 l i t e r s 
and 306 l i t e r s , respect ive ly , for the 61-cm core height. These slight dif­
fe rences have been neglected in applying the r e su l t s of the physics ca lcula­
tions to the tw ô core s i zes . In any case , the uncer ta in t ies in the physics 
calculat ions make significant the range of the r e su l t s r a the r than the exact 
values . 

While it is the p a r a m e t e r s for the l a rge r core size that have been 
given in the summary of design conditions in Table I , the sma l l e r size was 
the one being cons idered during mos t of this study. The reasons for now 
favoring the l a r g e r size a re d i scussed below. 

It is pointed out in Section VI-E that with the UO2-stainless s teel 
plates cur ren t ly being cons idered for r eac to r fuel, operat ion of the F F T R 
with the sma l l e r core as a fast r eac to r would be impossible because a 
sufficiently high concentrat ion of fuel could not be at tained. Operation as 
an in termedia te r eac to r would hardly be feasible because of the l imited 
excess react ivi ty avai lable . 



11 UN-s ta in less steelfael (see Section X-B) becomes available, 
operat ion with a core of sma l l e r size might become possible by employing 
a heavier loading in the outer pa r t of the core than in the center , to avoid 
excessive power dens i t ies . It would be a r a the r margina l operation, from 
the standpoint of available react ivi ty , however. This size of core is also 
r a the r c r amped with r e g a r d to the location of tes t loops and control rods . 

With the l a r g e r co re , operat ion as an intermediate reac tor seems 
possible with the U02-s ta in less s teel fuel, although as discussed in Sec­
tion VI-E the available react ivi ty may be slightly low. The reactivity loss 
occasioned by Li buildup in Be would requ i re an enlargement of about 10% 
over a per iod of about a yea r . Operat ion as a fast reac tor would probably 
requi re use of the UN-s ta in less s teel fuel. 

In selection of a core s ize , the added capital and operating cost of 
a l a rge r core mus t be balanced against the saving in fuel cost possible if 
the fuel can be used for more cyc les . Radiat ion-damage data for the UO2-
s ta in less steel plates indicate that operat ion for at leas t six or seven cycles 
would be possible.(2) To take at l eas t par t i a l advantage of this , one could 
s t a r t with a core size of approximately 300 l i t e r s and increase the size 
with increasing exposure of the fuel. It is des i rable to keep the sample 
specific powers as constant as possible by increasing the total reac tor power 
during this p r o c e s s . The flux at sample posit ions in the outer par t of the 
core and in the ref lector would change with the variat ion of core s ize, which 
might be a fatal objection to this method of operation. 

In Sections VI-D and VI-E it is shown that an in termediate reac to r 
of approximately 300- l i te r core volume with a Be/U^^^ atom ratio in the 
range from 20 to 30 should allow the des i r ed maximum sample specific 
power of 1.50 kw/gm Pu^^^ to be at tained with a total r eac to r power of 
154 Mw plus up to 1 0 Mw for samples . Since the heat t ransfer equipment 
has been sized to allow up to 250 Mw, the re is ample capacity available 
for core enlargement to the maximum of 405 l i t e r s provided for Section V-A. 
The core composit ion l i s ted in the design data given in Table I of 37.4 vol % 
ma t r ix and s t ruc tu ra l s teel , 34% sodium, and 28.6% Be would correspond 
approximately to the 30 Be/u^^^ atom rat io case of Tables V and VIII. 

While radia l power var ia t ion in the samples for this core composi­
tion has not been de te rminedwi th cer ta in ty , it is not likely to be large enough 
to cause t rouble . It is believed that an appreciably higher beryllium/u^^^ 
rat io would degrade the spec t rum too much. 

To obtain the des i red maximum specific power of 1.5 kw/gm with a 
fast r eac to r using the proposed fuel e lement , one would probably need a 
core size in excess of 300 l i t e r s . An inc rease in size to about 400 l i t e r s 
would inc rease the value given in Table VIII for a 306-l i ter core for 
1.17 Mw/l i te r power density from 1.17 kw/gm Pu^^^ to 1.29 kw/gm. At this 
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size an inc rease in power density would sti l l be neces sa ry to mee t the 
des i red specific power . Allowing 10% overloading of the regular r eac to r 
fuel e lements to provide operating excess react ivi ty , the n e c e s s a r y maxi ­
mum power density would be about 1.5 Mw/l i t e r . One might be able to 
reach this with the UN-s ta in less steel fuel by increas ing the sodium con­
centrat ion in the co re . This would cor respond to a total r eac to r power of 
about 300 Mw. 

The fission ra te for a given flux level in a fast r eac to r for samples 
containing Pu ' and U" can be inc reased by substituting U for U , so 
that effective sample specific powers would be higher than indicated in 
Section VI-D if such a substitution were made . It is for samples with Pu 
or U and without U that the in te rmedia te r eac to r would have the grea tes t 
advantage. Examples of such specimens a re mentioned in Appendix B. 

The selection of a 2.5-in. (6.35 cm) grid spacing for the r eac to r 
core was governed by the necess i ty of having sufficient subassembly pos i ­
tions available to accommodate the des i r ed exper imenta l faci l i t ies and to 
allow a sufficient number of control rods . The normal size available for 
loops of a 2.1-in. (5.33 cm) square could be designed to a 2.9-in. (7.36 cm) 
square by removing adjacent Be. It is felt that this would accommodate 
p rac t ica l ly all exper iments . If occasional test ing of a l a r g e r size is de­
s i red , the detailed design could allow for use of four adjacent posi t ions. 



V. DESIGN DESCRIPTION 

A. Reactor 

1, Fuel Pla te 

The basic fuel plate (Fig. 1) is a section 0.070 in. (0.178 cm 
thick and 2 in. (5.08 cm) wide. The fuel is UO2 dispersed in a 304 s tainless 
steel ma t r i x which is meta l lu rg ica l ly bonded to 304 s ta inless s teel cladding 
m a t e r i a l over a 2 ft (61 cm) length. The ends of the plate a re of solid stain­
less s teel and form p a r t of the top and bottom reflector section. Thus the 
ref lector regions above and below the core may be readily and concurrent ly 
fabricated with the fuel section. The sides of the plates a re flanged to p r o ­
vide for the c o r r e c t spacing between adjacent p la tes . The flanged sides a re 
notched to equalize fluid p r e s s u r e between adjacent channels. The top 12 in. 
(30.5 cm) port ion of the fuel plate is m o r e extensively notched to pe rmi t 
l a t e ra l flow of the coolant during refueling operat ions . 

The active section of the fuel plate consis ts of a s ta inless 
s teel ma t r ix , O.O6O in. (0.152 cm) by 2 in. (5.08 cm) by 2 ft (61 cm) long, 
containing approximately 32 wt % UO2 enriched 93% in U^^ .̂ 

The application of this plate design has been based on the 
p r e m i s e that s ta in less s teel-U02 pla tes a r e obtainable from commerc ia l 
suppl iers at reasonable cos ts without additional fabrication development. 

2. Fuel Subassembly 

The fuel subassembly m e a s u r e s 55 in. (140 cm) long and 
weighs approximately 50 lb (23.7kg), Per t inent design data a re shown in 
Table I. The assembly (Fig. 2) cons is t s of 15 fuel plates contained within 
a thin meta l sheath. The pla tes a r e spot welded to the sheath at the bottom 
only, so that individual p la tes a r e free to expand upward and thereby avoid 
la rge the rma l s t r e s s e s caused by the t empera tu re r i s e over the axial length 
of the core . The sheath provides for ( l) the support of the fuel plates and 
(2) the channeling of the sodium. 

Openings a r e made in the sheath at the top in the reflector 
region for l a t e ra l flow of sodium during the recharging operat ion. Thus 
the sodium level can be dropped to expose the fuel element tops without r e ­
ducing the removal of decay heat . This method makes it possible to view 
the core configuration and the ent i re manipulation of fuel. The sheath is 
also perfora ted along the whole length to equalize static p r e s s u r e s and 
prevent collapsing conditions. 
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3. Core Descript ion 

The core consis ts of the fuel and ref lector regions as 
shown in Fig. 3. The fuel region has 165 lat t ice openings, the center l ines 
of which m e a s u r e 2.5 in.(6.35 cm)square . Of the 165 openings, 121 present ly 
constitute the core proper ; the surrounding and remaining 44 spaces a re 
r e se rved for exper iments , additional fuel, or ref lector e lements . The 
configuration of 121 lat t ice openings resu l t s in a core of approximately 
2.58 ft (79 cm) equivalent d iameter and a core volume of 298 i. Use of 
all of the 165 lat t ice openings resu l t s in a core d iameter of approximately 
3 ft (91 cm) and a core volume of 405 i. 

Within the core proper there a re eight movable elements 
that have extended poison sections to hold down excess react ivi ty. These 
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elements will be par t ia l ly withdrawn during reac tor operation. Two other 
like assembl ies a re safety rods which will be fully withdrawn during reactor 
operation. The two safety a s sembl ie s (fully withdrawn) and the eight part ial ly 
withdrawn control a s sembl ie s may be re leased to effect rapid reactor shut­
down. Also, there a r e four lat t ice openings that a re completely enclosed 
within individual pipes or "closed loops," and eight that have individual supply 
pipes or "open loops." Thus, there a r e a total of 155 latt ice openings, in­
cluding those occupied by the loops, that may be used for loading of normal 
fuel e lements , but any or a number may be occupied by specially fabricated 
fuel e lements or tes t sect ions. 

The fuel a s sembl ies a re separated by a grid of beryll ium 
meta l , 0.4 in. thick, and extending over the full two ft (61 cm) of core height. 
It is planned that the Be would be left in place during refueling. Actual 
t es t s conducted on beryl l ium in sodium at 1100°F (590°C) have shown sa t i s ­
factory cor ros ion res i s tance for reac tor service by additions of calcium.(^j 
Reference 4 r epor t s good co r ros ion res i s tance up to 1300°F (700°C). 

4. Reactor Vessel and Cover 

The reac tor vesse l (Fig. 4) is 6 ft (183 cm) in diameter , has a 
0.75 in.(1.9 cm) thick wall and is Zl ft (6.4 m) high. The mate r ia l is s tainless 
steel or s ta in less -c lad low alloy steel. The lower head is dished to d i s t r i ­
bute s t r e s s e s and is penetra ted by control rod guide tubes. Three main inlet 
pipes and three main outlet pipes of 16 in. (40 cm)diameter a re shown for the c i rcu­
lation of the sodium coolant upward through the core . In addition, there a re 
three outlet pipes of 4 in. (10 cm) d iameter located just above the core for 
the purpose of circulat ing sodium at a low flow rate and at a lower sodium 
level during fuel t r ans fe r . 

The vesse l is surrounded by a secondary containment shell. 
The function of this shell is twofold: (1) it serves as a container if sodium 
should leak from the vesse l , and (Z) it provides an insulating space, thus 
limiting the heat t r ans fe r to the shielding components. An atmosphere of 
inert argon gas is maintained in the secondary vesse l to prevent rapid en­
la rgement of a leak with O2 presen t . Leakage may be detected by means of 
e lec t r ica l contacts located within the lower par t of the containment vesse l . 
These contacts would be shorted out to effect an a la rm signal when covered 
with conductive sodium. 

The reac tor vesse l and containment vesse l a re supported 
from a flange held at the floor level. Thus, expansion is downward, which 
is consis tent with that of the other major p r imary coinponents that a r e floor 
level supported. Since it is conceived that differential expansion will occur 
between containment and reac tor vesse l , an expansion joint is provided in 
the containment vesse l so that the relat ive positions between contain­
ment vesse l nozzles and p r e s s u r e vesse l nozzles can be maintained. 
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sat isfactor i ly . In addition, bellows connections a r e recommended at the 
nozzles of the containment vesse l . The final joint between reac tor and 
containment shell is seal welded so that interchange of gas between con­
tainment and fuel - t ransfer cell is excluded. 

The r eac to r vesse l c losure is a simple cover,5 ft (152 cm 
thick, consist ing of laminated s tee l plates and some magneti te concrete . 
Cooling of the plug may be provided by means of argon gas circulation 
through the laminations between the s tee l p la tes . The gas gaps between 
plates would also prevent significant axial heat flow. The cover is bolted 
to the r eac to r vesse l and a suitable gasket prevents leakage of blanket 
gas. A continuous supply of iner t gas is introduced at the annulus between 
the plug and r eac to r vesse l . Interchange of this gas and reac tor blanket 
gas would be r e s t r i c t ed by a me ta l labyrinth seal between p r e s s u r e vesse l 
and cover, as indicated in Fig. 4. 

The shielding cover plug is r a i sed by remotely operated 
jack sc rews and moved aside within the cell for complete observat ion of 
the r eac to r vesse l during the refueling operation. Because of the absence 
of penetra t ions through the head, a reasonable cover thickness could be 
specified. If la te r studies should indicate that ins t rument connections or 
the like a r e to penet ra te through the plug, it is proposed that this be done 
through a semipermanent annular r ing. This would resul t in a cover of 
smal le r d iameter , which would probably make the refueling operations 
m o r e difficult. At f i rs t a trough was visual ized for the passage of exper i ­
menta l ins t rumentat ion leads into the fuel - t ransfer cell . These leads 
would connect with s tandard fittings to the shielding wall penetrat ions and 
then with the control panels . However, such a trough would make it pos­
sible for the hot gas within the reac to r to leak into the fuel- t ransfer cell , 
par t icu lar ly since the blanket gas in the reac tor vesse l is at the higher 
p r e s s u r e (0,54 atm while the cel l is maintained slightly below a tmospher ic 
p r e s s u r e ) . The development of a suitable device for the sealing of leads 
within a trough was thought to be difficult. Therefore , the present ins t ru ­
ment connections pass through the r eac to r shell . Appropriate union types 
of sc rew fittings a r e used inside the reac tor vessel to connect the ins t ru -
tnent with recording equipment in the tes t panel a rea . The leads may be 
p r e s s u r i z e d with argon to el iminate the possibil i ty of sodium entering the 
connectors . P lacement of the screwed fitting manifold in the argon-fi l led 
portion of the vesse l should also be considered. 

Normal ly , the top of the vesse l is at a t empera tu re below 
the operat ing t empera tu re of the r eac to r . Heating coils may be requi red 
around the p r e s s u r e vesse l at the plug location for the purpose of melting 
sodium should the sodium enter this cavity inadvertently or in the event 
that sodium vapors have deposited. 



a. Core and Reflector Support 

The core and ref lector a r e supported by the lower grid 
section. This section is supported by bracke ts on the p r e s s u r e vesse l wall 
and is considered as a permanent a ssembly within the p r e s s u r e vesse l be ­
cause of the loop a t tachments . The grid openings a r e for the inser t ion and 
support of the fuel e lements . Control rod guides, cyl inders and dashpots 
a re a par t of the grid section. 

The ref lector is fastened to the lower grid section and 
forms the core p e r i m e t e r . Interlocking, but removable , beryl l ium plates 
a r e spaced in the core to form the 6.35 cm square lat t ice openings for the 
fuel e lements and capsules . 

b. Hold-down Grid 

The hydraulic force on a fuel assennbly due to the 
sodium flow is g rea t e r than the weight of the assembly . To prevent the 
fuel a s sembl i e s from lifting out of thei r support sockets , suitable hold-
down devices mus t be used. The hold-down grid shown in Fig. 4 consis ts 
of seve ra l hinged sections containing spring m e m b e r s that fit over the 
ends of the fuel e lements . The spring m e m b e r s allow for t he rma l expan­
sion and contract ion, and other minor dimensional var ia t ions . During the 
refueling operat ion, the hold-down grid is swung out of the way for r e ­
moval of the fuel e lements and also for the removal of the s tee l ref lector 
plates located between the fuel e lement a s s e m b l i e s . 

c. Reflector 

The axial ref lector region is formed above and below 
the core by the s teel fuel plate extensions and a s teel grid between the fuel 
a s s e m b l i e s . The radia l ref lector region is formed by solid s teel or 
laminated sections to avoid high t he rma l s t r e s s e s . There is a reflector 
approximately 30 cm thick above and below the core and 46 cm in the 
radia l direct ion. Ver t ica l holes for capsule i r rad ia t ion a r e provided 
within the ref lector . Provis ions would be made for coolant flow through 
the ref lector and through or past the capsules . The coolant flow through 
the capsule facil i t ies may be regulated by orif ices that a r e an in tegral 
par t of the capsules . The outer 15 cm of this ref lector contains s tee l with 
'N/2 wt % natura l boron to l imit the secondary capture gamma heating in the 
p r e s s u r e vesse l wall. 

5. Control and Safety Rod Drives 

The control rods for the F F T R a re bottom mounted to im­
prove viewing of and acces s to the core during the reloading opera t ions . 
Thus, there a r e no penetrat ions through the top plug that could present dif­
ficult shielding and mechanical p rob lems . 



There a r e two types of control rods par t icu lar ly adaptable 
for bottom mounting. One is the conventional rack and pinion, for which a 
suitable seal or canned motor and speed-reducing device is required. The 
second device is the magnet ic jack type, an actuator which can be com­
pletely canned. It is considered that this la t ter device offers good poss i ­
bi l i t ies for success in this application. The number of moving par ts within 
the sodium is reduced to a single ve r t i ca l rod for each drive which is 
actuated by external ly located magne ts . Clean sodium, coming from the 
cold t r a p , could be admit ted to the control rod thimbles and heated by the 
magnet coi ls . In this manner , precipi tat ion of oxides and impuri t ies may 
be held to a minimum to insure sa t is factory rod opera t ions . 

The control and safety rods consist of a fuel and poison 
section. Upon de-energiz ing of the e lec t r ica l c i rcui t of the magnetic 
j acks , the poison section of the rods will be inser ted in the core . The 
speed of each rod is reduced at the bottom of the s troke by means of a 
dashpot. Pre fe rab ly , the dashpots should be designed so that they can be 
replaced in the event of malfunction. The safety rods a r e identical in 
configuration to the control rods . Normally, the safety rods will be fully 
withdrawn during operat ion. Eight control rods and two safety rods a r e 
shown. 

The control and safety rods should be hydraulically 
balanced to reduce upward hydraul ic force. This may be accomplished 
by a balance piston at the lower end of the control rod assembly (see 
Fig. 4). For r eac to r shutdown, it should be possible to inse r t a balanced 
control rod within 0.5 sec . The balanced control a s sembl ie s may be in ­
ser ted m o r e rapidly during a r eac to r shutdown if the sodium in the lower 
port ion of the p r e s s u r e ves se l is allowed to flow to a container at a lower 
p r e s s u r e or by additional spring devices . 

6. Biological Shield 

The biological shield above the reac tor is of essent ial ly 
two p a r t s , i .e . , the shield cover plug and the walls of the fuel t ransfer cell . 
Both sections a r e 152 cm thick. The cell walls a r e constructed of mag­
netite concrete (density of 3.6 g m / c m ), The shielding in the radial 
direct ion is compar tmenta l ized by a 152 cm p r i m a r y shielding wall s u r ­
rounding the reac tor to reduce secondary sodium activation. A 152 cm 
shielding wall placed through the r eac to r building separa tes the radioactive 
components from the tes t operat ional a r ea of the building. Access to the 
main sys tem and open tes t loop components can be made only after ex­
tended shutdown per iods of approximately 17 days, at which time the 
sodium radiat ion level is 10 m r / h r . Dumping the sodium from some of 
the components may be used as a means of reducing activity levels for 
purposes of a c c e s s . In any event, access to these a r e a s should be made 



only after sufficient ventilation and health survey procedures have been com­
pleted. Fo r the closed loops, shielding walls should be provided for personnel 
access during reac to r operat ion. 

