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FOREWORD 

The Aircraft Reactor Test (ART) program was launched early in  1954. The reasoning 

and experiments that led f i rst  t o  the choice of the circulatlngl-dluo~ide-frael reactor concept 

and then to  the reflector-moderated reactor configuration have been presented i n  previous 

documents. These inciude e presentation by W. C. Baiant to the USAF Advisory Csm- 

snittee, outl ining the objective and status of the ORNL-ANP Progmm (QRNL report 

CF-53-2-126), summaries of the preliminary design work on the Aircraft Reactor Experi- 

ment (ARE) (ORB\(b-1234) and the operation of the ARE (ORNb- lW)#  and a compre- 

hensive summery of OWNL-ANP aircraft power plant designs up to  May 1954 (ORNL-172pD. 

The preliminary layout of the ART and facility was given in the A R T  hazards r e p d  

fORNL-8875) and in  the A N P  Project Quarterly Progress Report for the Period Endmg 

December 10, 1354 (oBs\I!--1816). 
The information compiled in this design report i s  intended to present a fa i r ly  detai led 

picture of the ART design as of i t s  approaching completion. It is expected that the 

design CIS defined in this report wilS be changed somewhat as information is derived 

from component test experience, further analyt ical work, or fabricationat problems. 
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Par0 I 

DESIGN CRITERIA 





MIL ITA R Y  R E  Q1B I W E M E  N TS 

Studies made by Air Force contractors have indi- 
cated that aircraft for missions involving strategic 
bombing should be capable of operation at  sea level 
and a speed of approximately Mach 0.9, or a t  
55,000 ft (or higher) a t  Mach 2.8 (01 higher), or 
a b v e  85,000 ft a t  about Mach 8.9. An airplane of 
unlimited range that could f l y  any one or, even 
better, two or more of  the possible strategic 
missions would be extremely valuabte i f  i t  became 
avai lable in the 1865 to 1970 era. in addition to 
the strategic bomber application there are require- 
ments tor lower speed (Mach 0.4 to 6.9), manned, 
nuclear-powered airplanes, such CIS radar picket 
ships and patrol bombers. The problems associated 
with supplying a beachhead a substantial distance 
from the nearest advanced base indicate that a 
logistics-carrier airplane of unl imited range would 
also be of considerable value. The strategic- 
bombing missions for manned aircraft with shielded 
reactors have been deemed to b of such cruciai 
importance QS to more than just i fy the development 
cost of the nuclear power plant. 

A nuclear power plant of suff iciently high per- 
formance to provide the power required for the most 
stringent operating conditions wouM be able to 
take care of any of the other manned-airplane 
requirements. Design studies have indicated that 
nuclear power p h t s  capable of producing from 
106 to 308 Mw will  be required. The 6 0 - M ~  Aircraft 
Reactor Test (ART) i s  a I ~ g i c ~ %  end expeditious 
intermediate step in the production of h e  required 
high-power reactors and should give a reactor that 
w i l l  be capable of providing suff icient power to 
operate a radar picket skip, patrol bomber, OF 

logist ics carrier. A reactor power of 60 Mw was 
selected because it i s  approximately the power 
that must be reached for an investigation to be 
made of the engineering problems that must be 
solved and for disclosure of the operating charoc- 
ter ist ics to  be expected of the higher powered 
reactors required for high-altitude supersonic 
strategic bombers. The size and weight of the 
reactor and shield w i l l  condorm with aircraft re- 
quirements, and, insofar as was possible in the 
limited time available, the design of he important 
components has h e n  based on concepts satis- 
factory for airborne appiication. 

REACVCBR DESIGN CRITERBA 

The general requirements foIIowed by the ORNL- 
ANP project personnel have been consistent wi th 
those for aircraft reactors set forth by the Technical 
Advisory Board.1 The Board stated that ‘.he re- 
actor must have a power output of several hundred 
megawatts, h a t  it must heat air to  temperatures 
in excess of 110OoF, and that he recrcter core 
must occupy a space not exceeding a few feet i n  
linear dimensions. The choice of material!; must 
be limited, of course, to those with desirable 
wuekar properties. It was taken into considwation 
that the reactor structure m u s t  be able te with- 
stand considerable accelerations or shocks wi thout  
large misalignments or changes in reactivi ty re- 
sulting. A reactor wi th a mechanicably simple, 
rugged core would thus present a considerable 
advantage. The only compensating factor in the 
stringent requirements was considered to be the 
short l i fet ime over which the reactor must operate - 
500 to 1mo ht. 