7. Exper imenta l Fac i l i t ies 

The facili t ies for the i r rad ia t ion of exper imenta l fuel have 
been designed toward the following three objectives: 

(1) sodium cooling as an in tegral pa r t of the facility; 

(2) access ib i l i ty of fuel specimens for thermocouple 
leads or s imi la r devices; and 

(3) loading and unloading of t es t samples to be performed 
from the top of the r eac to r . 

a. Capsule Fac i l i t i es 

With the i l lus t ra ted core configuration, it is possible 
to tes t at leas t 40 core capsules . Making the core capsule configuration 
identical to a fuel subassembly would provide sufficient flexibility so that 
any fuel location can also be used to hold a short core capsule. Also, 
short fuel a s sembl i e s may be insta l led above and below a shor t core cap­
sule to maintain the requ i red core loading. It is expected that mainly 
s t ruc tu ra l m a t e r i a l s would be in the core capsules , but some fuel samples 
could be introduced as well. It is visual ized that the core capsules might 
typically contain a total of 1 kg of Pu^ plus severa l kg of misce l laneous 
s t ruc tu ra l m a t e r i a l s . 

If the r eac to r opera tes at a flux equivalent to 
1 x 1 0 fast, some exper iments might be located in the ref lector to avoid 
too high a power density. There a r e present ly 32 full-length capsule 
facili t ies within the ref lector (Fig. 3); these a r e round holes to which 
sodium would be adnaitted for cooling purposes . The c learance around 
a capsule of a suitable orifice at the inlet to a capsule may function to 
allow a p rede te rmined flow ra te of sodium coolant. A s ta in less s teel plug 
could be inser ted within the ref lec tor of facil i t ies that a r e not in use . 

There is sufficient ref lector m a t e r i a l to pe rmi t m o r e 
or var ied shaped tes t holes if such is des i red . F u r t h e r , a complete r e ­
flector section might be removed and substi tuted by another des i red 
configuration. 

All facil i t ies a r e access ib le from the top to accom­
modate both sample and r eac to r fuel inser t ion. A centra l manifold has 
been included for connecting the exper imenta l sheathed thermocouple leads 



to assoc ia ted tes t control stat ions (see Fig. 4) in o rder to permi t m e a s u r e ­
ment of specimen t e m p e r a t u r e s . These connections will be screwed tight; 
since they a r e below the sodium level , this ins t rument device could also 
be p r e s s u r i z e d with argon to prevent inleakage of sodium. 

It is expected that most fuel i r rad ia t ions would be 
per formed in loops that enable coolant flow control with consequent t em­
pera tu re control for the specimen during i r radia t ion. Both open and 
closed loops have been included as pa r t of the reac tor s t ruc tu re . F igure 5 
i l lus t ra tes the manner in which the loops a r e instal led in the reac tor core . 

b . Open Loop Faci l i t ies 

Most of the i r rad ia t ions could be performed in open 
loops. In this type of loop, a port ion of p rocess sodium from the main 
inlet is bypassed to the inlet of the tes t section. A schematic flow sheet 
for this loop is shown in Fig. 6. 

An e lec t romagnet ic booster pump is used to control 
flow. Also, suitable throt t le valves , e lec t r ic hea te r s and measur ing de­
vices would be pa r t s of this loop. Control of specimen t empera tu re would 
be accomplished by varying sodium flow, or by adding heat to the coolant 
s t r eam. Sodium discharge from this loop or tes t section would mix with 
the sodium above the core , hence the notation of "open loop." The most 
a t t rac t ive features of the open loop a r e : 

(1) Samples may be readily changed. 

(2) Thermocouple leads can be readily incorporated. 

(3) Additional facil i t ies to remove sample-gene rated 
heat a r e not requi red . 

(4) Access to the core is relat ively unres t r i c ted . 

Eight open loops a r e provided, six of which a r e in 
the core and two in the ref lector (see Fig. 3). 

A typical loading might be an average of 20 EBR-II- type 
pins per loop. For the eight loops, this would amount to a total of perhaps 
3 kg of Pu^''^. Control of flow in the loop should tie in with the reac tor 
operat ing panel. Fo r example, failure of the e lectromagnet ic booster pump 
should shut the r eac to r down, although a reduced flow rate of sodium would 
be maintained through the t e s t section, since the open loop is a take-off 
from the discharge of the main pumps. 
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For the case in which only FFTR fuel would be in the 
open loops, the open loops would form an essent ia l par t of the reac tor 
cooling operation and this phase should be t rans fe r rab le and controllable 
from the main control panel. 

c. Closed Loop Faci l i t ies 

A closed loop is shown schematical ly in Fig. 7. Three 
closed loops a r e provided within the core and one in the reflector . These 
loops a r e designed for m o r e advanced types of exper iments . Fo r example, 
the i r radia t ion of vented fuel a s sembl ies and the re lease of radioactive 
products into the coolant strea.m may be separate ly investigated. Also, 
other metal l ic coolants could be used. 

As in the case of the open loops, the closed loops are 
designed as par t of the reac tor s t r uc tu r e . The top of the test section t e r ­
minates in a tee to pe rmi t horizontal exit of the discharge line and normal 
ver t ica l loading of samples . When in full operation, the closed loops 
might typically contain a total of 2 kg of Pu^^''. 
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Cooling Systems 

1. P r i m a r y System 

Molten sodium is employed as the coolant in the p r imary 
sys tem. The selection of sodium over the sodium-potass ium alloy of lower 
melt ing point was dictated by improved heat t ransfer cha rac t e r i s t i c s , 
lower chemical activity and lower cost. 

Three p r i m a r y coolant loops a r e provided as shown in 
Fig. 8. The normal sys tem flow ra te is 25,400 gpm (1.60 m^/sec) . At a 
reac tor power level of 200 Mw(t) the sodium tenaperature r i se would be 
200°F (110°C). 

Heat from the reac to r is t r ans fe r r ed in an in termediate 
heat exchanger to NaK in each of the three p r i m a r y loops. As shown in 
Fig. 9, the flow path will be upward through the r eac to r , downward on the 
tube side of the in termediate heat exchanger, and then to the pump tank. 
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The in te rmedia te heat exchangers a r e planned as shel l -
and-tube type with nonremovable tube bundles . It is believed that s a t i s ­
factory designs a r e commerc ia l ly available for this application. In order 
to effect some na tura l convection flow for shutdown cooling, the in te r ­
mediate heat exchangers would be elevated with respec t to the reac tor co re . 
It is proposed that the exchangers be positioned ver t ical ly to avoid p rob ­
l ems of t he rma l s t r e s s , which could a r i s e during low flow ra t e s in horizontal 
or inclined heat exchangers . 

In the p r e l im ina ry study, considerat ion was given to a heat 
exchanger design with size c h a r a c t e r i s t i c s as given in Table II. The ex­
changer is designed for operat ion at 83 Mw in anticipation of inc reased 
reac to r power capabi l i t ies , a p rocedure which also provides some allow­
ance for 67-Mw operat ion at lower sodium t e m p e r a t u r e s . 

Table II 

INTERMEDIATE HEAT EXCHANGER DESIGN DATA 

(1) Descr ipt ion 

Shell-s ide fluid NaK 

Tube-s ide fluid Na 

Number of tubes 918 

Tube length, ft (cm) 10 (305) 

Tube OD, in. (cm) i ( l .6) 

Surface a r e a , ft^ (m^) 1,500 (139) 

(2) Operating Conditions at 200 and 250-Mw Reactor Power 

Heat t r a n s f e r r e d , Mw 67 83 

Na flow r a t e , gpm (mYsec) 8,470 (0.535) 8,470 (0.535) 

Na inlet t e m p e r a t u r e , ° F ( ° C ) 800(427) 800(427) 

Na outlet t e m p e r a t u r e , *'F(°C) 600 (316) 550(288) 

NaKflow r a t e , gpm (mysec) 10,700(0.675) 10,700(0.675) 

NaK outlet t e m p e r a t u r e , °F(°C) 648(342) 610 (32l) 

NaK inlet t e m p e r a t u r e , °F(°C) 448(231) 360(182) 

Heat t r ans fe r r a t e , Btx/(hr)(ft^) 990(0.56) 990(0.56) 
(°F)[watts/(cm^)(°C)] 



Calculated exchanger conditions a r e given for th ree loop operat ion with 
reac tor power level at 200 and 250 Mw. Heat t r ans fe r coefficients used 
in these analyses were obtained from Ref. 5 and 6. 

The main piping is nominally 40 cm in d iamete r , and the 
m a t e r i a l is s ta in less s tee l . All p r i m a r y components have surrounding 
sheathing for the purpose of leakage containment. The p r i m a r y component 
sheathing is of a magnetic s tee l m a t e r i a l so that 60-cycle induction heating 
coils may be used for preheat ing the sys tem and for maintaining the sodium 
in a liquid s t a te . 

The main coolant pumps a r e of the centrifugal sump type 
and each pump is capable of circulat ing 0.55 m y s e c at a total head of 56 m. 
These pumps supply all of the r eac to r coolant (including the open exper i ­
mental loops) with the exception of the four closed exper imenta l loops. 
Each closed exper imenta l loop has individual e lec t romagnet ic pumping 
equipment to c i rcula te its coolant independently of, but concurrent ly with, 
the main sys tem pumps . The design of the main coolant pump would allow 
removal for r e p a i r s without draining sodium from the sys tem and without 
cutting the main piping. It is considered essen t ia l that means for controll in 
the main coolant flow ra te should be provided such as a var iable frequency 
power supply or hydraul ic or e lec t rodynamic coupling. 

The sodium levels in the r e a c t o r vesse l and p r i m a r y pump 
tank a r e controlled by argon gas under p r e s s u r e (see F ig . 10), thus avoid­
ing the problems of sealing sodium d i rec t ly . Although a surge or expan­
sion tank is shown in F ig . 9, future studies may indicate that the space 
above the sodium levels in the r eac to r vesse l and pump tank can be used 
effectively to accommodate surges and t h e r m a l volume changes of the 
sodium. 

2, Secondary System 

The secondary coolant is a sodium-potass ium (NaK) alloy 
consist ing of 56 wt % sodium and 44 wt % po tass ium. This coolant r e p r e ­
sents a compromise between heat t r ans fe r p roper t i e s and low freezing 
point (19°C as compared with -11°C for eutectic NaK and 98°C for sodium). 
Since the secondary sys tem heat is d iss ipated to the a tmosphere in a 
NaK- to-a i r heat exchanger , the low freezing point of the NaK would give 
a be t te r marg in in avoiding f reeze-up in the a i r -coo led heat exchanger 
at low load and low ambient t empe ra tu r e condit ions. However, it is felt 
that a re l iable a i r -cooled heat exchanger sys tem may be designed to 
c i rcumvent f reeze -up conditions so that sodium could also be se lec ted for 
use in the secondary sys t em. The a i r -coo led heat exchanger is composed 
of s eve ra l sect ions or banks of finned tubes . Air is c i rcula ted a c r o s s the 
tubes by blowers or fans . The exchangers a r e equipped with a shor t s tack 
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to a s s i s t na tura l circulat ion and to prevent reci rcula t ion of the exhaust 
a i r . Tempera tu re control could be achieved by means of dampers and /o r 
mo to r - speed var ia t ion to regulate the a i r flow ra te during power operation 
and by additional heating devices during extended idle per iods . Charac ­
t e r i s t i c data for an a i r -coo led heat exchanger section a re shown in 
Table III. 

There is one section for each of the three secondary 
loops. Heat t r ans fe r , fluid friction and dimensional data for the exchanger 
surface were obtained from Ref. 7. The instal led blower capacity would 
be considerably g rea te r than the requi rements indicated in Table III, to 
allow for possible operation at lower r eac to r t empera tu re s . 

There a r e three sump-type centrifugal pumps capable of 
circulat ionof approximately 32,1 00 gpm (2.02 m/sec) ,one pump for each of 
the three loops. These pumps, surge tanks, and most of the NaK service equip­
ment would be housed in a separa te building s t ructure apar t from the reactor 
building. This equipment should be readily accessible for routine inspection. 



Table III 

AIR-COOLED HEAT EXCHANGER DESIGN DATA 

(1) Descr ipt ion 

Tube d iamete r , OD, in. (cm) 

Number of tube rows 

Number of fins per in. (cm) 

Finside surface a r ea , ft^ (m^) 

Fin m a t e r i a l 

Operating Conditions at 200 and 250 

Heat t r ans f e r r ed , Mw 

Air flow ra t e , Ib /h r (kg/sec) 

Design air inlet t e m p e r a t u r e . 
°F (°C) 

Air outlet t e m p e r a t u r e , °F (°C) 

P r e s s u r e drop over tube bank. 
H2O in (cm) 

Required fan power, (kw) 

1.0 (2.54) 

6 

8.8 (3.5) 

114,000 (10,600) 

aluminum 

Mw Reactor Power 

67 

2.37x10^ (299) 

100 (38) 

500 (260) 

0.6, 1.5 

(72) 

83 

3.91x10^ (493) 

100 (38) 

400 (204) 

1.3, 3.3 

(270) 

Heat t r ans fe r r a t e , 
Btu/(hr)(ft2)(°F) 
(watts(cm^)(°C)) 9.4(5.3x10"^) 12.1 (6.8x10"^) 

3. Shutdown Systems 

For refueling the co re , the p r i m a r y sodium inlet t e m p e r a ­
ture will be reduced to approximately 280°F (138°C) and the level in the r e ­
actor vesse l will be lowered until the tops of the fuel e lements a r e vis ible . 
During this p rocedure it is proposed to diss ipate decay heat to a shutdown 
cooling sys tem. Gravity flow of p r i m a r y sodium would take place from the 
reac to r through sma l l e r nozzles in the vesse l (placed slightly below the top 
of the fuel a s sembl ies ) to one of th ree auxil iary cooling loops. Each of 
these loops would contain an e lec t romagnet ic pump and in termedia te heat 
exchanger; During refueling, the p r i m a r y flow ra te would be approximately 
500 gpm,(0.03 m Y s e c ) l imiting the average sodium t empe ra tu r e r i s e to 
20°F (11°C) (at 0.2% of full power). 

The secondary side of this sys tem would also use a NaK 
coolant, e lec t romagnet ic pump, and an a i r - coo led heat exchanger. Since it 
is des i rab le that the a i r side of the sys tem opera te sa t is factor i ly by nat ­
u ra l convection, and because of the re la t ively low t e m p e r a t u r e s des i r ed in 



the p r i m a r y sys tem, it is expected that extensive heat t ransfer a rea will 
be requi red . It is therefore proposed that a portion of the regular NaK-air 
heat exchanger se rve on the secondary side of the shutdown cooling sys tem. 

It is conceivable that long- te rm shutdown cooling can be 
accomplished by na tura l convection in the p resen t cooling sys tem. However, 
where cer ta in shutdown conditions produce sodium or NaK tempera ture 
pa t terns which prevent stable convection c i rcui t s from being establ ished, 
the refueling cooling sys tem may be used effectively. Pumps in this system 
would r equ i re an auxi l iary power supply for use during loss of normal power. 

4. Cleanup Systems 

The cleanup sys tem for the p r imary and secondary cool­
ing sys tems will be s imi l a r , except that provision mus t be made for the 
radioact ivi ty of the p r i m a r y sys tem. Basical ly , both sys tems will use a 
cold t rapping sys tem. However, because of the r e s t r i c t ions imposed by 
the beryl l ium meta l in the core , the maximum effectiveness of the cold 
t r ap of 6 ppm sodium oxide equil ibrium is probably inadequate. It is 
visual ized that conditions of <1 ppm sodium oxide equil ibrium a r e d e s i r ­
able to reduce the bery l l ium corros ion r a t e . * In o rde r to obtain these 
conditions additional hot t rapping faci l i t ies or the uti l ization of gettering 
agents , such as calcium meta l , a r e requi red . Acceptably low corros ion 
r a t e s of bery l l ium can be obtained by suitable cold trapping followed by 
calcium deoxidation of the liquid metal . (3) 

The cold t rapping sys tem would essent ia l ly consist of a 
cooled section, in which the oxides and hydr ides a r e precipi ta ted out on 
fi l tering media , such as s c r eens and s tee l wool, and a plugging indicator 
to nnonitor the effectiveness of the cold trapping operation. 

C. Auxil iary Systems and Components 

1. Fuel and Tes t Specimen Handling 

One of the significant features of the FFTR is the fuel-
t r ans fe r cell which is located direct ly above the reac tor and contains 
shielded windows (see Fig. 11) through which the handling of the spent 
fuel can be visually followed. The viewing may be done with the aid of 
m i r r o r s a n d / o r b inocula rs . In this way, the location of fuel and tes t 
specimens can be seen after the level of the sodium within the reac to r 
ve s se l is lowered below the top sections of the fuel a s s e m b l i e s . 

Commerc ia l ly available manipula tors a r e used within 
the shielded cell and these a r e opera ted from the outside of the cell . 

* P e r s o n a l Communication, V. Rutkauskas , Argonne National 
Labora tory 
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The inside surface of the shielded cell is covered with a 
welded and sealed s teel surface which se rves as a hermet ica l ly sealed 
m e m b r a n e . Argon gas of high puri ty is c i rculated within the fuel- t ransfer 
cell and its p r e s s u r e will be mainta ined slightly below a tmospher ic . This 
is to prevent escape of gas , which miay include fission products , to the 
a tmosphere should a defect develop in the sealed membrane . Accidental 
inleakage may cause excessive oxidation of the sodium; for this reason , 
the cell m e m b r a n e should be of exceptional integri ty. The cell could be 
tes ted by a t r a c e r technique and slight p ressur i za t ion during the reac tor 
operat ion or jus t p r io r to r eac to r s ta r tup . 

It is recognized that the t ransfer of spent fuel with an 
argon a tmosphere is complicated by the poor heat t ransfe r cha rac te r i s t i c s 
of the argon gas . However, decay t imes of the o rde r of 12 hours can be 
allowed for the F F T R fuel to reduce the heat t ransfer problem within the 
cel l (see Section VII-E). 

Spent fuel is t r a n s f e r r e d directly to the adjacent a i r - f i l led 
cleaning cell through an argon-f i l led t r ans fe r lock. The a i r p r e s s u r e s 
within the cleaning cell and the t r ans fe r lock could be independently ad­
justed to preclude the possibi l i ty of a i r pass ing from the cleaning cell into 
the fue l - t ransfer cell . 

A t r ans fe r chute leads direct ly from the cleaning cell to 
the water canal which pe rmi t s d i rec t t r ans fe r of the spent fuel into the 
canal , thus avoiding the use of a mobile t r ans fe r coffin at this point. 

A convenient r eac to r operat ing cycle from the standpoint 
of the u s e r s would be an in tegra l number of weeks. Fo r example, the 
r e a c t o r could be s ta r ted up every fourth week with a cycle of 3j-weeks of 
operat ion and a half-week shutdown. The :fuel could probably be used for 
seve ra l such cycles and would p resumably be replaced par t ia l ly at each 
shutdown. However, because the operat ion of a h igh - t empera tu re , sodium-
cooled plant is cons idered m o r e complex than a water -cooled r eac to r , 
such as MTR or ETR, the cycle may be extended. The shutdown procedure 
could involve the following s teps , typically: 

(1) Reduce the r eac to r power and lower coolant t e m p e r a ­
t u r e s . Reduce pumping r a t e s , 

(2) When a p r i m a r y coolant inlet t empera tu re of 280°F(l 38°C) 
is reached after approximately 12 h r of radioactive 
decay, and the balance of the sys tem and tes t loops 
a r e regula ted consis tent with the decay power ope ra ­
tion, the pumping operat ion is t r ans f e r r ed to the 
e lec t romagnet ic refueling pump. 

(3) The sodium levels and argon gas p r e s s u r e s a r e ad­
jus ted in the sys tem components to pe rmi t equalization 
of cell and r eac to r p r e s s u r e . 



(4) Unbolt the r eac to r cover with remote tools . 

(5) Raise the r eac to r cover and move cover over to side 
of the cel l on i ts wheel t r a c k s . 

(6) Lower the sodium level to uncover fuel element hold-
down devices and g r ip -ends . (Note: Sodium circulat ion 
is maintained at a l l t imes to remove decay heat . ) 

(7) Loosen the hold-down devices of those e lements to be 
t r ans f e r r ed . 

(8) Lower the manipula tor and grasp the des i red fuel 
element . 

(9) Remove and r a i s e the e lement and, after reaching the 
cell , s t a r t argon circulat ion through the e lement . R e ­
place removed element with new or dummy element . 

(10) Transfe r the fuel e lement through t rans fe r lock to the 
cleanup cell (air a tmosphere ) . 

(11) Direct a s t r e a m of superheated s team over the element 
to remove sodium t r a c e s . 

(12) Lower the element onto t rans fe r mechan i sm and into 
water canal . 

(13) P lace the e lement into suitable r acks in the canal to 
await fur ther handling. 

Additional s teps would be requ i red if the element is in­
s t rumented . In that case the ins t rument connection would have to be un­
screwed and the ins t rument lead would have to be cut off close to the element 
p r io r to t r ans fe r . The leads could be rol led up on a suitable jig and also 
t r a n s f e r r e d through the fuel-e lement lock. 

Removal of a fuel e lement or tes t section from a closed 
loop would r equ i re a reduced flow ra te of sodium for removal of the c losure 
and extract ion of the element . A wire or a long sect ional rod may be a t ­
tached to the e lement to pe rmi t r emova l from the long loop tubes . 

Access to the cell for the purpose of t r ans fe r of f resh fuel, 
capsu les , tools , manipulator p a r t s , e tc . , would be through conventional gas 
locks. 

2. Iner t Gas System 

F o r both the p r i m a r y and secondary cooling s y s t e m s , 
argon gas is used for the purpose of maintaining an iner t a tmosphere over 
the coolant to prevent oxidation. Gas puri ty , p r e s s u r e s and operat ing 



t empe ra tu r e s will be maintained consis tent with the operating conditions 
in the various par t s of the sys tem. A schematic diagram showing the 
pr incipal components and operat ing conditions for this system is shown 
in Fig. 1 2. 
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The gas may be purged occasionally or at continuous 
flow r a t e s , if necessa ry . The purged gas is monitored in the gas -
t rea tment system and disposal a r ea and contained if contaminated by 
fission products or d ischarged direct ly or diluted to the a tmosphere . 

3. Water Canal System 

The canal location is shown in Figs . 8 and 11. The dimen­
sions of the canal a r e 50 ft long, 12 ft wide and 26 ft deep (1 5.3 x 3.7 x 7.9 m) 
A t ransfe r chute is to connect with the cleanup cell so that spent fuel e le ­
ments , tes t capsules and other activated tes t devices may be readily t r a n s ­
fe r red to the canal. To maintain des i red water puri ty, a demineralizing 
system will be required. A s ta inless steel lining is thought desirable for 
minimum maintenance. After cooling for a sufficient t ime, the elements 
may be removed from the canal and t r ans fe r red into shipping coffins. 



4. Auxil iary Power System 

Normal ly , the e lec t r i ca l load is supplied by the local public 
utility company. For the case where this power supply is in terrupted, an 
emergency diesel genera tor provides reduced standby power. This diesel 
machine should have a generat ing capacity of 300 kw or sufficient to operate 
the plant in a shutdown condition. In addition, there should be bat tery 
standby power for operat ing essen t ia l ins t ruments and devices in any event 
of malfunction. 

D. Ins t rumentat ion and Control 

The control and ins t rumentat ion sys tems a r e visual ized as de­
signed for essen t ia l cen t ra l control (control room) of the r eac to r plant and 
auxil iary s y s t e m s . If p rac t i ca l , control of individual p r o c e s s e s a r e best 
handled locally. Fo r example , control of the waste products would be a 
function which could be separa ted from the plant control . However, some 
of these sys t ems may be r ep resen ted by indicating or a l a r m sys tems within 
the control room for cen t ra l ized information. 

E. E lec t r i ca l System 

The e lec t r i ca l sys tem has been es t imated to supply roughly 
7,000 kw to the plant during normal operat ion. It would consis t of two 
13-kv t r a n s m i s s i o n l ines , t r a n s f o r m e r s , switchgear , e tc . , of the normal 
var ie ty . In addition, r ec t i f i e r s will be requ i red for operat ing the dc 
magnetic pumps. E lec t r i ca l heating coils a re used on sodium and NaK 
equipment and piping to prevent freezing of the liquid meta l coolants . 

F . Buildings and Site Development 

The building layout for the r eac to r site is shown in Fig. 13. 

The r eac to r building s t ruc tu re m e a s u r e s 80 ft by 180 ft 
(24x55 m) and includes a se rv ice a r e a access ib le to the main building crane 
Attached to the r eac to r building is a fuel-handling canal . Since water is 
used in the canal and humid a tmospher ic conditions may at t imes exist above 
the canal , a separa te but at tached building was specified. Because of the 
nature of the tes t fuels, special ventilation may be n e c e s s a r y for the canal 
a r ea . A control room and office complex is shown immediate ly adjacent to 
the r eac to r building, thus utilizing the main building wall. 

The r eac to r building is divided into two p a r t s below the oper ­
ating floor, separa ted by shielding (see Fig. 8). One-half of the building 
houses the r eac to r sys tem and the other half is designated for exper iments 
and t es t s (see Fig. 14). The operat ing floor is open for the mos t pa r t for 
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work a r e a and serv ice to the r eac to r , system components and experiments 
(see Fig. 15). Logically, removable plugs in the operating floor would 
provide acces s to the p r i m a r y components should repa i r or removal be 
necessa ry . 
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All the exper imental loops a r e located behind the main 
shielding wall. Two levels a r e provided in the tes t a r ea . A total of 
8700 ft̂  (810 m^) is available for work and instruraent setup. 

Since the reac tor operat ion mus t be closely tied to the ex­
per iments and since the exper imental elements a r e an essent ia l par t of 
the core loading, cr i t ical i ty exper iments will be conducted on a continuous 



bas i s . Thus a c r i t i ca l facility is visual ized as an essent ia l par t of the r e ­
ac tor building complex. Construction experience at the Argonne National 
Labora tory has been applied in sizing and cost appra i sa l of this building. 

An essen t ia l pa r t of the inventory control of liquid meta l and 
argon gas is one of s torage and handling. It was thought that this operat ion 
could best be handled separa te ly from the r eac to r building in a nonactive 
Na, NaK and gas -cont ro l building. 

The control of waste (gaseous and liquid meta l ) is also con­
s idered to be a separa te function from the r eac to r control . Operations 
such as f i l tering, compress ing , venting, s to rage , p rocess ing and disposal 
were thought to be mos t effectively handled in a separa te building. A tunnel 
has been shown as a convenient and safe means to house connecting piping 
which may contain radioact ive gases or fluids. Released quanti t ies a r e 
d ischarged into the stack as a pa r t of the disposal operat ion. 

The NaK pump building is shown separa te ly from the main 
r eac to r building. The distance between these buildings s e rves as additional 
shielding for el iminating secondary sodium activation. Thus the NaK pump 
sys tem is readi ly access ib le for survei l lance and maintenance. It was 
also thought that a separa te pump building could be more economically 
constructed than a s imi la r addition to the r eac to r building. 

Other buildings and facil i t ies that complete the plant complex 
a r e i tems such as water supply, s team plant, NaK-to-a i r heat exchangers 
and sewage t r ea tmen t plant. 

Also, an a r ea has been included in the building layout for the 
addition of hot l abora to r ies and a plant se rv ice garage, but these have not 
been considered as pa r t of the mos t e ssen t i a l plant cost. 



VI. PHYSICS 

A. C r o s s S e c t i o n s 

Two p r i n c i p a l s o u r c e s of u n c e r t a i n t y in r e a c t o r s t a t i c s c a l c u ­
l a t i o n s for the F F T R o c c u r in the c h a r a c t e r i s t i c s of the (n, 2n) r e a c t i o n in 
b e r y l l i u m and in the e f fec t ive f i s s i o n and c a p t u r e c r o s s s e c t i o n s of f i s s i l e 
m a t e r i a l s in the i n t e r m e d i a t e e n e r g y r e g i o n . The f o r m e r u n c e r t a i n t y 
af fec ts m a i n l y the c r i t i c a l i t y of the s y s t e m , whi le the l a t t e r is m a i n l y i m ­
p o r t a n t in d e t e r m i n i n g the e n e r g y s p e c t r u m in the i n t e r m e d i a t e e n e r g y 
r e g i o n and the s a m p l e p o w e r l e v e l and d i s t r i b u t i o n . The u n c e r t a i n t i e s in 
the ef fec t ive c r o s s s e c t i o n s of i n t e r m e d i a t e e n e r g y f i s s i l e m a t e r i a l s a r e 
c a u s e d by l a c k of knowledge of r e s o n a n c e p a r a m e t e r s above 19 ev for U 
and above 53 ev for P u , by the fac t t h a t the r e s o n a n c e s a r e so c l o s e l y 
s p a c e d t h a t t hey i n t e r f e r e wi th e a c h o t h e r so tha t a s i n g l e - l e v e l d e s c r i p ­
t ion is of ten i n a c c u r a t e , and by c o m p u t a t i o n a l d i f f icu l t ies a s s o c i a t e d with 
the l a t t e r fact and wi th the c o m p l e x i t y of a t t e m p t i n g to c a l c u l a t e spa t i a l 
effects in r e s o n a n c e a b s o r b e r s . L a c k of i n f o r m a t i o n on r e s o n a n c e p a r a m ­
e t e r s h a n d i c a p s c a l c u l a t i o n of the D o p p l e r effect . 

Two d i f f e r en t s e t s of c r o s s s e c t i o n s h a v e b e e n e m p l o y e d . One 
of t h e s e , g iven in T a b l e XXI of Append ix A and h e r e a f t e r deno ted a s Set I, 
w a s a l r e a d y a v a i l a b l e a t ANL.(8) The c r o s s s e c t i o n s for U^^^, U^^^, and 
i r o n above 0.009 Mev a r e the s a m e a s t h o s e g iven in Ref. (9) and w e r e 
known to give r e a s o n a b l e r e s u l t s for f a s t r e a c t o r s . The b e r y l l i u m c r o s s 
s e c t i o n s w e r e b a s e d on the w o r k of Ref. (10) wi th the e l a s t i c r e m o v a l c r o s s 
s e c t i o n for G r o u p 1 a d j u s t e d to give the c o r r e c t age when u s e d in a c a l c u ­
l a t i on by m u l t i g r o u p diffusion t h e o r y . The i n t e r m e d i a t e e n e r g y c r o s s 
s e c t i o n s in t h i s s e t w e r e not p r e p a r e d wi th c o n s i d e r a t i o n of the s p e c i a l 
c h a r a c t e r i s t i c s of F F T R and, t h u s , did not t ake into accoun t s e l f - s h i e l d i n g 
c o r r e c t i o n s o r c o r r e c t i o n to e l a s t i c r e m o v a l c r o s s s e c t i o n s c a u s e d by d e ­
v i a t ion of the r e a c t o r n e u t r o n s p e c t r u m f r o m l / E . The o t h e r s e t of c r o s s 
s e c t i o n s , r e f e r r e d to a s Set II and g iven in p a r t in T a b l e XXII of Appendix A, 
is i d e n t i c a l wi th one g iven by G. H a n s e n and W. Roach of LASL'•'-•'•'-^ ^ '^ 3) e x ­
cep t for m i n o r a d d i t i o n s and a l t e r a t i o n s a s exp la ined in Appendix A. In t h i s 
c a s e , s e l f - s h i e l d i n g of U ^̂  and U^^^ on the b a s i s of the h o m o g e n e o u s m e d i u m 
n a r r o w r e s o n a n c e a p p r o x i m a t i o n w a s a v a i l a b l e . When u s ing the Set II c r o s s 
s e c t i o n s , the d e v i a t i o n of the r e a c t o r s p e c t r u m f r o m l / E w a s t a k e n into 
a c c o u n t . The b e r y l l i u m c r o s s s e c t i o n s for Set II y i e ld the c o r r e c t age when 
a l / E i n t e r m e d i a t e e n e r g y s p e c t r u m is a s s u m e d . 

B . T e s t s of C r o s s S e c t i o n s 

The t i m e and m a n p o w e r a v a i l a b l e for t h i s s tudy did not p e r m i t 
e x t e n s i v e e v a l u a t i o n and r e a d j u s t m e n t of c r o s s s e c t i o n s . In any event , the 
l i m i t e d a v a i l a b i l i t y of e x p e r i m e n t a l i n f o r m a t i o n would l i m i t the a m o u n t of 
e v a l u a t i o n t h a t cou ld be done . It i s b e l i e v e d tha t t he r e s u l t i n g u n c e r t a i n t i e s 



wil l not r a i s e any s e r i o u s q u e s t i o n s about the f e a s i b i l i t y of the c o n c e p t . As 
d i s c u s s e d in a l a t e r s e c t i o n , t h e r e a r e c r i t i c a l e x p e r i m e n t s one would want 
to do b e f o r e p r o c e e d i n g wi th the f inal d e s i g n of the r e a c t o r . 

Some c h e c k s of c r o s s s e c t i o n s for the f a s t r e g i o n h a v e b e e n d i s ­
c u s s e d in Sec t ion A a b o v e . The m o s t use fu l i n t e g r a l d a t a for c r o s s - s e c t i o n 
e v a l u a t i o n for the i n t e r m e d i a t e F F T R c o n c e p t a r e t h o s e ob t a ined on the 
K A P L c r i t i c a l a s s e m b l y P P A - 5 . ( 1 4 , 1 5) in t h i s a s s e m b l y , the Be/u^^^ a t o m 
r a t i o w a s 33 , c o r r e s p o n d i n g to a b e r y l l i u m c o n c e n t r a t i o n of 54.6 vol % and 
a U^^^ c o n c e n t r a t i o n of 3.1 vol % ( b a s e d on p - 18.7 g m / c m ^ ) . The r e f l e c t o r 
c o n s i s t e d of a th in b e r y l l i u m r e g i o n fo l lowed by th i ck n a t u r a l u r a n i u m . The 
c o r e of the r e a c t o r w a s a h e x a g o n a l c y l i n d e r wi th a v o l u m e of 85 l i t e r s . The 
g e o m e t r i c a l a r r a n g e m e n t of the r e f l e c t o r w a s r a t h e r c o m p l e x , wh ich i n t r o ­
d u c e s u n c e r t a i n t y into c r i t i c a l i t y c a l c u l a t i o n s . In Ref. (15) an e q u i v a l e n t 
s p h e r i c a l m o d e l is g iven which r e p r e s e n t s the r e a c t o r a p p r o x i m a t e l y ; it w a s 
s u g g e s t e d t h a t t h i s m o d e l should g ive a k of 1.05 to 1.10 for the a c t u a l c r i ­
t i c a l r e a c t o r . It w a s found t h a t the Se t I c r o s s s e c t i o n s wi th the s u g g e s t e d 
s p h e r i c a l m o d e l gave a k of 1.07, and the Set II c r o s s s e c t i o n s wi th the s u g ­
g e s t e d s p h e r i c a l m o d e l gave a k of 1.04 w h e n u s e d in diffusion t h e o r y c a l ­
c u l a t i o n s . It t hus a p p e a r s t h a t the c a l c u l a t e d c r i t i c a l i t y r e s u l t s wi th e i t h e r 
se t u s ing diffusion t h e o r y a r e in a r e a s o n a b l e r a n g e , wi th the Set II r e s u l t s 
p o s s i b l y giving s l igh t ly too low a r e a c t i v i t y . The Se t II c r o s s s e c t i o n s u s e d 
in an SNG c a l c u l a t i o n gave a k of 1.07. 

A n o t h e r m e a s u r e m e n t m a d e on P P A - 5 i s a r ough d e t e r m i n a t i o n 
of the c o r e s p e c t r u m in the l o w e r i n t e r m e d i a t e e n e r g y r e g i o n u s ing m a n ­
g a n e s e , gold, and ind ium d e t e c t o r s . T h i s w a s found in Ref. (15) to a g r e e 
we l l wi th age t h e o r y c a l c u l a t i o n s . A c c o r d i n g l y the "age t h e o r y " r e s u l t for 
the c e n t e r of P P A - 5 a s g iven in Ref. (15) w a s u s e d h e r e a s a r e p r e s e n t a t i o n 
of the P P A - 5 da t a , wh ich a r e p r e s u m a b l y the m o s t r e l i a b l e s p e c t r a l i n fo r ­
m a t i o n a v a i l a b l e . In F i g . 16 a r e g iven the "age t h e o r y " c u r v e f r o m Ref. (15) 
t o g e t h e r wi th the c a l c u l a t e d s p e c t r a for the c e n t e r of P P A - 5 u s i n g c r o s s 
s e c t i o n s of Se t s I and II. It i s s e e n tha t the s p e c t r a c a l c u l a t e d f r o m Se t s I 
and II a r e not g r e a t l y d i f f e ren t , bo th giving l e s s flux than the "age t h e o r y " 
c u r v e be low 100 ev (u = 11.5) . 

C, C r i t i c a l i t y C a l c u l a t i o n s 

A c o m p a r i s o n of c r i t i c a l U^^^ c o n c e n t r a t i o n s for the 2 2 1 - l i t e r 
c o r e for a r a n g e of Be/U^^^ a t o m r a t i o s i s g iven in T a b l e IV us ing c r o s s 
s e c t i o n s f r o m Se t s I and II. The c a l c u l a t i o n s a r e not s t r i c t l y c o m p a r a b l e 
b e c a u s e of m i n o r d i f f e r e n c e s in a s s u m e d c o m p o s i t i o n s and d i m e n s i o n s . 
The fac t t h a t the r e q u i r e d fuel c o n c e n t r a t i o n is found to be s l igh t ly l a r g e r 
u s ing Set II would be e x p e c t e d f r o m the r e a c t i v i t y c a l c u l a t i o n c o m p a r i s o n 
for P P A - 5 . B e c a u s e the c r i t i c a l i t y r e s u l t s o b t a i n e d u s i n g Set II a r e m o r e 
c o n s e r v a t i v e and b e c a u s e t h e s e c r o s s s e c t i o n s c o n t a i n e d a U^^^ and U^̂ ® 
s e l f - s h i e l d i n g c o r r e c t i o n in the i n t e r m e d i a t e e n e r g y r a n g e , they w e r e u s e d 
in f u r t h e r w o r k . 
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Better cr i t ica l i ty resu l t s could have been obtained by using 
two-dimensional calculations instead of the one-dimensional ones used to 
obtain the resu l t s of Table IV. This refinement did not seem justified for 
the p resen t study. 

A value of 86-cm bare height was found to be a more prec ise 
approximation for a 61-cm core height and a one-foot thick axial reflector 
consisting of 65 vol % iron and 35 vol % sodium than the 90 cm usually 
assumed. A corresponding adjustment as well as an allowance for sodium 
in the inner pa r t of the radia l ref lector is reflected in the calculation given 
in the final line of Table IV. Also, r e su l t s of cr i t ical i ty calculations for a 
306-l i ter core using Set II a re given in Table V. 