The uranium investment per reactor was ex2ected 
to  be o l imi t ing factor in the size of the air  fleet, 
and therefore the uranium content was to be as 
low as possible. Shortening the reprocessing t i m s  
was expected to be of moiop value in 1es:jening 
the uranium inventory required to maintain an air 
fleet. Overriding the xenon effect after a prolonged 
shutdown or a r a d i ~ a l  reduction in power level was 
expected to be d i f f i cu l t  for reactors with high 
specif ic power. However, for some reactors, such 
as the homogeneous reactor, the xenon woiild be 
removed shortly after formation and thus would 
present no problem. 

One major p r ~ b l e m  was considered to b the con- 
struction of control mechanisms (and, to a lesser 
degree, sensing instruments) for rel iable operation 
that would respond rapidly and not require undue 
extension o f  the shielded volume. h was believed 
that a liquid-fuel reactor wi th Q strong negative 
temperature coeff icient of reactivi ty would be 
self-stabi l izing end would thus require Q minimum 
of control. 

W i t h  regard to the vulnerability and safety o f  the 
nuclear-powered airplane i t  was recommended that 
the reactor be isolated from engine failure by an 

‘Report of the Technical  Advisory  B O Q ~  to &e 
Technical Committee o/ the ilircrald Nuclear PropuZsion 
PrOgPaf9& ANp-52 ( h g a  4 r  1950). 

3 



intermediate fluid system. For a high-temperature, 
high-powerdensity reactor in an airplane, loss of 
the coolant or loss of circuBation of &e coolant 

which the heat o f  the primary coolant w a s  trans- 
mitted to the engines through an intermediate heat 
exchanger would advantageous. A l  so, by 
locating the intermediate heat exchanger in a pro- 
tected position, probably in the shield, it would be 
possible PO have short, protected flow lines for 
the primary fluid. The secsn$ary lines to the 
engines could then b independent of each other. 
Special provisions would have to be rmsde to take 
care of afterheat from fission products after shut- 
down. 

THE ClRCU LBaT[NG-FfUEL R E  F L E C Y O R -  
M O D E R A T E D  REACTOR 

WOblld CBUSe rapid overheating. Thus System i n  

The circulating-fuel reflector-moderated reactor 
was designed to m e e t  h e  criteria described. The 
use of circulat ing fused fluoride salts for the fuel 
carrier and heat tronsier medium has the  important 
advantage sf el iminating the heat transfer stage 
required in solid-fuel-element reactors within the 
reactor core and with i t e complex, delicate matrix 
of heat transfer surfaces. With the fuel as the 
pr imay heat transfer medium, it has been possible 
to wrap the intermediate heat exchanger around the 
spherical reflector-moderatoe and thus to  keep the 
heat exchanger wi th in a relativefy small shielded 
volume. The activation of he secondary coolant, 
NaK, pesespsoblems in ground handling and rnainte- 
nand8 that are Offset by the size and weight ad- 
vantages of the circulating-fuel design. 

The primary control mechanism of this type of 
F ~ ~ C ~ C X  i s  the  strong, negative temperature coeffi- 
cient. Since it w i l l  be possible, by scrubbing the 
fuel with helium in the pump expansisn tank, to 
remove the xenon that i s  produced, i t w i l l  not be 
necessary to make provision for overriding the 
xenon after a shutdown. 

Although the circuiating-fuet reactor has a some- 
what larger uranium investment in the operating 
reactor than some proposed aircraft reactors have, 
i f  allowances are made for the inventory in spare 
fuel elements and in the reprocessing plant, the 
total investment per airplane can be lower for he 
circulating-fuel reactor than for most other types of 
reactors. In addition, i t  w i l l  be much easier to 
replace the l iquid fuel than to change he S O l I d  

fuel e&ements, Especial ly shielded or remotely 
control led ground-hand1 ing feci I ities wi II be re- 
quired only for the fuel f i l l i ng  and draining opera- 

tions. The reprocessing o f  the l iquid fuel will  be 
much simpler and faster than the reprocessing and 
refabrication of sol id fuel elements, and the 
shorter reprocessing time wil l ,  of course, lower 
the uranium investment. 