Table IV 

CRITICALITY CALCULATIONS FOR A 221-LITER CORE(a) 

B e / U " 5 
Atom Rat io 

0 
10 
15 
20 
33 
28.6 

Set l(b) 

Vol % U"^ 
(p = 18.7 g m / c m ^ ) 

4.09 
3.41 
2.97 
2.26 

Vol % 
Be 

16.0 
20.0 
23.0 
29.0 

Set II 

Vol % U"5 
( p= 18.7 g m / c m ^ ) 

6.80 

3.58 
3.10 
2.34 
2.70 

Vol % 
Be 

0(c) 

21.0(c) 
24.2(c) 
30.0(c) 
30.0(^) 

(^)One-dimensional cylindrical geometry calculation. 
Equivalent bare height 90 cm. Core radius 34.3 cm. Cold 
clean core with fuel distributed homogeneously. 

(t>)Radial reflector of full-density Fe, 30 cm thick. Core also 
contains 30 vol % Fe and sufficient Na to fill void space. 

'cJRadial reflector of full-density Fe, 40 cm thick. Core also 
contains 25 vol % Fe and 40 vol % Na, with sufficient U^̂ ^ 
and O2 to correspond to UO2 fuel 93% enriched in U^^ .̂ There 
is a slight inconsistency in the total volume occupied, which 
would be adjusted by altering Fe or Na volumes. 

\*^)Equivalent bare height of 86 cm. F i r s t 5.7 cm of radial 
reflector 65% Fe, 35% Na, Otherwise same as for footnote (c). 

Table V 

CRITICALITY CALCULATIONS FOR A 306-LITER CORE 

Core radius 40 cm. Equivalent bare height 90 cm. 
F i r s t 5.7 cm of radial reflector 65% Fe, 35% Na. 
Outer reflector 100% Fe , outer radius 85 cm. 

B e / U " 5 
Atom Rat io 

0 
20 
33 
30 

Vol % U"5(a) 
( p = 18.7 g m / c c ) 

5.59 
2.75 
2.12 
2.30(b) 

Vol % 
B e 

0 
21.3 
27.1 
27.1 

Vol % 
F e 

46.1 
32.5 
28.1 
27.8 

Vol % 
N a 

40.0 
40.0 
40.0 
40.0 

(a)u^35 present as 93% enriched UO2. Cold clean 
core with fuel distributed homogeneously. 

(l ')Estimated value for 86-cm bare height; 
believed more accurate than 90 cm. 



D. Sample I r radia t ion Rates and Flux Depression in Samples 

1. I r radia t ion Rates for Small Samples 

The calculat ion of in termedia te energy fission in Pu ^' 
samples is made uncer ta in by uncer ta in t ies in the fission c r o s s section and 
lack of information about resonance p a r a m e t e r s as well as by computational 
difficulties. Below 100 ev considerable self-shielding of resonances will 
occur in the samples . The extent of this self-shielding was es t imated for 
the Pu^''^ resonances up to 52.6 ev, for which resonance p a r a m e t e r s a re 
available using the resonance capture theory of Wignerv-^"-' as extended by 
others.(•'^'"^'-') It appears that for mos t samples of in teres t , consisting of 
on the average of about 20 pins of about 0.15-in. d iameter , the shielded 
c r o s s sections for these resonances will be in the range from one- th i rd to 
one-half of the infinitely dilute f ission resonance integral . This integral 
has been calculated to be 250 ba rns above 2 ev.i^^J The c ro s s sections in 
Table XXII give an integral of about 126 ba rns to 2 ev, of which 81 barns 
is below 100 ev, where mos t self-shielding will take place. Then sample 
f ission ra t e s calculated with these c r o s s sections will include a reasonable 
allowance for self-shielding. Although there is a considerable amount of 
uncer ta inty in this calculat ion, it is probably not enough in e r r o r to make 
any important difference. In addition to the uncertainty in c ro s s sect ions, 
there is a question about the accuracy of the calculated reac to r spect rum 
below 100 ev in view of the compar i son in Fig. 16. This indicates that the 
calculated r eac to r spec t rum for a given Be/U^^^ rat io may be too hard . 

Total neutron fluxes at the horizontal centra l plane of a 
306- l i te r co re for var ious rad i i a r e summar ized in Table VI. Also given 
a r e fluxes above 0.9 Mev. These a r e normal ized to a maximum core power 
at the center of 1.17 Mw/ l i t e r . Average fission c r o s s sections based on the 
calculated r eac to r spec t r a and the c r o s s sections of Table VII a r e given in 
F igs . 17 and 18. The radius of 40.0 cm cor responds to the core boundary 
in these calculat ions, while the r e su l t s at a radius of 28 cm are reasonably 
close to an average for the co re . Specific powers for Pu^^^ samples based 
on these fluxes and c r o s s sect ions a re given in Table VII. 

u 
atom ra t ios in the range from 20 to 30 have 85 to 90% of their total value in 
the fast range (---lO kev). The median f ission energy at the center of the core 
in Pu^^^ samples corresponding to the curves in Fig. 18 falls in Group 6 with 
energy l imi ts of 17-100 kev, while the median fission energy in the U ^ fuel 
falls in the range 1-10 kev. This difference is due to the fact that the va r i a ­
tion with energy of the Pu^^ f ission c r o s s section in the region between 
1000 ev and 500 kev is much l e s s pronounced than it is for U . This is r e ­
flected also in the behavior of the curves in Figs . 17 and 18, in which it is 
seen that the re la t ive i nc rease in f ission c r o s s sections in going from a fast 
to an in termedia te spec t rum is much l e s s for Pu^^^ than for U ^ .̂ 



Table VI 

FFTR FLUXES AT HORIZONTAL MIDPLANE AS A FUNCTION OF RADIUS 

Axial Max/Ave = 121 
Central Power Density =1.17 Mw/liter 

Core Radius = 40.0 cm 
Core Volume = 306 l i t e r s 

(a) 

Be/U"= 
Atom Ratio 

0 
20 
33 
30 

Vol % U"= 
(p= 18.7 gm/cm^) 

5.59 
2.75 
2 12 
2 30 

Of (u"=). 
barns (R= 0) 

1.55 
2.82 
3 54 
3.37 

0 Total 
(R=0) 

9 .3xlO' = 
10.4x10' = 
10.7x10' = 
10.4x10' = 

0 Above 
0 9 Mev(R = 0) 

2 3xl0 '= 
2 .1x10 ' = 
2 OxlO' = 
2 OxlO' = 

0 Total 
R = 28 cm 

6.1x10 ' = 
7 .1x10 ' = 
7 . 3 x l 0 ' = 
7 .2x10 ' = 

0 Total 
R = 40 0 cm 

4 .1x10 ' = 
4.4xlO'= 
4 .4xl0 '= 
4.4xlO'= 

0 Total 
R = 45.7 cm 

3.3x10'= 
3.4x10 ' = 
3 .4x10 ' = 
3 .4x10 ' = 

^aJMaximum values based on homogeneous fuel loading of cold clean core . See discussion m 
Section VI-D and VI-E It is believed that for reasonable operating conditions the fluxes 
and the specific powers given here should be divided by 1 3. 

Table VII 

FFTR SPECIFIC POWER FOR P u " ' SAMPLES AT HORIZONTAL MIDPLANE^a) 

(kw/gm P u " ' ) 
Axial Max/Ave = 121 

Central Power Density = 117 Mw/li ter 
Core Radius = 40.0 cm 

Core Volume = 306 l i te rs 

Be /U"= 
Atom Ratio 

0 
20 
33 
30 

Small Sannple 

R = 0 cm 

1 29 
1.88 
2 32 
2 16 

R = 28.0 cm 

0 95 
1 33 
1 60 
1 53 

R = 40 cm 

0.68 
0 94 
1.10 
1.07 

R = 45.7 cm 

0 65 
0.90 
1 01 
0 99 

Large 
Sample 

R = 0 

1 29 
1 58 
1 72 
1 72 

(aJMaximum values based on uniform homogeneous fuel loading of cold 
clean core See discussion m Section VI-D and VI-E It is believed 
that for reasonable operating conditions the fluxes and the specific 
powers given here should be divided by 1.3. 
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The resu l t s of the specific power calculation ca r r i ed out 
for the center of a 34.3-cm radius core a r e given in Table VIII. The 
radia l dependence has not been plotted for this case but is s imi lar to that 
for the 40-cm case except for a change of radial scale in the core c o r r e ­
sponding to the change in core rad ius . 

The resu l t s given in Tables VI, VII, and VIII a r e maximum 
values which a re based on the c r i t i ca l fuel concentration of the uniformly 
loaded cold clean r eac to r . As d iscussed in Section VI-E, because of the 
necess i ty of providing excess react ivi ty to take ca re of t empera tu re coef­
ficient, burnup react ivi ty lo s s , and loss of fuel in sample regions , the 
normal r eac to r fuel e lements must have a higher concentrat ion than would 
correspond to the average core compositions indicated in Tables IV and V. 
This reduces the reac to r flux that cor responds to a given maximum power 
density, the exact amount of the reduction depending upon how the reac tor 
is loaded. As discussed in Section VI -F , operat ion of the 298-l i ter core 
reac tor with the U02-s ta in less steel fuel should be possible with a reduc­
tion of 30% in the fluxes and specific powers indicated in Table VIII. This 
would allow the design objective of a maximum sample specific power of 
1.5 kw/gm Pu^^^ to be met for small samples . For la rge samples the 
maximum specific power would be 1.3 kw/gm Pu^^^. 

It should be noted that the flux above 0.9 Mev, which is 
most important for neutron damage, does not vary great ly from the fast 
to the in termediate reac to r for the same power density. If one used a fast 
r eac to r with lower power density compensated for by using samples con­
taining more f iss i le ma te r i a l , which is possible in cer ta in cases , the total 
flux would of course be proport ionately lower. 

The fraction of total sample f issions occurr ing below 
100 ev is given in Fig. 19- It is seen that this fraction is quite small in 
the core , so that an e r r o r in est imating the f issions below 100 ev would 
not affect calculated specific powers great ly. It is these fissions which 
would be mos t likely to exhibit strong spatial var ia t ion in the samples . 
No at tempt has been made to calculate what the spatial distr ibution of f i s ­
sions in the small samples would be, but this distr ibution should not p r e ­
sent a severe problem, at l eas t in the core , because of the small fraction 
of total fissions affected. It is noted that in PPA-5 in a slab of pure U"^, 
0 . l6- in . (0.4-cm) thick, the edge- to-cen te r fission ra t io was found to be 
1.23.(^5) This is probably representa t ive of the behavior that would be 
encountered in the F F T R , although, of course , one is concerned here with 
Pu"^ instead of U " ^ 



Table VIII 

FFTR SPECIFIC POWER FOR Pu^^' SAMPLES AT CENTER OF CORE^^) 

Axial Max/Ave 
Central Power Density 

Core Radius 
Core Volume 

1.21 
1.17 Mw/liter 
34.3 cm 
226 l i ters 

B e / U " = 
A t o m Rat io 

0 
15 
20 
33 
28.6 

Vol % U"5 
( p = 18.7 g m / c m ^ ) 

6.8 
3.58 
3.10 
2.34 
2.70 

b a r n s (R= 0) 

1.55 
2.52 
2.82 
3.54 
3.30 

0 Tota l 
R = 0 

7.6 X 10^5 

8.9 X 10 '^ 

9.2 X lO '^ 

9.7 X 10'^ 
9.0 X lO'^ 

Specif ic P o w e r , k w / g m Pu^-" 

Sma l l Sample 

1.06 
1.52 
1.67 
2.10 
1.84 

L a r g e Sample 

1.06 
1.36 
1.40 
1.55 
1.45 

(^)Maximum values based on homogeneous fuel loading of cold clean core. See 
discussions in Sections VI-D and VI-E. 
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2, Flux Depress ion in Large Samples 

The extent of the power depress ion for la rge samples was 
investigated by using SNG calculations in one-dimensional cyl indrical geom­
e t ry for a sample located at the center of the core- Calculations were made 
for 3-cm and 5-cm radius samples , the former corresponding approximately 
to the a r e a of a no rma l 5.33 cm by 5.33 cm hole and the la t ter to the a r e a of 
a 7.36 cm by 7.36 cm hole that would be obtained by removing the beryl l ium 
pieces adjacent to a normal hole. The sample was assumed to have a com­
position of 50% sodium, 20% iron, and 30% fuel by volume, the fuel being 
20 at % P u " ' and 80 at % U " ^ 

The calculat ions gave a very flat radia l power distr ibution 
U atom rat io being only about 

5%. This f latness was due to the fact that, although neutrons below 100 ev 
were found to be attenuated very rapidly in the samples by resonance f i s ­
sion and capture , their contribution to the total power was quite snnall b e ­
cause of depress ion of the low-energy flux in the vicinity of these large 
s a m p l e s . Also, there was some inc rease in the h igh-energy fission source 
in the in te r ior of the s a m p l e s . However, because of the lack of low-energy 
flux in the large samples , the Pu ' f ission c ro s s section was found to be 
not more than 2.1 b a r n s - The "large sample" specific powers based on these 
calculations a re given in Tables VII and VIII. 

The SNG calculations d iscussed above were somewhat un­
rea l i s t i c in that they did not take proper account of the capture of resonance 
energy region neutrons undergoing collision in the sample after having under­
gone a previous collision in modera to r , as the re is a mi sma tch in spec t rum 
between the two reg ions . This is not likely to be important for la rge samples 
because of the flux depress ion effect previous ly r e f e r r e d to and would p rob ­
ably not amount to more than 5 or 10% in radia l power var ia t ion . 

E. Burnup and Control - Sample Reactivi ty Effects 

1. Reactivi ty Requirements for Burnup and Tempera tu re 
Coefficient 

The burnup by fissions of U ^ at 200-Mw operat ion for a 
3.5-week cycle is 5.1 kg. Assuming a cap ture - to - f i s s ion rat io of 0.30, the 
des t ruct ion of U per cycle is 6.6 kg. Est imat ion of the fission product 
poisoning effect using the Moldauer c r o s s sect ionsl^^) leads to the conclu­
sion that a reasonable assumption is that the products from a fission exer t 
a negative reac t iv i ty equal in magnitude to one-half (3-) the positive react ivi ty 
of the fissioned fuel. The average worth of fuel for the 238-l i ter core is 
about 0.29% k per kg U^^ .̂ For the 298- l i ter co re , assuming that the worth 
of U var ies inverse ly as the c r i t i ca l m a s s , the worth per k i logram is 

\^'A more accura te calculation gives th ree - four ths instead of one-half. 
This adds slightly more than 1 kg of U^̂ ^ to the burnup react iv i ty loss 
per cycle . 



about 0.24% k. Taking account of nonuniformity of burnup r a i se s the worth 
of fuel burned about 7% over th is . With these assumptions the reactivity 
effect of U ^ burnup for one cycle at 200-Mw total power is es t imated to be 
equivalent to 1 0 kg of uniformly dis t r ibuted U^^ .̂ 

The high-energy (n,a) capture of neutrons in Be leads to 
the formation of Li , which can introduce an appreciable poisoning effect 
after sufficient time.^ ''̂ -̂ ^ An es t imate of the react ivi ty loss in kg of U^̂ ^ 
for a 238- l i ter core with 165-Mw total power as a function of exposure time 
is given below. 

Exposure 
of Be, yr 

1 
2 
3 

Reactivity Loss , 
kg U"^ 

8.4 
13.6 
16.6 

Saturated 20.8 

For the 298- l i te r core the react ivi ty loss numbers would be increased by 
25%. 

Neutron captures in Li cause production of t r i t ium, which 
decays with a 12.5-year half-life to He'', which by neutron capture goes back 
to t r i t ium. If these gases do not escape from the beryl l ium, the negative 
react ivi ty effect keeps building up and becomes important over a period of 
5 to 10 y e a r s . The react ivi ty effects in the Li and He'* poisoning a re large 
enough that per iodic rep lacement of the Be,perhaps every year or two might 
be neces sa ry , depending on the available react ivi ty marg in in the reac to r . 
It seems probable that swelling from gas production in the beryl l ium would 
requi re i ts rep lacement in a shor te r t ime. 

The overa l l t empe ra tu r e coefficient of the reac tor has not 
been calculated, but it is es t imated from resu l t s from other fast and in ter ­
mediate r e a c t o r s that the n e c e s s a r y control would be about 1% k, equivalent 
to about 4 kg of U^^ .̂ The sodium void coefficient is strongly negative, the 
total worth of the sodium in the core being about 4% k for the 238-l i ter core . 
The Doppler effect is d i scussed in Section VI-F . 

2. P r e l i m i n a r y Control Rod Calculations 

Calculation of the re la t ive worth of a cent ra l control rod 
and its fuel follower for a 238- l i te r cyl indrical core with an equivalent bare 
height of 90 cm gave the following r e su l t s : 



N ^ = 
a t o m s / c m ^ N o r m a l 

of n o r m a l b o r o n B o r o n %A k C o m p a r e d to 
X 10"^'^ ( g m / c m ^ ) F u e l F o l l o w e r 

0.0025 0.0415 -1 .24 
0.005 0.083 -1 .77 
0.010 0.166 -2 .44 

T h e s e n u m b e r s shou ld be m u l t i p l i e d by 0.8 to a l low for 
the fac t t ha t an e q u i v a l e n t b a r e he igh t i s u s e d and by abou t 0.5 to g ive the 
o f f - c e n t e r w o r t h of the r o d . F o r the 2 9 8 - l i t e r c o r e a f u r t h e r r e d u c t i o n of 
about 20% would o c c u r . It a p p e a r s t hen tha t t e m p e r a t u r e ef fec ts and b u r n -
up f o r one c y c l e c a n p r o b a b l y be c o n t r o l l e d wi th f ive o r s ix r o d s hav ing 
the m a x i m u m b o r o n con t en t i n d i c a t e d above , a l though a m o r e d e t a i l e d s tudy 
is obv ious ly n e c e s s a r y . The effect of the r o d s on r e a c t o r p o w e r d i s t r i b u ­
t ion i s shown in F i g . 20. It i s d e s i r a b l e to u s e r o d s a s l igh t ly l o a d e d a s 
p o s s i b l e fo r r e a c t i v i t y s h i m m i n g in o r d e r to r e d u c e c h a n g e s in r e a c t o r flux 
d i s t r i b u t i o n du r ing o p e r a t i o n . The p o w e r p e r t u r b a t i o n for the h e a v i e s t 
b o r o n loading in F i g . 20 is about the s t r o n g e s t one would want to h a v e . It 
a p p e a r s t ha t the u s e of m o r e r o d s o r of a h a r d e r s p e c t r u m , if p o s s i b l e , 
would be d e s i r a b l e to r e d u c e p e r t u r b a t i o n of the s a m p l e flux by the r o d s . 
The B^° c o n t e n t s i n d i c a t e d above could be ob t a ined in b o r o n s t e e l by u s i n g 
e n r i c h e d b o r o n . F o r shutdown r o d s , l a r g e r b o r o n c o n t e n t s could be u s e d , 
so t h a t 2 % A k p e r r o d should be f e a s i b l e . T h i s would give adequa t e shutdown 
wi th t h r e e r o d s . 

RADIUS. c> 

FIG. 20 

POWER VS RADIUS FOR BORON COKTROL RODS IN CORE 

WITH Be/U235 RATIO = 33 



3. Reactor Loading and Sample Reactivity Requirements 
for a 238-Li te r Core 

The c r i t i ca l U ^^ concentrat ion for the uniformly loaded 
238-l i ter core with 30 vol % bery l l ium, 25 vol % iron, and 40 vol % sodium 
is es t imated to be 2.7 vol % U^̂ ^ ( p- 18.7 gm/cm^), which cor responds to 
a c r i t i ca l m a s s of 120 kg and a Be/u^''^ atom ratio of 3'8.6. For 97 sub­
as sembl i e s this co r responds t o a u n i f o r m loading of 1.24 kg U^^y subassembly. 
The nine loops in the core would cor respond to a normal loading of 
9 X 1.24 = 11 kg U^^ .̂ It is a s sumed that the normal sample loading will be 
3 kg Pu^^' and that Pu^^' is equivalent to U^^ ,̂ leaving a react ivi ty deficit of 
8 kg of U^^^. It may be des i r ed to in se r t 40 capsules containing lit t le or no 
fuel which would occupy the center one-fourth of var ious fuel e lements . It 
is es t imated that this will co r respond to 1 3 average e lements , giving a r e ­
activity deficit of 13 X 1.24 = 16 kg. The total react ivi ty deficit over the 
uniformly loaded core exp res sed as uniformly dis t r ibuted U is then as 
follows; 

u"^ kg 

Burnup and f ission product 

poisoning (one cycle at 165 Mw) 8 

T e m p e r a t u r e coefficient 4 

Loops 8 

Capsules 16 

36 

This deficit mus t be made up by loading the normal pa r t 
of the co re with m o r e than 2.7 vol % U^^ .̂ With the UOg-stainless steel 
p la tes , the maximum average loading is 3.41 vol % U^^ .̂ The total normal 
subassembl ies avai lable , excluding 8 control and safety rods which would 
probably have to have a light loading to allow for guides, is 

97 - (13 + 9 + 8) = 67 subassembl ies . 

K these a r e loaded at an average of 3.41 vol % U^^ ,̂ the excess fuel over 
that for the 2.7 vol % loading is 

( ^ ' ^ 2 7 0 ' ^ ° ) ^ 1 -24 X 67 = 22 kg U"^ . 

The r eac to r then could not opera te under these conditions without e l imina­
tion of a la rge pa r t of the allowance for loops and capsules . 



The use of the 3.41 vol % U^̂ ^ fuel throughout the core would 
cor respond to a reduction by a factor of 2.70/3.41 = 1/1.26 in the fluxes and 
specific powers given in Tables IV and VII for the 28.6 Be/U^^^ atom rat io 
case , since the maximum po'wer density remains the same. 

If the UN-s ta in less s teel fuel were used, a 40% inc rease in 
average U^̂ ^ concentrat ion to 4.76 vol % would be poss ible . K the normal 
r eac to r fuel e lements were given such a loading throughout, the core ex­
ces s U^̂ ^ would be 

4.76 - 2.70 , _ ,_ _ , „235 
2.70 

x 1.24 X 67 = 63 kg U' 

However, this would requ i re a reduction in flux and specific power for the 
28.6 Be/U^^^ atom rat io cases of Tables IV and VII of 2.70/4.76 = l / l . 7 7 , 
which would lead to an unacceptably low specific power. This situation 
could be al leviated somewhat by confining the heavies t loading to the outer 
par t of the co re . It is es t imated that if one uses a nonuniform loading of 
this type and accepts a reduction by a factor of 1/1.30 in maximum power 
density and sample specific power, perhaps half of the excess react ivi ty of 
63 kg of uniformly dis t r ibuted U ^̂  calculated above could be rea l ized. This 
excess react iv i ty of some 30 kg of U^̂ ^ would make operat ion m o r e near ly 
poss ible . The nonuniform fuel loading would r ep re sen t an added expense 
and inconvenience, however . 

It has been implici t ly a s sumed that the inhomogeneity 
caused by heavier loading of the fuel in some subassembl ies to compensate 
for lack of fuel in o the rs will have no effect of react iv i ty . This may be too 
opt imis t ic , and also the re may be significant spat ial var ia t ion of the neutron 
energy spec t rum caused by this inhomogeneity. The sample poAver d e p r e s ­
sion effect assoc ia ted with the energy spec t rum var ia t ion might force the 
use of a lower Be/U^^^ rat io than would otherwise be neces sa ry . Evaluation 
of these effects can bes t be done in a c r i t i ca l exper iment . 

For a fast r eac to r with a 238- l i te r co re , assuming a com­
posit ion of 34 vol % sodium, 9% s t r u c t u r e , and 57% U02-s ta in less steel meat 
the maximum poss ible vol % UO2 is 57 x 26.75 = 15.2. At 93% enr ichment , 
this co r responds to 15.2/2.27 = 6.7 vol % U^̂ ^ (p = 18.7 g m / c c ) . Since the 
homogeneous c r i t i ca l composi t ion given in Table IV is 6.8 vol % U^̂ ^ 
(neglecting the effect of the difference in sodium and s teel vol % and also 
the co r rec t ion to equivalent ba re height made for the in te rmedia te case) , 
the r eac to r could not opera te under these conditions. With the UN fuel, the 
possible U^̂ ^ concentrat ion would inc rease to 9-4 vol %. In this ca se , the 
react ivi ty deficit in kg of U^^^ would be as follows: 



Loops and capsules 66 

T e m p e r a t u r e coefficient 10 

Burnup (1 cycle at 165 Mw) 8 

84 

With the UN-s ta in less s teel fuel, a gain of 80 kg over the 
average core composit ion is possible by a heavy loading of 67 subassem­
bl ies , so that operat ion would be poss ible with a slight reduction in the 
a s sumed loop and capsule react iv i ty deficit. If the maximum power density 
were a s sumed to r emain at 1.17 Mw/ l i t e r , the reduction flux and specific 
power over the values given in Tables IV and VII for a Be/u^^^ rat io of 0 
would be by a factor of 6.8/9.4 = l / l . 3 8 . The maximuin power density has 
not been evaluated for this configuration but would be somewhat higher than 
for the in te rmedia te r eac to r if a higher t empera tu re r i se in the sodium 
could be permi t t ed , because of the lower power density in the fuel. 

4. Reactor Loading and Sample Reactivity Requirements 
for a 298-Li te r Core 

In the case of the 298- l i te r , 121-subassembly core , the 
c r i t i ca l uniform reac to r loading is es t imated to be 2.3 vol % U^̂ ^ for 
30 vol % bery l l ium, corresponding to a c r i t ica l m a s s of about 130 kg U^^ .̂ 
Under these conditions the total deficit in t e r m s of kg of U^̂ ^ is as follows: 

Capsules 14 

Loops 7 

T e m p e r a t u r e 5 

Burnup and f iss ion 
product poisoning 
(1 cycle at 200 Mw) 10 

36 

The subassembl ies available for heavy loading, assuming 
12 control and safety rods , a r e now 

121 - 34 = 87 subassembl ies . 

If these a r e loaded with the UO2-stainless steel fuel at an average concen­
t ra t ion of 3.41 vol % U^^ ,̂ the excess fuel over that for a 2.3 vol % U^̂ ^ loadin 
is 45 kg of U " ^ 

The reduct ion in flux and specific power over the values 
given in Table VIII would be by a rat io of 2.3/3.41 = l / l . 4 8 , which is p rob­
ably m o r e than could be to le ra ted . A uniform loading of 3.0 vol % U^̂ ^ in 



the normal subassembl ies would cor respond to a reduction in the Table VIII 
values by a factor of l / l . 3 0 , which is more acceptable . This would c o r r e ­
spondingly scale down the total r eac to r power to 154 Mw plus that in loops 
and capsu les , which would be at mos t about 10 Mw. The burnup loss would 
be reduced to about 8 kg of U^^ .̂ This loading would cor respond to an avai l ­
able excess react iv i ty of 28 kg of uniformly dis t r ibuted U^^ ,̂ which is still 
slightly below what is needed unless the assumpt ions have been too p e s s i ­
mis t i c . The accuracy of the calculat ions is not such that one can r ega rd 
this d iscrepancy as significant. One could gain react ivi ty by expanding the 
core volume by an es t imated 4 l i t e r s per kg of uniformly dis t r ibuted U 
The core size could be expanded fa r ther to use the fuel for more cycles or 
to compensate for react ivi ty loss from Li production. 

Fo r a fast r eac to r with a 298- l i ter co re , with the volume 
percent of sodium and s t ruc tu ra l m a t e r i a l and mea t a s sumed the same as 
for the 238- l i ter co re , the c r i t i ca l composit ion given in Table V is now 
5.6 vol % U^^ .̂ A calculat ion made as before for the react iv i ty deficit now 
yields 77 kg of U^^^, while with uniform heavy loading of the 87 normal sub­
as sembl i e s out of the 121 total , one could gain 44 kg at the expense of a 
dec rease by a factor of 5.6/6.7 = l / l . 2 0 in the flux and specific power for 
the Be/u^^^ atom rat io case in Table VIII. Operation would then be possible 
for the UO2-stainless s teel fuel only by paring the loop and capsule r e a c ­
tivity r equ i r emen t s considerably . Again, it might be possible to inc rease 
the maximum power density over the 1.17 Mw/l i te r calculated for the in ter ­
mediate r eac to r ca se . As in the 238 l i t e r core case the loading could be 
increased by use of the UN-s ta in less s teel fuel at the expense of a fur ther 
dec rease in sample specific power. A fuel loading corresponding to 7.6 vol 
% U^̂ ^ which would cor respond to reduction by l / l . 3 5 in the flux and specific 
powers of Table VIII, would give an excess react iv i ty of 77 kg. 

F . Doppler Effect 

A negative Doppler effect in the F F T R would be an important 
safety a s s e t because of the finite t ime requ i red for heat to pass from the 
fuel pa r t i c l e s to the s ta in less s teel m a t r i x of the fuel p la tes , while, of 
cour se , a posit ive one could be a se r ious liability. No at tempt has been 
made to calculate the Doppler effect in the F F T R . Sufficient m e a s u r e m e n t s 
have been made on fast reac tors^ ^j to es tabl i sh that it would be smal l and 
posit ive in a highly enr iched fast r e ac to r , so that a lowering of enr ichment 
might be des i rab le from a safety standpoint. Measu remen t s were made in 
PPA-5 (33 Be/u^^^ atom ratio)v-^5) at an ear ly stage of the technique when 
the p rec i s ion was not high. It was concluded from theore t ica l studies'•'•5} 
that the Doppler effect in P P A - 5 would contr ibute a react ivi ty effect not 
exceeding +3-% k if the U '̂*̂  absolute t e m p e r a t u r e were double that of room 
t e m p e r a t u r e . All that could be concluded from the exper iments was that 
the Doppler effect was smal l and did not exceed the theore t ica l e s t ima te , 
with the sign again uncer ta in . 



More recen t m e a s u r e m e n t s have been madev'^^/ in Be-modera ted 
in termedia te r e a c t o r s with median fission energies of 50 and 125 ev, as op­
posed to the 1500 ev of P P A - 5 . Negative Doppler effects were observed for 
93% enr iched U^^ fuel. It was concluded that half the negative effect was due 
to the U^̂ ^ and half to the U^^ .̂ It s eems hopeful from this that a negative 
effect could be obtained in the in te rmedia te FFTR, perhaps with a slight low­
ering of the enr ichment of the fuel. This would be more feasible with devel­
opment of the UN-s ta in less s tee l fuel because of difficulty of incorporating 
enough U^̂ ^ in the UOg-stainless s teel fuel even at 93% enrichment . 

G. Shielding 

1. During Operation 

a. Neutron Fluxes 

A 19-group diffusion theory using the Set I c ro s s s e c ­
tions in Appendix A was used to de te rmine the neutron flux distr ibutions in 
the core and ref lec tor reg ions . The RE-34 shielding code with six energy 
groups was used to extend the dis t r ibut ion through the outside regions . 

A total of 8 ft (244 cm) of magneti te concrete is needed 
outside the r ad ia l ref lector and v e s s e l to provide the n e c e s s a r y biological 
shielding. The p r i m a r y shielding wall const i tutes the f i rs t 5 ft (l52 cm) of 
this th ickness . In the axial d i rect ion a 5 ft (152 cm) thick vesse l cover and 
a 5 ft ( l52 cm) cel l top s t ruc tu re provide 8 ft (244 cm) of magneti te concrete 
and 2 ft (61 cm) of s tee l above the sodium. The shielding neutron flux d i s t r i ­
butions a r e given in F igs . 21 and 22. 

b. Core Gamma " r a y Fluxes 

The core g a m m a - r a y calculations were based on the 
following assumpt ions and p rocedures : 

(1) The gamma r a y s were grouped into 1, 2, 4, 6, 
and 8-Mev energy groups. 

(2) The source is uniformly dis tr ibuted in the core . 

(3) P rompt fission and fission product gamma r a y s , 

8.61 Mev/f i ss ion of 1-Mev photons 
4.822 Mev/f iss ion of 2-Mev photons 
1.357 Mev/f iss ion of 4-Mev photons 
0.256 Mev/f i ss ion of 6-Mev photons 

(4) Secondary gamma rays from neutron capture by 
i ron in the core were determined by calculating 
an effective i ron absorpt ion ra te in the core from 
the mul t igroup fluxes and multiplying by 
N~^(Mev/capture). The effective iron neutron 
absorpt ion r a t e in the core is calculated to be 
1.8 X 10^^ capt/(cm^)(sec). 



DISTANCE FROM CORE SURFACE, cm 

FAST FLUX OUTSIDE 152-cil PRIMARY SHIELD = 11.6 X 10^ 

FAST FLUX OUTSIDE in-at 8I0LDSICAL SHIELD = 5 

F I G . 21 
RADIAL NEUTRON FLUXES USED IN SHIELDING CALCULATIONS 

(5) Secondary gamma rays from neutron capture by 
sodium in the core were determined by calculating 
an effective sodium absorption ra te in the core 
from the multigroup fluxes and multiplying by N-y 
(Mev/capture) . The effective sodium neutron ab­
sorption ra te in the core is calculated to be 
1.5 X 10" capt/(cm^)(sec). 

Table IX l i s ts the g a m m a - r a y absorption c r o s s sections 
used in gannma-ray flux calculat ions. 

The total core volumetr ic source strength, Q3, in 
Mev/(cnn^)(sec), for each energy group was es t imated for a 250-Mw power 
level. 

Core F iss ions _ 2.5 x 10^ watts x 3.29 x 10^° (fissions)/(watt)(sec) 
(cm^) (sec) " 2.98 x 10^ cm^ 

= 2.76 X 10^^ 
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AXIAL NEUTRON FLUXES USED IN SHIELDING CALCULATIONS 

T a b l e IX 

GAMMA-RAY CONSTANTS 

L i n e a r A b s o r p t i o n C r o s s Sec t ion (/i), c m 

E ( M e v ) 

1 
2 
3 
4 
6 
8 

C o r e 

0.220 
0.153 
0.130 
0.120 
0.111 
0.108 

F e 

0.468 
0.333 
0.284 
0.259 
0.239 
0.232 

Na 

C o r e 

0.051 
0.0359 
0.0293 
0.0255 
0.0214 
0.0192 

Bulk 

0.052 
0.0365 
0.0297 
0.0259 
0.0217 
0.0195 

Magne t i t e C o n c r e t e 

0.216 
0.155 
0.130 
0.115 
0.102 
0.096 



T o t a l V o l u m e S t r e n g t h s in C o r e 

E , Mev Q3, M e v / ( c m ^ ) ( s e c ) 

1 2 . 3 8 X 10^^ 
2 1.34 X 10^^ 
4 3.9 X 10^^ 
6 8.8 X 10^2 
8 7.0 X 10^2 

The c o r e g a m m a - r a y flux in the r e g i o n s o u t s i d e the 
c o r e w a s d e t e r m i n e d by the fo l lowing f o r m u l a , wh ich ef fec t ive ly i n c l u d e s a 
l i n e a r bu i ldup f a c t o r : 

\ i = 1 

w h e r e Mi - g a m m a - r a y l i n e a r a b s o r p t i o n coef f ic ien t for i ' th r e g i o n , c m " 

-r^ - r a d i a t i n g s u r f a c e s o u r c e 

[flux a t the s u r f a c e of the c o r e , M e v / ( c m ^ ) ( s e c ) ] . 

r - r a d i u s of c y l i n d r i c a l s o u r c e 

i 
ro = r + Y ^i 

i= 1 

t- - t h i c k n e s s of i ' t h r e g i o n , c m . 

c . C a p t u r e G a m m a R a y s f r o m R e g i o n s O t h e r 
t han the C o r e 

The t h e r m a l n e u t r o n flux w a s r e p r e s e n t e d by an e x p o ­
n e n t i a l s h a p e o r a c o n s t a n t , and the a p p r o p r i a t e e q u a t i o n s f r o m Ref 25 w e r e 
u s e d to c a l c u l a t e the c a p t u r e g a m m a - r a y flux a t e i t h e r s u r f a c e of e a c h 
s o u r c e r e g i o n and t h r o u g h spec i f i ed e x t e r i o r s h i e l d s . T a b l e X shows c o n ­
s t a n t s u s e d in the c a p t u r e g a m m a - r a y s o u r c e c a l c u l a t i o n s . 

The g a m m a - r a y flux d i s t r i b u t i o n s ( F i g s . 23 and 24) 
inc lude c o r e g a m m a r a y s and c a p t u r e g a m m a r a y s c a l c u l a t e d for four 
e n e r g y g r o u p s . 



Tab le X 

CONSTANTS FOR C A P T U R E GAMMA-RAY CALCULATIONS 

N-y ( M e v / N e u t r o n Cap tu re ) 

S tee l 
Sod ium 
Magne t i t e 

C o n c r e t e 
(p = 3.62 g m / c m ^ ) 

1 Mev 

_ 

0.80 
-

2 Mev 

0.55 
1.83 
0.77 

4 Mev 

0.82 
1.05 
1.01 

6 Mev 

0.84 
1.16 
2.24 

8 Mev 

0.378 
-

2.80 
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T O T A L A X I A L GAMMA-RAY FLUX 

2. During Shutdown 

The fission product activit ies were determined using seven 
energy groups.'*^"/ The values after infinite operation a re l is ted in Table XL 

Table XI 

FISSION PRODUCT GAMMA RAYS 

(Mev/sec per watt of operating power) 

E n e r g y ( M e v ) 

0.1 - 0 .4 
0 .4 - 0 .9 
0 .9 - 1.35 
1.35 - 1.8 
1.8 - 2 .2 
2 .2 - 2 .6 

2 . 8 

T i m e a f t e r S h u t d o w n 

12 h r 

1.4 X 1 0 ' 
8 .5 X 1 0 ' 
2 . 9 X 10® 
3.1 X 1 0 ' 
2 .1 X 10® 
2 . 8 X 10® 
1.5 X 10^ 

24 h r 

1.3 X 1 0 ' 
7 .4 X 1 0 ' 
1.2 X 10® 
3.0 X 1 0 ' 
8.1 X lO' ' 
2 .7 X 10® 
7 .7 X 10^ 



For convenience, the values for 12 hours of cooling were 
combined to give the values shown for th ree energ ies , developed from col­
lapsing the 7-group s o u r c e s : 

Mev Mev/( sec) (watt) 

1 
2 
3 

1.02 X 10^° 
3 .3 X 1 0 ' 
2 . 8 2 X 10® 

After 250-Mw operat ion and 12 hr of cooling, the fission 
product g a m m a - r a y flux at the top of the fuel subassembl ies is 

Mev Mev/(cm )(sec) 

1 
2 
3 

8 X 10^ 

2 X 1 0 ' 
7 X 10® 

After the sodium has been lowered to the top of the sub-
assennblies , the total g a m m a - r a y flux at the surface of the sodium from 
fission products and from sodium that has cooled 12 hr is 

Mev Mev/(cm )(sec) 

1 
2 
3 

8 X 10^ 
3 x 1 0 " 
8 X 1 0 " 

Five feet of magnet i te concre te shielding at the top of the 
fuel handling cell will reduce this flux to a dose of about 1 m r / h r on top of 
the cel l . 

In the radia l d i rect ion, the reflector and vesse l shield the 
fission product gamma rays so that 61 cm of magneti te concrete would 
reduce the dose to below to l e r ance . However, the flux from the sodium 
requ i res the shielding provided by the ves se l and five feet of magneti te 
concre te to reduce the dose to about 1 m r / h r . 