Operation of the Aircraft k x ~ c t o r  Experiment 
(WWEja demonstrated that a high-temperature 
circulating-fuel reactor could be bui It and operated 
and that the materials and machinery which had 
been developed for operation at  elevated tempera- 
tures were satisfactory. It showed that the pre- 
cj icted iatge negative temperature coeff icient of 
reactFvity and the resultant self-regulatory charac- 
ter ist ics of the reactor could b achieved. The 
AWE and other successful experiments have thus 
indicated the high probabil i ty that aircraft nuclear 
power plants emp I oy in CJ c i rcu t at i ng- fue I reactors 
can be developed for mil i tary application. 

moderated reactor configuration typif ied by the 
ARE disclosed a number of serious problemse The 
high power densities necessary in CB ful l-scale 
aircroft reactor (1 to 5 kw p e r  cubic centimeter of 
core) give severe g s m m e  and neutron heating con- 
dit ions in the moderating material and hence large 
thermal stresses. It WQS fe l t  that cracking and 
spal l ing of Q br i t t le material such as the beryilium 
oxide used as the ARE moderator could be expected 
and that designing to csDlow for this would be 
exceedingly awkward. The weight and drag penol- 
t ies essocicated with the use of a Bow-temperature 
moderator such as water would ke excessive. Ex- 
tensive corrosion tests wi th hydroxides a t  recrson- 
able temperatures, that is, 1260sF, hod shown that 
none of the hydroxides would be satisfactory. Too 
little was known about t h e  hydrides for them to 
be used (lis the basis foe a design. A reactor con- 
structed of graphite was too Impt and hence the 
shield was too heavy. The only moderator-region 
materiels combination that seemed to be compatible 
with the fluoride fuet-lncsnel system was sodium- 
cooled beryllium. 

The various detailed designs that were evolved 
in the effort to incorporate these materials i n  a 
rnultitubuiar core fall into two groups. The f i rs t  
group of designs wes bersed on the use of a heavy 
header sheet across he outbet face o f  the core to 
carry the f lu id pressure loads associated with both 
the sodium and the fuel pressure drops. A light 
header sheet was to be used across the in let  face 

A ca~eful  C ~ W Q ~ ~ Y S ~ S  of the multitubular core- 

'V 
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that would be suff iciently f lexible to accommodate 
dif ferential thermal expansion between the paral lel 
fuel tubes and between the core in let  and outlet 
passage shrouds. The beryllium WOUM be in the 
form of hexagonal blocko,as in the ARE, and wowid 
be spaced relat ive BO the tubes by spiral wire 

thickness. The principal disadvantages of th is  
design app~each were the severe thermal and pres- 
sure stresses in he outlet header sheet (which 
would be at a high temperature) and the severe 
pressure stresses in  the inlet header skeet under 
off-design conditions (e+, one pump out) i f  the 
sheet were made thin enough to accommodate the 
requisite amount of dif ferential thermal expansion. 
Possibty less serious disadvantages included a 
tendency of the fuel tubes to be bent by h e  b r y l -  
lium under the lateral accelerations to b expected 
i n  flight. 

In an effort to evolve an arrangement with geater 
promise, a second series of designs was prepared 
that was based on large disks QB beryllium being 

These disks were 
designed to carry the toads induced by he fuel 
and h e  sodium pressure drops. To ensure the 
proper ssdium flow distribution, the spacing be- 
tween the fuel pubes a d  the beryllium was again 
accomip!isked by spiral wire spacers. Moderately 
thick header sheets were employed, with provision 
for both transverse and axial dif ferential thermal 
expansion a t  the outBet end. This latter feature 
presented a major problem, and, to date, n o  r e d l y  
sound detai l  design has been worked out to 
accommodate both the differential expansion b= 
tween the b r y f l i u m  and the header sheet and a t  

the same time take the pressure loads imposed by 
of #-des i gn conditions. 

Multigroup calculat ions made concurrently wi th 
the above design studies indicated that i t was 
advantageous to lump the fuel heavi ly to minimize 
the amount sf s t r u c t u r ~ l  material in the reactor. 
Concurrent shielding studies showed that about 
12 in. sf gsod neutron shielding followed by a 
layer of boron WQS required between the core and 
the heat exchanger to keep the activation 06 a 
f lu id suck as NaK from becoming excessive. 
Pursuance of  these design precepts yielded a 
refteetor-moderated configuration which gave not 
only a lower shield weight than  had been obtained 
with any configuration previously devised but also 

Spacers BRSUPe the proper SOdiUm-flQW-pQssclge 

placed normal to the tube axes. 