3. During Fuel Trans fe r 

Based on calculat ions that convert the subassembly to an 
equivalent line source , the maximum flux inside the fuel-handling cell from 
ten subassembl ies that have cooled 12 hours is es t imated to be 4.5 x 
10^^ Mev/(cm^)(sec) . 



F o r ten subassembl i e s , r ep resen t ing an operat ing power of 
20 Mw, the five-foot magnet i te concrete shielding wall of the cel ls will l imit 
the dose on the outside to l e s s than 0.1 m r / h r . This will mcike it possible 
to place all subassembl ies in the cell if n e c e s s a r y and still be well below a 
to le rance of 7.5 nnr /h r . 

The line source values for a single subassembly with 2 Mw 
of operating power after 12 hr of cooling a r e 

Mev Mev/(cm^)(sec) 

1 
2 
3 

3.3 x 10^* 
1.1 x 10^* 
9.2 X 10^2 

With no shielding this gives a flux a few inches away of about 
4 x 1 0 ^ ^ Mev/(cm^)(sec)jOr about 8 x 1 0 ^ r / h r . 

4. Heat Exchanger and Secondary Coolant Shielding 

The sodium in the heat exchangers will produce an es t imated 
radia t ion of 2 x 10 r / h r in this a r e a . Since Na^* has a half-life of 15 h r , 
one week of cooling will reduce this radiat ion to 9 x 1 0^ r / h r . Seventeen 
days of cooling should make the a r e a access ib le in a radia t ion field of about 
10 m r / h r . 

Without any cooling time the heat exchanger region must be 
shielded by 5 ft (152 cm) of magnet i te concre te to give a dose of l e s s than 
7 m r / h r on the outs ide. 

Calculat ions indicate that the NaK coolant from the heat 
exchangers will have an act ivi ty of 8 x 1 0 ^ Mev/(cm^)(sec) due to the neut ron 
flux outside the p r i m a r y shielding wall of magnet i te concre te . The activity 
will consis t mainly of 2.76 and 1.38-Mev photons from Na^ . 

The secondary NaK coolant will produce a dose of approxi­
mate ly 7 m r / h r at 30 cm f rom the surface of a 40 -cm d iamete r pipe. Con­
sequently, no shielding of the pipes should be n e c e s s a r y . 



VII. REACTOR FLUID FLOW, HEAT TRANSFER, STRESS ANALYSIS 

A. System P r e s s u r e Losses 

Calculated values for p r e s s u r e loss in p r i m a r y system com­
ponents a r e shown in Table XII. The major loss , occurr ing in the reac tor 
co re , was calculated using McAdams 'smooth pipe friction factor re la t ion­
ship. '^7) A flow ra te of 26,200 gpm (1.65 m y sec) was assumed to pass 
through the p r i m a r y sys tem. The r e su l t s indicate that at 75% efficiency, 
the pumping work requ i red for each p r i m a r y loop will be 475 horsepower 
(350 kw). 

Table XII 

PRIMARY SYSTEM PRESSURE LOSSES 

Region 

Pump to r eac to r core inlet 
Reactor core 
Core outlet to heat exchanger 
In termedia te heat exchanger 
Heat exchanger to pump 

Total loop p r e s s u r e drop 

P r e s s u r e Loss , 
psi (atm) 

9.6 (0.65) 
47.5 (3.24) 

4.7 (0.32) 
4.0 (0.27) 
3.6 (0.25) 

69.4 (4.73) 

The stat ic p r e s s u r e s at var ious points in the system that co r ­
respond to the above p r e s s u r e drops a r e indicated in Fig. 10. This shows 
that the argon gas p r e s s u r e above the sodium in the reac tor is 8 psig 
(0.54 a tm) , which is cons idered reasonably low for sealing of the blanket 
gas at the r eac to r cover plug. 

The re su l t s of p r e s s u r e loss calculations in the secondary 
sys tem components and piping a r e shown in Table XIIL 

Table XIII 

SECONDARY SYSTEM PRESSURE LOSSES 

Region 

In termedia te heat exchanger 
Air cooled heat exchanger 
Piping 

Total loop p r e s s u r e drop 

P r e s s u r e Loss , 
ps i (atm) 

7.2 (0.49) 
0.3 (0.02) 

18.7 (1.27) 

26.2 (1.78) 



Using the above p r e s s u r e drop data and an efficiency of 75%, 
the calculated pumping work for each secondary loop will be 220 horsepower 
(165 kw). 

B. Reactor Coolant Distr ibution 

Because of the var ied heat generat ion r a t e s in different s ec ­
tions of the overa l l r eac to r core such as ref lector , capsules , fuel e lements , 
open and closed loops, the coolant mus t be dis t r ibuted proport ionately. It 
has been es t imated that the flow r a t e s would be dis t r ibuted approximately 
as indicated by the values in Table XIV. 

Table XIV 

REACTOR COOLANT FLOW RATES, gpm (mVsec) 

F r o m main coolant pumps 
To ref lec tor , including capsules 
To eight open loops 
To 112 fuel e lement posi t ions 
To four c losed loops (independent supply) 

Normal 

25,400 (1.60) 
1,400 (0.09) 
1,600 (0.10) 

22,400 (1.41) 
800 (0.05) 

Maximum 

26,200 (1.65) 
1,400 (0.09) 
2,400 (0.15) 

22,400 (1.41) 
1,200 (0.08) 

The average coolant velocity in a (0.168 cm) channel c o r r e ­
sponding to the above flow ra t e s is approximately 33 f t / s ec (10.1 m / s e c ) . 

C. Hot Channel F a c t o r s 

The hot channel fac tors anticipated for F F T R at tempt to account 
for dimensional deviat ions, uncer ta in t ies in physical cons tants , operat ional 
uncer ta in t ies and empi r i ca l co r r e l a t i ons , and were used to de termine the max 
imum conceivable s teady-s ta te t e m p e r a t u r e s for the coolant and fuel p la tes . 
The fac tors have been formulated mainly from information repor ted by other 
r eac to r p ro jec t s . For example , fac tors assoc ia ted with fuel plate and 
assembly fabricat ion were influenced by those repor ted for the APPR core,(2°] 
which has a plate configuration s imi la r to that of the F F T R . A summary of 
the fac tors employed is shown in Table XV. 

The factors apply to the following t e m p e r a t u r e differences ca l ­
culated for nominal conditions: 

F^T - coolant t e m p e r a t u r e r i s e 
Fgf - film t e rape ra tu re difference 
F@c - t e m p e r a t u r e drop through cladding 
•^9m ~ t e m p e r a t u r e drop through fuel m a t r i x 



T a b l e XV 

F F T R HOT C H A N N E L F A C T O R S 

Fac tor 

Distr ibution of coolant to channels 
Dimensional deviations affecting flow 
Flux distr ibution p rec i s ion 
Fuel concentrat ion 
Fuel thickness 
Cladding thickness 
Mater ia l p roper ty uncer ta in t ies 
Heat t r ans fe r co r re la t ion accuracy 
Power level m e a s u r e m e n t and control 
Overal l factor 

^AT 

1.11 
1.14 
1.10 
1.00 
1.01 

-
1.00 

-
1.08 
1.53 

^ef 

1.04 
1.08 
1.15 
1.01 
1.03 

-
1.01 
1.20 
1.08 
1.74 

^ec 

_ 

-
1.15 
1.01 
1.03 
1.10 
1.05 

-
1.08 
1.50 

^ 0 m 

_ 

-
1.15 
1.01 
1.06 

-
1.15 

-
1.08 
1.53 

D. C o r e H e a t T r a n s f e r 

The p o w e r ou tpu t f r o m a s ing le s u b a s s e m b l y at m a x i m u m p o w e r 
d e n s i t y is 2.36 Mw wi th a chopped c o s i n e ax i a l d i s t r i b u t i o n . A p e a k h e a t flux 
of 975,000 Btu/ (hr ) ( f t^) [308 w a t t s / c m ^ ] i s ob ta ined . S t e a d y - s t a t e t e m p e r a ­
t u r e s for the s u b a s s e m b l y hot spo t a r e shown in T a b l e XVI for bo th n o m i n a l 
cond i t i ons and the a d v e r s e c a s e ( n o m i n a l cond i t ions wi th the ho t c h a n n e l 
f a c t o r s of T a b l e XV a p p l i e d ) . The n o m i n a l f i lm coeff ic ien t w a s c a l c u l a t e d 
to be 72,100 Btu/ (hr ) ( f t^) (°F)[41 w a t t s / ( c m ^ ) ( ° C ) ] f r o m the r e c o m m e n d e d 
equa t ion of Ref. 5. F o r the c a l c u l a t i o n of fuel t e m p e r a t u r e s , a t h e r m a l c o n ­
duc t iv i ty of 9.3 B tu / (h r ) ( f t ) ( °F ) [0.16 wa t t s / ( cm) ( °C) ]was e s t i m a t e d for the 
fuel m a t r i x . 

T a b l e XVI 

SUBASSEMBLY T E M P E R A T U R E S 
°F (°C) 

Coolant inlet t e m p e r a t u r e , T^ 
Coolant t empera tu re r i s e , A T ( ^ ) 
F i lm t e m p e r a t u r e drop, 9^\^) 
Tempera tu re drop in clad, ^„'^^ 
Tempera tu re drop in fuel, ^y^i^) 
Fuel ma t r i x t e m p e r a t u r e , Tj^(a-) 
Maximum coolant r i s e , ATc 
Maximum coolant t e m p e r a t u r e , Tjx 

Nominal Case 

500 (316) 
258 (143) 

10 (6) 
25 (14) 
97 (54) 

990 (533) 
292 (162) 
892 (478) 

Adverse Case 

600 (316) 
396 (220) 

17 (10) 
38 (21) 

149 (83) 
1200 (650) 
446 (248) 

1046 (564) 

(^)at po in t of nnax imum fuel t e m p e r a t u r e . 



Coolant flow capacity in the exper imenta l loops would provide 
for 150% of the power output of the nonexper imental fuel a s s e m b l i e s . Actual 
flow ra te s used, however , would depend on the nature of the experiment and 
could be control led by the e lec t romagnet ic pumps in the individual loops. 

Heat genera ted in the bery l l ium modera to r will be t r a n s f e r r e d 
to leakage sodium flowing outside the fuel assembly . The maximum b e r y l ­
l ium t e m p e r a t u r e would exceed the peak coolant t empera tu re by only a 
few deg rees , reaching about 1050°F ('566°C) in the wors t case . 

Approximately 5% of the core flow rate has been alloted for 
ref lector and capsule cooling, in propor t ion to the fract ion of heat produced 
in the ref lec tor . However, the detailed a r r angemen t of the ref lec tor has 
not been es tabl ished; hence this value is a f i r s t approximation. 

E. Cooling of Spent Fuel 

During refueling per iods p r io r to removal from the co re , the 
spent fuel a s semb l i e s will be cooled by sodium circulat ing through the r e ­
fueling cooling sys tem. Siofficient sodium flow would be provided so that 
bypassed flow through one open fuel a s sembly position could be to lera ted . 
Sodium t empe ra tu r e during refueling would be kept to around 150°C, 
allowing some t e m p e r a t u r e potential for heat diss ipat ion while maintaining 
a reasonable t e m p e r a t u r e environment for handling equipment. 

It is e s t ima ted that operat ions p r i o r to withdrawing fuel a s s e m ­
blies f rom the core could be completed approximate ly 12 hr after shutdown, 
at which t ime decay power would be about 0.22% of full power. The spent 
fuel a s semb l i e s would be lifted from the core through the argon a tmosphere 
to a cleanup cel l . Without external cooling, the t empera tu re in the hottest 
subassembly could r i s e as much as l ° c / s e c . The poor heat t r ans fe r p rop ­
e r t i e s of argon and the possibi l i ty of a low (radiant heat) emiss iv i ty film of 
sodium over the fue l -assembly surfaces makes this ra te a fair ly rea l i s t i c 
approximation. Unreasonably long decay t imes would be requ i red before a 
na tura l -convect ion cooling sys tem would be adequate. These fac to r s , 
coupled with the consequences of a meltdown into the sodium, make a pos i ­
tive cooling sys tem mandatory for this operat ion. It is proposed that a 
cooling s t r e a m of argon be supplied to an a s sembly during the t r ans fe r . 
Approximately0.05 mv"^ i^°^40°C argon should be adequate to maintain 
plate t e m p e r a t u r e s within 260°C. 

After cleanup, the fuel a s s e m b l i e s will be placed in a s torage 
canal where na tura l c i rcula t ion of water should provide sa t i s fac tory cooling. 



F . S t re s s Analysis 

S t r e s se s in seve ra l components of the sys tem were calculated 
for s t eady-s ta te conditions. The analys is of other c l a s ses of loadings, in 
pa r t i cu la r of t he rma l shock, is important for this type of reac to r but was 
beyond the scope of this study. 

1. Fuel Element S t r e s se s 

Thermal s t r e s s e s in the fuel plate have been es t imated for 
a heat flux of 308 watt /cm^. Three si tuations were considered: (l) nominal 
plate dimensions and operating conditions, (2) "hot spot" conditions obtained 
using hot channel factors , and (3) a condition approximating that which might 
r e su l t from a s ta t i s t ica l analys is of hot channel conditions for a low 
order of probabil i ty of occu r rence . The rma l s t r e s s e s calculated on an e l a s ­
tic bas is a r e a s follows: 

Case cjpijgx a ciad 

1 
2 
3 

-1840 
-2450 
-2140 

2860 
4280 
3820 

where a is the s t r e s s in kg/cm^. The s t r e s s e s were calculated assuming 
uniform heat generat ion and a s y m m e t r i c a l t empera tu re distr ibution in the 
plate . Although the yield s t rength is exceeded, init ial yielding at s tar tup 
would re l ieve the s t r e s s e s . Information presented in Ref. 29 indicates 
that at l eas t 1000 the rma l cycles can be experienced before failure under 
a s t r e s s of 4200 k g / c m could occur (as calculated on the basis of e las t ic 
theory). Since the fuel will undergo only a few the rma l cycles in i ts l ife­
t ime, this endurance appea r s to be adequate; however, possible dis tort ion 
of the fuel e lement has not been invest igated. 

In the case of the end plate, the t empera tu re distr ibution 
would be a s y m m e t r i c about the plate center l ine and some l a t e ra l p r e s s u r e 
differences can occur a s a r e s u l t of unequal veloci t ies in adjacent channels. 
These cons idera t ions would affect the tabulated values somewhat, as would 
s t r e s s e s resul t ing from the in teract ion between the fuel plates and the 
re la t ive ly cool sheath. 

The prob lem of c r i t i ca l veloci t ies for plate collapse was 
considered. Where adjacent channels a r e nominally equispaced, a collapse 
velocity of 30 m / s e c was de te rmined for the case of simply supported 
plates with no p r e s s u r e communicat ion between channels . The equations 
of re fe rence 30 were used, nominal dimensions and uniform s t rength through 
clad and fuel being a s sumed . This resu l t , however, does not apply to the 
case of the end fuel plate where a l a t e r a l force will normal ly exist , the 
magnitude of which will depend on the effectiveness of the side slots in 
equalizing coolant p r e s s u r e s . 



2. Moderator Grid S t r e s se s 

Steady-state t he rma l s t r e s s e s were calculated for the 
beryl l ium gr id . Treat ing the gr id web as an infinite plate, a the rmal 
s t r e s s of about 185 kg/cm^ was obtained. This s t r e s s is eas i ly within 
s t rength l imi ts attainable from severa l fabrication p r o c e s s e s and should 
provide sufficient marg in for embr i t t l ement due to radiat ion. The be ry l ­
lium, however, mus t be guarded against severe t he rma l shocks. The 
extent to which the fue l -assembly sheath and operat ional p rac t i ces can 
provide this protect ion mus t be determined. 

3. Reactor Vesse l S t r e s se s 

S t r e s s e s in the r eac to r v e s s e l were calculated for 7 a tm 
design p r e s s u r e and 250-Mw operat ion. Reasonable s t r e s s levels were 
obtained for the thin-walled s ta in less v e s s e l and a r e tabulated below. 
A maxinnum heating ra te of 2 w a t t s / c m at the core midplane was calcu­
lated, leading to an average wall t empe ra tu r e of 13°C in excess of inner 
surface t e m p e r a t u r e . 

Source of S t re s s 

Coolant p r e s s u r e 
The rma l load 
Weight on walls 

Combined s t r e s s 

S t r e s s e s in P r e s s u r e 
Vesse l Wall, kg/cm^ 

Axial 

140 
610 

28 

778 

Tangential 

280 
610 

890 



VIII. COST ESTIMATE 

As a basis for cost est imating, a hypothetical reac tor site was 
assumed to be located at the Idaho Testing Station. Costs at other indus­
t r i a l si tes that a r e c loser to populated a r e a s may be reduced because of 
available ut i l i t ies , but this cost reduction may be part ial ly offset by the 
possible requi rement for a containment vesse l . 

There may also be a cost saving if the reac tor is installed next to 
existing facil i t ies, such as the MTR and ETR, if such facilities can readily 
accommodate additional requ i rements for increased ut i l i t ies . A compar i ­
son can be more accura te ly determined after detailed engineering of the 
reac tor and plant studies have been made. 

A. Capital Costs 

The capital cost of the FFTR (see Table XVIl) was derived from 
costs of comparable equipment and buildings of facili t ies, such as ETR, 

Table XVII 

F F T R REACTOR COST ESTIMATE 
(Thousands of Dollars) 

Buildings 
Construction 

Land innprovement 255 
Reactor building s t ruc ture (including canal, office, lab) 3,045 
Cri t ical experiment s t ruc ture 1,310 
Sodium, NaK, ga s - s t o r age building 97 
NaK pump building 97 
Waste products building 144 
Tunnel 128 
Guard and fire house 10 
Outside uti l i t ies 1,047 
E lec t r i ca l (exterior and standby) 980 
Miscellaneous equipment and sys tems 375 

Subtotal 7,488 
Engineering, design, inspection (10%) 750 

8,238 
Contingency (20%) 1,648 

Construction Total 9,886 

Reactor Plant 
P r e s s u r e ve s se l and in ternals , plug 1,450 
Control mechan isms 1,000 
P r i m a r y piping and sys tem (sodium) 2,700 
Secondary piping and sys tem (NaK) 2,400 
Instrumentat ion 1,700 
Fuel-handling cells and equipment 2,000 
Test loop including power supply and instrumentat ion 4,700 
Other sys tems, gas, s torage, waste 2,400 

Engineering, design (15%) 

Contingency (25%) 
Components and Systems Total 
GRAND TOTAL 36,261 

18, 
2, 

21, 
5, 

26, 

350 
,750 
,000 
,275 
,375 



EBWR, EBR-II, existing c r i t i ca l facil i t ies, and other genera l figures oncos t 
of plant construction. Costs of severa l of the major components were e s ­
tabl ished using manufac tu re r s ' cost es t imates . Experience has shown such 
es t imates to be low; hence,appropr ia te increasing factor s were applied. 

The concept of the FFTR is p re l iminary in nature and costs of 
many par t s of the sys tem could only be roughly est imated. A more detailed 
design must be developed to es tabl ish costs more accurately. However, it 
was recognized that the reac tor sys tems will be complex and this thought 
is reflected in the cost es t imate . 

It must be rea l ized that the cost of the exper imental loops is 
$6,756,000 (including engineering and contingency), and this amount is in­
cluded in the total cost es t imate . These loops a r e considered a par t of the 
reac tor complex and must be tied in with the plant operation. Normally, for 
water -cooled tes t r e a c t o r s , tes t loops a re not a par t of the first capital 
cost of the r eac to r . 

It is believed that the building construction costs can be es t ab ­
lished somewhat more readi ly than the reac tor sys tem costs . Thus, 20% 
contingency has been applied to the building cost and 25% to the reac tor 
sys tem. Likewise, the design of the reac tor system is thought to be more 
difficult as ref lected in the 15% engineering fee for this system. 

There a re various cost i tems which have not been considered 
in the overal l capital cost for the plant. In par t icu lar , the i tems that 
could inc rease the construction cost a r e : p remium t ime , bus t ranspor ta t ion , 
t empora ry w^ater and power supplies , t empora ry lunchroom, cleaning 
qua r t e r s , ambulance and fire t rucks , access roads , ra i l road spu r s , t r a n s ­
miss ion l ines , development engineering, tes t , inspection and preoperat ional 
test ing, building pe rmi t s and miscel laneous fees, insurance and taxes , ad­
minis t ra t ive cost (AEC and o thers) , and escalat ion. 

B. Core Cost 

The core cost is es t imated to be $200,000 for the beryl l ium grid, 
including m a t e r i a l and fabrication, and $300,000 per core loading for the 
fuel fabrication. 

The fuel cost on an annual bas is is not included, but the following 
charac te r i s t i c quantities and costs a r e l isted in Table XVIII as a rough guide: 

Table XVIII 

ANNUAL CORE COST R E F E R E N C E QUANTITIES 
(200-Mw core) 

Burnup U^'^ kg ~ 8 0 
F a b r i c a t i o n Cost, 4-6 C o r e s , do l l a r s 1,200,000-1,800,000 
Be ry l l i um (2-year cycle) , do l l a r s 100,000 



C. Operating Costs 

The operating cos ts (Table XIX) include wages and sa la r ies for 
188 persons with an average annual allowance per person of $14,000 including 
indirect charges . The power cost is based on 7,000 kw/hr consumption at 
10 mi l /kw hr and 300 operating days per year . The operating costs for 
exper iments a r e not included. 

Table XIX 

ANNUAL OPERATING COSTS 
(Dol la rs ) 

Wages and s a l a r i e s 2,630,000 
Power 500,000 
Na, NaK, gas m a k e - u p 100,000 
Heating fuel 10,000 
D e m m e r a l i z e r beds and f i l t e r s 10,000 
Maintenance suppl ies 50,000 
Waste-handl ing suppl ies 30,000 
Misce l l aneous m a t e r i a l s and suppl ies , spec ia l s e rv i ce , 

ca fe te r i a , buse s , f i r s t aid, te lephone , t e l eg raph 250,000 
3,580,000 

The number of personnel (see Table XX) required for the oper­
ation of the FFTR is es t imated on the basis of (l) the plant facilities requiring 
servicing and normal operation, and (2) the service , analysis and liaison 
act ivi t ies assoc ia ted with the exper imental work. No allowance is made for 
personnel assigned direct ly to the exper iments . Cri t ical experiments a re 
a s sumed par t of the duties of this staff. 

In the event that the facility would become integrated with existing 
plants, such as the ETR-MTR, the number of personnel might be revised 
downward. 

Table XX 

PERSONNEL REQUIREMENTS 

Di rec to r 1 
A s s i s t a n t D i r ec to r 1 
Shift S u p e r v i s o r s 4 
Fac i l i t y S u p e r v i s o r s 4 
Shift F o r e m e n 4 
Technic ians 40 
Waste O p e r a t o r s and He lpe r s 8 
Engineer ing and Review Group 12 
P h y s i c i s t s 4 
Reac to r O p e r a t o r s 10 
Se rv ice P e r s o n n e l including J a n i t o r i a l 30 
Health P h y s i c s Superv i sor 1 
Heal th P h y s i c s Shift At tendants 8 
Plant P ro j ec t Engineer ing Group 8 
P lan t Opera t ion Group 13 
Maintenance Supe rv i so r 1 
A s s i s t a n t Maintenance Superv i sor 1 
Maintenance F o r e m a n , Mechanic 1 
T r a d e s 20 
S e c r e t a r i a l 4 
C l e r k s 4 
Rad iochemis t 1 
P lan t P r o t e c t i o n 6 

188 



IX. TIME SCHEDULE 

A t ime schedule has been p repa red to indicate dates at which the 
var ious s tages of p r o g r e s s could be expected to occur . It should be under 
stood that the schedule is based on a reasonable p r io r i ty and ear ly ass ign­
ment of personnel , and of Arch i t ec t -Eng inee r . 

M960H«-196l 1966* 

Conceptual Design 

P r e l i m i n a r y Design 

Development Engineering 

Detailed Design and 
Archi tec t -Engineer ing 

P rocuremen t and 
Construction 

Preopera t iona l Testing 

Power Operation 

(1) Feasibi l i ty Report 

(2) Design Report 

(3) Hazard Report 

It has also been a s sumed that a development p rog ram, par t i cu la r ly in the 
a r ea of c r i t i ca l exper imentat ion, component test ing, heat t ransfe r analysis 
and fluid flow simulated t e s t s will rece ive ea r ly emphas i s . Dates for three 
essen t ia l r epo r t s a r e also shown. 



X. FUTURE STUDIES 

Throughout the feasibil i ty study, the objective has been to draw from 
existing technology, pa r t i cu la r ly that based on the EBR-I, EBR-II and the 
F e r m i r eac to r s . '^l "•34; Hence, future studies should include minimum 
development effort. Two impor tant depar tu res from the present b reeder 
reac to r designs a r e with r e spec t to the fuel-handling sys tem and the pos i ­
tion of the control rod drive mechan i sm. Although both i tems have been 
developed, their application to the sodium-cooled tes t reac tor will requi re 
further effort and t e s t work. 

A possible a l te ra t ion is the use of a hexagonal ra ther than a square 
grid for the fuel e l ements . The square grid has been used p r imar i ly because 
of the commerc i a l availabil i ty of the UO^-stainless steel fuel p la tes , thus 
avoiding possible major additional fuel development cost . It is possible that 
c i r cu la r fuel e lements to be used in a hexagonal grid could be obtained at 
s imi lar cost . The hexagonal grid would probably be more advantageous from 
the standpoint of sample shapes . 

A suggested a l te rna te c o r e * is in the shape of a skewed a r rangement 
s imi la r to the a r rangement adopted for the Belgian Test Reactor BR-2.'3='; 
Conceivably, this a r r angemen t may i nc r ea se accessibi l i ty to the core for 
tes t specimen and control r o d s . Evaluation of the m e r i t s of this proposal 
is beyond the scope of the p resen t r epor t . The application of the i n t e r m e ­
diate r eac to r concept using bery l l ium in the in te rs t i ces between the fuel 
e lements would probably not be feasible with this design because of the 
neces sa r i l y l a rge axial var ia t ion in beryl l ium th ickness . Ber-yllium would 
probably have to be incorpora ted d i rec t ly in the fuel e lements , and some 
heavier m a t e r i a l , such as s tee l , used to fill the i n t e r s t i c e s . 

Another possible change would be the use of Pû -*̂  as fuel instead of 
U . This would allow possibly an inc rease in sample fission r a t e s for the 
same power and would tend to reduce surface flux depress ion effects m Pu " 
s ample s . To evaluate the use of Pu one would need information about the 
cost of fuel fabricat ion, the value of the Doppler effect, and the value of the 
sodium void coefficient. 

Exceptionally high puri ty of the sodium coolant is requi red for the 
protection of the bery l l ium. Since the degree of purification is above that 
obtained in current ly operat ing or planned sodium-cooled r e a c t o r s , develop­
ment work should be d i rec ted toward the most sat isfactory purifying sys tem. 

Some of the additional work that should receive ear ly considerat ion 
in the next design study may be l i s ted within the next ca tegor ie s . 

* W. H. Jens , Atomic Power Development Associa tes •- Pr iva te 
Communication 



A. Design 

(1) Fur the r work of the FFTR concept should f i rs t be directed 
toward a m o r e detailed design of the r eac to r vesse l and 
in te rna l s , exper imenta l loops, ins t rument connections, and 
plug design. 

(2) The fuel - t ransfer faci l i t ies , including the cooling sys t ems , 
lighting, manipu la tors , and handling tools , should be studied 
in g rea t e r detai l . A mockup facility should be const ructed 
for simulating the fuel - t ransfer operat ion. 

(3) A detai led study should be made of the optimum component 
s izes for the p r i m a r y and secondary coolant s y s t e m s . 

(4) The select ion of the control rod drive sys tem should p r e ­
ferably include an a l te rna te sys tem, and both dr ives should 
be developed. Such a p r o g r a m should include a tes t facility 
to conduct a control rod tes t at s imulated reac to r operating 
conditions of t e m p e r a t u r e and p r e s s u r e . 

(5) Al ternate core designs should be studied. The geometr ic 
configuration of the control rods in the core is to be studied 
to obtain reasonable control rod center l ine dis tances for 
instal la t ion of the d r ive s . 

(6) The bery l l ium gr id design should be studied. It is now 
visual ized that the gr id will consist of sect ions , p la tes , or 
boxes, or a combination of these . The design of the grid 
should be c losely t ied to the fabrication technique that will 
be developed. Suitable fastening methods mus t be developed 
to mainta in the r equ i red la t t ice openings and to pe rmi t 
per iodic r ep lacemen t . 

B. Phys ics 

A number of uncer ta in t ies in the physics have a l ready been 
pointed out which it would be des i rab le to reso lve by means of c r i t i ca l ex­
pe r imen t s before the final design of the r eac to r was a t tempted. The indi­
cated m e a s u r e m e n t s a r e summar i zed below: 

(1) Doppler effect m e a s u r e m e n t s ; 

(2) c r i t i ca l m a s s m e a s u r e m e n t s ; effect on reac t iv i ty of d i s ­
placement of no rma l reac to r fuel by samples ; effect of 
spatial var ia t ion in r eac to r fuel loading; 

(3) control rod wor ths ; reac t iv i ty coefficients of fuel, s t ruc tu ra l 
m a t e r i a l , coolant, and poisons; 



(4) power distr ibution in samples and effective sample fission 
c r o s s section; per turbing effect on power distribution of 
interact ion among samples and of control rod inser t ion; 
optimum loop locat ions , 

(5) energy spec t rum m e a s u r e m e n t s ; 

(6) study of effect of varying Be/u^''^ ra t io and core size from 
standpoint of obtaining a suitable combination of sample 
i r rad ia t ion r a t e , sample power distr ibution, total reac tor 
power, and r eac to r fuel l i fet ime. 

C. Heat Trans fe r , Fluid Flow, S t ress Analysis 

Analytical work to be pe r fo rmed in further detail design of the 
plant would requ i re routine studies on i t ems such as cell cooling, t rans ient 
pe r fo rmance , fluid sys tems ana lys is , exper imenta l loop design, p r e s s u r e 
vesse l and sys tems design ana lys i s , emergency and shutdown cooling, insu­
lation and heating coil design, and shield cooling. 

In addition, special studies should be directed toward the follow­
ing p rob l ems : 

(1) A core a r r angemen t s imi la r to that in the EBR-II design 
was f i rs t cons idered for the FFTR in which the upward 
hydraulic force on a fuel element is par t ia l ly offset by a 
hydraulic downward force on a lower fuel element exten­
sion. However, for the F F T R a mechanical hold-down 
scheme was selected which was thought to resu l t in a 
shor te r fuel e lement , lower cost , and bet ter control over 
flow dis t r ibut ion. The subject of hydraulic and mechanical 
r e s t r a i n t of the fuel a s sembl i e s r equ i res more detailed 
cons idera t ion . 

(2) Down flow of coolant should be examined as a possible 
means for el iminating the need for fuel element hold-down 
devices . 

(3) The p r e s s u r e drop, vibrat ion and deflection c ha ra c t e r i s t i c s 
of the fuel e lement must be evaluated exper imental ly . A 
study of the combined effects of the rmal and p r e s s u r e load­
ing on fuel-plate behavior should be undertaken. 

(4) The calculated max imum fuel and beryl l ium t e m p e r a t u r e s , 
based on hot channel fac tors , impose l imitat ions on the core 
power density with des i rab ly high sodium t e m p e r a t u r e s . A 
re-exain ina t ion of the hot channel factors using a s ta t is t ical 
bas i s and a review of the t empera tu re l imitat ions of the 
m a t e r i a l s involved may indicate capabil i t ies for obtaining 
higher core power. 



(5) The pract icabi l i ty of substituting sodium as the heat t r a n s ­
fer fluid in the secondary sys tem should be invest igated. 

(6) Spent fuel-element conditions during t ransfer from the core 
to the water canal and the var ious possible cooling methods 
should be further evaluated. 

D. Metallurgy 

It is quite likely, based on presen t development p r o g r a m s , that 
fuel m a t e r i a l s with p rope r t i e s super ior to U02-s ta in less steel will soon be 
avai lable . For example, d i spers ions of UN in s ta inless steel a r e being 
developed; these pe rmi t fuel densi t ies to be achieved that a re much higher 
than those which a r e presen t ly obtainable using UO2 as the d i spersed 
phase.(3^) 

It is further visual ized that the fabrication technique for fuel 
e lements and the bery l l ium lat t ice will need considerably more study. The 
l i t e r a tu re on the co r ros ion of bery l l ium is somewhat l imi ted and it has not 
been c lea r ly demons t ra ted that bery l l ium is sufficiently cor ros ion r e s i s t an t 
for the application, or that a sa t i s fac tory sodium environment of ex t remely 
low oxide content can be mainta ined. Support work in this category is 
advised. 

Since the use of uncladberyl l ium under p resen t ly specified cool­
ant t e m p e r a t u r e s and flow r a t e s appears marg ina l , considerat ion should 
also be given to plating or cladding the bery l l ium. 

The use of a lower coolant t empe ra tu r e may be advisable for 
the use of beryl l ium to reduce swelling due to helium production.(37,38) 
Fur the r studies should be made in this connection. 
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T a b l e XXI 

SET I. CROSS SECTIONS 

(BARNS) 

N o t e : Oj\ i s t o t a l g roup r e m o v a l c r o s s s e c t i o n 

G r o u p 

1 
2 
3 
4 
5 
6 
7 
8 
0 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

E , Mev 

1.353-00 

0 . 8 2 5 - 1 . 3 5 3 
0 .498 -0 .825 
0 . 3 0 2 - 0 . 4 9 8 
0 .183 -0 ,302 
0 , 1 1 1 - 0 . 1 8 3 
0 . 0 6 7 - 0 . 1 1 1 
0 . 0 2 5 - 0 , 0 6 7 
0 .00912 -0 .025 
1000 -9120 ev 
4 0 0 - 1 0 0 0 
120 -400 
4 7 - 1 2 0 
1 6 - 4 7 
6-16 
2 - 1 6 
0 .7 -2 
0 . 4 - 0 . 7 
t h e r m a l (3l6°C) 

^ ( F i s s i o n S p e c t r u m 
D i s t r i b u t i o n ) 

0.574 
0.18 
0,115 
0.065 
0.034 
0,017 
0.008 
0.006 
0.001 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



Table XXI (Cont'd ) 

U235 

Group 

J = 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 

O A 

2 626 
2 2 

2 329 
2 428 
2 255 
2 502 
2 623 
3 192 
4 281 
9 038 

20 124 

28 69 
48 581 
58 939 
66 946 
39 287 
54 8J1 
90 15 

410 0 

3<^TR 

14 07 
14 55 
16 5 
20 16 
25 02 
31 5 
34 8 
38 4 
42 3 
56 66 
90 27 
H I 6 
185 0 
223 7 
231 9 
140 2 
193 0 

299 8 
1230 0 

va p 

3 56 

3 19 
3 05 
3 14 
3 46 
3 94 
4 43 
5 41 
7 38 

14 76 

32 79 
46 96 
84 72 
94 81 
57 37 
44 55 
72 05 

147 6 
850 0 

k=/j + 1 

0 466 
0 45 

0 509 
0 548 
0 356 
0 302 
0 223 
0 122 
0 081 
0 038 
0 094 
0 07 
0 091 
0 079 
0 086 
0 077 
0 081 
0 15 

a 

J + 2 

0 28 
0 22 
0 24 
0 25 
0 13 
0 13 
0 02 
0 01 

IN (j-^k) 

J + 3 

0 19 
0 11 
0 13 
0 12 
0 09 
0 05 

J + 4 

0 13 
0 06 
0 06 
0 09 
0 03 
0 01 

J + 5 

0 11 

0 03 
0 04 
0 03 
0 01 

J + 6 

0 08 
0 02 
0 02 

Group 

J = 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 

<̂ A 

2 625 
1 277 
0 406 
0 482 
0 528 
0 614 
0 704 
0 595 
0 711 
0 873 
1 67 
1 091 
0 41 

0 669 
0 638 
0 59 
0 451 
0 734 
1 6 

3axR 

14 22 
14 67 
17 07 
20 67 
25 62 
30 9 
34 2 
37 2 

39 3 
60 
60 
50 6 
32 25 
29 52 

29 91 
28 02 
28 5 
28 5 
37 11 

va-^ 

1 45 
0 104 

OlN (j-—k) 

k=/j+l 

0 532 
0 432 
0 263 
0 354 
0 333 
0 414 
0 364 
0 135 
0 111 
0 073 
0 17 
0 H I 
0 094 
0 072 
0 08 
0 067 
0 073 
0 134 

J + 2 

0 75 

0 35 

0 05 

0 02 
0 02 

J+3 

0 437 

0 22 

J + 4 

0 137 
0 11 

J + 5 

0 119 

J + 6 

0 09 



T a b l e XXI (Con t ' d . ) 

B e 

G r o u p 

J = 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

°A 

0.43 
1.09 
1.44 
1.51 
1.8 
2 .14 
2.35 
1.22 
1.22 
0 .57 
1.36 
1.05 
1.33 
1.16 
1.27 
1.13 
1.19 
0 .147 
0.0059 

3<^TR 

4.5 
7.38 
9 .78 

10.26 
12.24 
14.46 
15.84 
16.41 
16.41 
16 .67 
16 .67 
16 .67 
16 .67 
16 .67 
16 .67 
16 .67 
16 .67 
16 .67 
19.5 

°IN (J-»k) 

k = / j + l 

0.32 
1.09 
1.44 
1.51 
1.8 
2.14 
2.35 
1.22 
1.22 
0.57 
1.36 
1.05 
1.33 
1.16 
1.27 
1.13 
1.19 
0.147 
0 

j + 2 

0.17 

j + 3 

0.01 

j + 4 

0.01 

j + 5 

0.01 

J + 6 

0.01 

F e 

G r o u p 

J = 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

V 

0.739 
0.51 
0.155 
0.237 
0.215 
0.229 
0.281 
0.166 
0.135 
0.135 
9.384 
0 .324 
0.426 
0 .408 
0.494 
0.546 
0.726 
1.194 
1.78 

3 ^ T R 

6.41 
5.73 
6 .47 
9.93 
8.88 
9.42 

11 .58 
13.2 
10 .38 
22 .53 
28.5 
30 .03 
30 .24 
30 .33 
30 .48 
30 .75 
31.26 
31 .77 
39 .24 

k = / j + 1 

0 .417 
0.111 
0.152 
0.233 
0.209 
0.221 
0.272 
0.155 
0.122 
0.12 
0 .367 
0.295 
0.378 
0.329 
0.361 
0.323 
0 .338 
0.634 

j + 2 

0 .283 
0.156 

'3 IN (J-*-k) 

j + 3 

0 .016 
0.094 

j + 4 

0.011 
0 .057 

j + 5 

0.006 
0.035 

J + 6 

0.004 
0.054 



T a b l e XXI (Cont 'd . ) 

Na 

G r o u p 

j = 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

^ A 

0.493 
0,671 
0.865 
0,541 
0,65 
0,552 
0,576 
0,382 
0,379 
0.682 
0.223 
0.196 
0.209 
0.216 
0.237 
0.244 
0.276 
0.571 
0.30 

3 ^ T R 

6 
8.3 

12.4 
9.6 

11.2 
9.8 

10.2 
13.5 
13.4 

6,0 
9.9 
9 
9 
9 
9 
9 
9 
9 

10.5 

^ IN ( J - ^ k ) 

k = / j + l 

0,432 
0.607 
0.716 
0.54 
0.649 
0.551 
0.575 
0,379 
0.378 
0.68 
0.22 
0.19 
0.2 
0.2 
0.2 
0,2 
0.2 
0.46 

j + 2 

0 ,0259 
0,064 
0.0732 

0 

j + 3 

0.0182 
0 

0.0441 
0 

j + 4 

0.0118 
0 

0,0268 
0 

j + 5 

0.005 
0 

0.005 
0 

j + 6 

7 
0 



Table XXIl(a) 

SET II. CROSS SECTIONS BARNS 

Note: a^ is total group removal c ro s s sect ion 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

E, Mev 

3-00 

1,4-3 
0.9-1,4 
0.4-0.9 
0.1-0.4 
0,017-0.1 
0.003-0.017 
550-3000 ev 
100-550 
30-100 
10-30 
3-10 
1-3 
0.4-1 
0,1-0,4 
the rma l (0.025) 

jS (Fiss ion Spectrum 
Distribution) 

0,204 
0.344 
0.168 
0.180 
0,090 
0,014 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

(3-)Cross sect ions for e lements other than 
P u " ' taken from Ref. (11,12) except for 
modifications as noted. The U"^, U"^, 
and Pu^ ' c r o s s sect ions for the f i r s t 
s ix groups a r e identical with those of 
Hansen and Roach, Ref. (11,13) except 
for a var ia t ion in OA caused by a 
change in a(n,7) of Pu^^'. The rma l 
group c r o s s sect ions were not adjusted 
to the operat ing t e m p e r a t u r e of the F F T R 
because of the negligible amount of t h e r ­
mal f issions in the r e a c t o r . 



Table XXII (Cont'd.) 

U235(b) 

Group 
J = 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 

°A 

3.05 
2.73 
2.35 
1.78 
1.74 
3.2 
5.55 

11.15 
25.55 
54.05 
43.05 
37.05 
38.05 
80.05 

224.04 
605.0 

• • 

3 ° T R 

12.75 
13.75 
13.95 
15.6 
23.7 
37.2 
45.3 
63.3 

106.5 
192.0 
159.0 
141.0 
144.0 
270.0 
702.0 

1845.0 

^ ^ F 

3.557 
3.196 
3.087 
2.988 
3.518 
6.125 

10.29 
19.36 
42.87 
83.3 
66.2 
58.2 
75.95 

171.5 
463.05 

1256.9 

OIN (J-*-k) 

k= / j + I 

0.27 
0.24 
0.55 
0.35 
0.08 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.04 

j + 2 

0.37 
0.67 
0.40 
0.08 

j + 3 

0.65 
0.45 
0.07 

j + 4 

0.44 
0.07 

j + 5 

0.06 

("iRead from homogeneous medium self-shielding curves given in Ref. (11,12) 
for Os per atom of 350 barns , corresponding to FFTR core. 

P u " 9 

Group 
j = 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

11 
12 
13 
14 
15 

16 

°A 

3.2 
3.08 
2.71 
2.15 
2.05 
3.05 
3.57 
6.4 

22.1 
39.6 
33.86 
13.37 
30.3 

120.0 
530.0 

1013.0 

30^^ 

12.75 
13.5 
14.4 
17.1 
25.2 
36.0 
40.71 
49.2 
96.3 

148.8 
114.3 

70.11 
120.9 
390.0 

1620.0 
3069.0 

^°F 

6.612 
6.026 
5.472 
4.981 
4.810 
5.86 
7.15 

11.4 
37.2 
71.5 
67.6 
25.4 
58.1 

286.0 
440.0 

2100.0 

kVj+1 

0.20 
0.18 
0.45 
0.29 
0.05 

"^IN (J-^-k) 

j + 2 

0.27 
0.50 
0.30 
0.50 

j + 3 

0.45 
0.35 
0.06 

j + 4 

0.31 
0.05 

j + 5 

0.04 



Table XXII (Cont 'd ) 

Group 

J = 

1 

2 
3 
4 
5 
6 
7 

8 
9 
10 
11 
12 
13 
14 
15 
16 

^A 

2 746 
2 5 75 
1 594 
0 72 
0 24 
0 55 
0 76 

U238.j(c) u"'-Il(d) 

2 06 0 80 
7 05 0 80 

21 06 5 0 
20 06 2 5 
41 06 5 0 

0 46 
0 61 
1 05 
2 44 

3°TR 

12 00 
13 2 
13 5 
15 75 
24 6 
36 0 
42 0 

U23e.j(c) u"»-Il(d) 

45 0 41 22 
54 0 35 25 
90 0 41 82 
87 0 34 32 
150 0 41 82 

28 2 
28 65 
30 00 
34 32 

Oy 

1 725 
1 213 
0 108 

OlN (j-—k) 

k=/j+l 

0 33 
0 35 
0 80 
0 50 
0 08 
0 10 
0 06 

0 06 
0 05 
0 06 
0 06 
0 06 
0 06 
0 06 
0 05 

J + 2 

0 46 
0 96 
0 55 
0 08 

J+3 

0 79 
0 64 
0 10 

J + 4 

0 53 
0 09 

J + 5 

0 07 

'*-'Read f rom homogeneous m e d i u m se l f - sh ie ld ing c u r v e s given m Ref 11, 12 for Og p e r 
a tom of 4650 b a r n s co r r e spond ing to F F T R co re 

(")Read f rom homogeneous m e d i u m se l f - sh ie ld ing c u r v e s given m Ref 11, 12 for Og pe r 
a tom of 30 b a r n s co r re spond ing to dilute r e a c t o r co re Used m " l a r g e " sample 
ca lcu la t ion 

B e r y l l i u m 

Group 
j -

1 
2 
3 
4 
5 
6 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

''A 

0 859 
0 541 
1 207 
0 913 
0 634 
0 655 

Be-l(e) Be-Il(f) 
0 530 0 535 
0 426 0 464 
0 355 0 490 
0 465 0 658 
0 611 0 724 
0 535 0 693 
0 589 0 772 

1 332 
0 884 
0 009 

- • • 

3^TR 

3 873 
4 425 
7 14 
9 93 

11 82 
15 54 

15 84 
16 11 
16 26 
16 38 
16 38 
16 38 
16 38 
16 38 
16 38 
16 707 

OlN (j--k) 

k=/j + 1 

818 
509 

1 207 
913 
634 
655 

Be-l(e) Be-Il(f) 
0 530 0 535 
0 426 0 464 
0 355 0 490 
0 465 0 658 
0 611 0 724 
0 535 0 693 
0 588 0 771 

1 332 
0 884 

J + 2 

0 35 

0 12 

^^'Taken f rom Ref 1 1 , 1 2 except that e las t i c r emova l c r o s s sec t ions m the 
i n t e r m e d i a t e reg ion w e r e adjusted to c o r r e s p o n d to e s t i m a t e d co re s p e c ­
t r u m for a 15 1 Be/v"^ a tom r a t i o These c r o s s sec t ions were u s e d for 
r e a c t o r s with Be/v"^- 20 

( 'Taken f rom Ref 1 1 , 1 2 except that e l a s t i c r e m o v a l c r o s s sec t ions m the 
i n t e r m e d i a t e reg ion w e r e adjus ted to c o r r e s p o n d to e s t i m a t e d co re s p e c ­
t r u m for a 33 B e / u ^ " a tom ra t io T h e s e c r o s s sec t ions w e r e used for 
r e a c t o r s with B e / u " ^ - 20 



Table XXII (Cont'd. 

Fe(g) 

Group 
i = 

8 

9 
10 
11 
12 

13 
14 

15 
16 

^ A 

0.1016 
0.167 
0.254 
0.317 
0.377 
0.543 
0.939 
1.18 
2.24 

3 ^ T R 

21.342 
32.904 
34.092 
34.092 
34.11 
34.11 
34.11 
34.71 
39.12 

OIN 
( j — k ) 

k = / j + 1 

0.0906 
0.14 
0.199 
0.219 
0.207 
0.233 
0.429 
0.270 

Na (g) 

Group 
j = 

8 

9 
10 
11 
12 
13 
14 

15 
16 

^ A 

.141 

.098 

.141 

. 16 

.17 

.212 

.394 

.388 

.447 

3<^TR 

13.635 
9.03 
9.03 
9.09 
9.207 
9.297 
9.630 

10.05 
11.241 

OIN 
( j - » k ) 

k= / j + 1 

0.140 
0.093 
0.130 
0.142 
0.138 
0.155 
0.294 
0.198 

o 16 

Group 
j = 

8 

9 
10 

11 

12 
13 
14 

15 
16 

<^A 

0.162 
0.162 
0.228 
0.248 
0.239 
0.269 
0.489 
0.331 
0.0002 

3 ° T R 

10.72 
10.92 
10.92 
10.92 
10.92 
10.92 
10.92 
10.92 
10.924 

OIN 
( j ^ k ) 

k= / j + 1 

0.162 
0.162 
0.228 
0.248 
0.239 
0.269 
0.498 
0.331 

^S^Taken from Ref. 11, 12 except that elastic 
removal c ross sections in the intermediate 
energy region were adjusted to correspond 
to estimated core spectrum for a 24 Be/u^*^ 
atom rat io. For values for Group 1 to 7 
see these references. 



APPENDIX B 

DESIRED EXPERIMENTAL FUEL BURNUP RATES 

It s eems evident that in o rder to justify its construct ion, the F F T R 
should provide exper imenta l Pu^^' and U^̂ ^ burnup ra t e s significantly higher 
than those which can be attained in EBR-II or in the F e r m i r e a c t o r . 

Considering EBR-II , the maximum power densi ty in the core volume 
is 1.37 Mw/l i t e r ; the fuel alloy is 31,8% of the core volume. The maximum 
fuel alloy power densi ty is therefore 

1,37 Mw/ l i t e r /0 ,318 = 4.31 Mw/ l i t e r . 

The U specific power is 

Alloy Power Density ^ 4.31 = 0 52 kw/e 
(Alloy Density) /wt % U\ 1% Enr i chmen t \ 1 7.9 (0 ,95) (0 ,484) * ' ^' 

\ 100 j V 100 ] 

Consider a fuel sample containing Pu placed in EBR-II . The 
equivalent Pu ^̂  specific power, assuming that (a f Pu^''') = 1.4 (af U ), is 

1,4 (0.52) = 0.73 kw/g . 

In the in te res t of acce le ra t ing r a t e s of burnup, it s e e m s reasonable 
to expect that the F F T R should provide exper imenta l ly available burnup 
r a t e s at leas t 50% higher than those obtainable in EBR-II . In the case of 
plutonium s a m p l e s , the re fore , the F F T R should at leas t be able to produce 
a Pu specific power of 1.1 kw/g„ 

A m o r e rea l i s t i c es t imate of de s i r ed burnup ra tes can be obtained 
by consider ing typical fuel sample i r r ad ia t ions that might be per formed in 
the reactoro A few such examples which a r e believed to cover the ex t remes 
follow with the r e su l t s s u m m a r i z e d in Table XXIII. 

It is recognized that the ve ry high plutonium burnup ra te specified 
for Example (2) probably could not be provided in the proposed r e a c t o r . 
However, spec imens typified by Example (2) could be i r r ad ia t ed with l a rge r 
d i ame te r s to i nc r ea se center fuel t e m p e r a t u r e s . It would be highly d e s i r ­
able if about half of the tes t faci l i t ies in the core of the r eac to r provided 
Pu specific powers in the range of 1.25-1.50 kw/g . Exper iments typified 
by Example (1), (3), and (4) could the reby be accommodated. The r ema inde r 
of the tes t fac i l i t ies , including those in the ref lec tor , should provide Pu^^' 
specific powers ranging downward to approximate ly 0.2 kw/g to a c c o m m o ­
date exper iments of the type shown for Example (5), 



Table XXIII 

MAXIMUM DESIRABLE BURNUP RATES FOR 
EXPERIMENTAL F U E L SPECIMENS IN F F T R 

Example 
No. 

(1) 

(2) 

(3) 

(4) 

(5) 

Exper imenta l 
Fuel 

EBR-II F s Alloy 

Th-20 wt % Pu 

PuC 

UO2-2O vol % PUO2 

Swaged PUO2 

Des i red 
Cent ra l 

Fue l 
Temp, °C 

900 

1000 

1500 

2530 

1400 

Fuel Power 
Density, 
kw/cm 

8.50 

10.3 

19.4 

4,15 

5.27 

Pu"9 
Specific 

Power, kw/g 

1.44 

3,87 

1,52 

2,06 

0,52 

Example (l) - EBR-11 Fuel Alloy 

Assume EBR-II fuel e l ements , enr iched as for EBR-II , to be i r r a ­
diated with a cen t ra l fuel t e m p e r a t u r e of 900°C. The total t empe ra tu r e dif­
ference in the fuel with 430°C coolant is 470°C. Since the total t empe ra tu r e 
difference in EBR-II fuel e lements is 238°C with a fuel power densi ty of 
4,31 kw/cm , the requ i red power densi ty is 

4.31 (470/238) = 8.50 k w / c m l 

T 2 3 5 
The U specific power is 

Alloy Power Density 8.50 

(Alloy Density) [wt % U 
100 

% E n r i c h m e n t \ 
100 ) 

17,9 (0.95) (0.484) 
= 1.03 kw/g . 

If Pu^^' is subst i tuted for U '̂̂ ,̂ assuming no change in flux, less plu­
tonium than uran ium will be needed because of the higher fission c ro s s sec­
tion of Pu , However, since the same total power would then be produced 
by a sma l l e r amount of plutonium, the unit power requ i rements for the Pu 
will i nc rease propor t ionate ly . Assuming that Of Pu^^' = 1 , 4 {o^ U ), the 
Pu specific power would thus be 

239 

1,4 (1.03) = 1.44 kw/g . 



E x a m p l e (2) - T h - 2 0 wt % Pu Al loy 

A s s u m e E B R - I I s i z e fuel e l e m e n t s , wi th fuel t h e r m a l c o n d u c t i v i t y 
equa l to U - F s a l l o y . A m a x i m u m fuel t e m p e r a t u r e of 1000°C i s d e s i r e d . 
The t o t a l t e m p e r a t u r e d i f f e r e n c e , a s s u m i n g 430*'C coo lan t , i s 570°C. Us ing 
the s a m e p r o c e d u r e as in E x a m p l e ( l ) , the r e q u i r e d a l loy p o w e r d e n s i t y i s 

(4.31 k w / c m ^ ) (570°C/238°C) = 1 0 . 3 k w / c m ^ 

The P u s p e c i f i c p o w e r i s 

Al loy P o w e r D e n s i t y _ 10.3 _ , 239 

(Alloy D e n s i t y ) / w t % P u " ^ " 13.3 (0.2) " ^ ' ^ ^ ^^^^ ^"^ ' 

100 

E x a m p l e (3) - PuC 

A s s u m e E B R - I I s i z e e l e m e n t s , wi th fuel t h e r m a l c o n d u c t i v i t y equa l 
to U - F s a l l o y . A m a x i m u m fuel t e m p e r a t u r e of 1500°C i s d e s i r e d . The 
t o t a l t e m p e r a t u r e d i f f e r e n c e wi th 430°C coo lan t i s 10 70°C. Us ing t h e s a m e 
p r o c e d u r e a s in E x a m p l e ( l ) , t h e r e q u i r e d P u C p o w e r d e n s i t y i s 

4.31 (1070 /238) = 1 9 . 4 k w / c m ^ 

The P u s p e c i f i c p o w e r i s 

P u C P o w e r D e n s i t y _ 19.4 - 1 52 k / 
(PuC D e n s i t y ) / At , wt . Pu^^^ V 1 3 , 4 ( 2 3 9 / 2 5 1 ) 

\ M o l . wt , P u C / 

E x a m p l e (4) - UO2-2O vol % PUO2 

The u s e of E B R - I I s i z e p ins wi th a d e n s i t y of 11.4 g / c m ^ and with 
an e f fec t ive fuel t h e r m a l c o n d u c t i v i t y of 0.021 w a t t s / ( c m ) ( ° C ) i s a s s u m e d . 
A m a x i m u m fuel t e m p e r a t u r e n e a r 2500°C i s d e s i r e d , wi th a 2000°C t e m ­
p e r a t u r e d i f f e r e n c e in the fuel . As in E x a m p l e ( l ) , t he ox ide p o w e r d e n ­
s i t y i s 

( E B R - I I F u e l P o w e r D e n s i t y ) EBR^'-H^Futl AT 

Oxide T h e r m a l C o n d u c t i v i t y 
E B R - I I F u e l T h e r m a l C o n d u c t i v i t y 

^ on I 2 0 0 0 V 0 . 0 2 1 \ ^ , ^ , / 3 
^''' '-135-1-0^98-= ^-^^^^A"^-
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The temperature difference through the balance of the fuel element assembly 
is 

(EBR-II AT) f^^f^";,^"^""!''^'''^''^- V 103 (44f^ = lOO '̂C. ^ ' \EBR-II Fuel Power Density/ \ 4,31 / 

With a coolant temperature of 430°C, the center fuel temperature is 

2000 + 100 + 430 = 2530°C. 

The corresponding Pu specific power is 

Oxide Power Density _ 4.15 

/vol % Pu02\ { At. wt. Pu"^ \ , '. ^ ^ X " , / 239\ , , , 
TTTT^ - \ \ \ ^ ^ Density PuOg 0,2 1—— 11.4 

\ 100 / \mol. wt, PuOz / \27l I 

= 2.06 kw/g Pu"^ 

Example (5) - Swaged PuOz 

Assume: 

Fuel OD: a = 0,104 cm (0.090 in.) 

Element OD: b = 0.127 cm (0,100 in.) 

Thermal conductivity of fuel : kf = 0.0 21 watts/(cm)(°C) 

Thermal conductivity of clad: k^ = 0.236 watts/(cm)(°C) (stainless steel at 
600°C) 

Contact coefficient of fuel - clad : ha = 1,13 watts/(cm^)(°C) (Estimated 

from HAPO data) 

Film coefficient of clad -coolants ht, = 9.9 watt /(cm^)(°C) (EBR-II Values) 

Coolant Temp. = 430°C (800°F) 

Desired Maximum Fuel Temp = 1400°C 

Desired Element Temp Difference = 970°C. 

Also assume that an oxide power density Q of 5 kw/cm is required. 
Then the total temperature difference AT in the element will be 

AT =^+%-' fr- + TT-1" ( - V A 1 
4kf 2 |_haa k^ \ a / h^bj 

_ 5000 X 0.104^ 5000x0,104^ / 1 1 0-1^7 1 
" 4x0.021 ^ 2 VI,13x0,104 0,236^0.104 9.9x0.127 

= 645 + 230 -h 24 + 21 

= 920°C 

file:///EBR-II
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Since 5 kw/cm resu l t s in a AT of 920°C, the requi red oxide power densi ty 
is 5 X 970/920 = 5.27 k w / c m ^ f o r the des i red 970°C. The corresponding 
Pu specific power is 

Oxide Power Density _ 5.27 - 0.524 kw/g Pu"'. 

(Oxide density) ( " ' • , " ' • ' ^ " ^ ) " • ' - ' " ' / " D 
\ m o l . wt. Pu02/ 
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