B IoWer fuel cQnC@3ntrC3tiOn hat7 Could be oktained 
from a multitubu&aa core having he same core 
diameter, according to rnult igoup caBculotions 
made e t  he time. Even more important, these . 
calculations indicated that the reflector-moderated I 

core design gave both he lowest average and the 

[owest peak power density in the fuel for a given 
core diameter o f  any core design studied. 

The volume heat source in the circulat ing fuel 
presents a set sd problems having RO previous 
technological parallel. The fuel temperature i n  
stagnant regions tends to r ise rapidly, and it can 
easi ly reach excessive values i f  he hydrodynamic 

for a few simple geometries, such as kutly de- 
veloped flow in B straight tube, have been worked 
out, and tests hove validated the analyt ical solu- 
t i o n s  More complex geometries, such as those 
represented by he reflector-moder~ted W Q ~ ~ W ,  

can be analyzed with assurance only by melans of 
experimental techniques. Thus Q multitubular 
reactw core design offers a maim advantcige in 
that it is more amenable to analysis, although it 
would be l ikely to present he5der flow peissage 
design prob[ems SP the in let  and outlet. 

A careful appraisal of the many different factors 
involved led finally Bo the choice of he reflector- 
moderafed type of core because it appeai-ed to 
give the l ightest shield for a given power density 
and fuel coneenkatian i n  the fuel, as wel l  as a 
configuration relat ively free of stress concentra- 
tions in the core structure. Although the slctuat 
fabrication and assembly of the concentric: con- 

reactor present some exceedingty d i f f i cu l t  p r o b  
lems, i t  i s  f e l t  that they are no more d i f f i cu l t  than 
the problems that would be encountered in a well- 
designed rnultitubular-core reactor, Thust after 
reviewing a l l  the various considerations, it was 
decided in 1954 that the reflector-moderated C O W  

should be adopted as the basis for he ART design. 

The objectives of bui lding and operating the? ART 
ore the investigation of the methods of construc- 
t ion and the estimated performance character i s t i cs  
of such a reflector-moderated circulating-fuel 
reactor. An operating l i fe  of 500 hr a t  01 near 

The 
information gained from the test w i l l  provide a 
sound basis for the design of f u l l - s c a t e  aircraft 

design is  Rot SatisfCTetOrye Analytical . so ILJ~~ 'o~~ 

figWati0ts Of the tole O f  the PefleCtor-mOff Wafed 

60 Mw is  considered to be Q desirable goal, 

reocfors. 
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THE ART ASSEMBLY 

THE R E A C T O R  ASSEMBLY 

The reaetor and shield assembly w i l l  consist 

of the ewe, the beryllium island, the beryllium 
reflectormoderator, the pressure she1 I ,  the f u e l  
system (including the fuel pumps and the xenon- 
removal system), the fueI-to-blaK heat exchanger, 
the reflector-moderator cooling system, the  control 
system, and the a i rc rab type shield. The reactor 

(Fig. I )  comprises a series of concentrie shells, 
each (46 whish is a surface of revolution about the 
vertical axis, The two inner shells surround the 
fuel region at  the center (that is, the core of the 
reactor) ond separcsfe it from the beryllium island 
and the outer beryllium reflector, The fuel eircu- 
rates downward through the bulbous region where 
the f issioning tokes place and then downward and 
outward PO the entrance of the spherical-shell fue l -  
to-NaK heat exchanger that l ies  between the re- 
f k t ~  outer shel l  and the m a i n  pressure shell. 

heat exchanger into two centrifugal surnp-type fuel 
pumps a t  the top. From the pumps i f  i s  discharged 
inward to  the top of the annular passage leading to  
the reaetor core. The fuel pumps are located in 
the expansion tank region a t  the top OB the reactor. 
A horizontal seetion through this region is shown 
in  Fig. 2. 

The reflector-moderator i s  coded by sodium 
which flows downward through spaces between the 
core shel ls and the beryllium and through passages 
in the beryllium and back upward through the 
hnnular spaces between the beryllium and the en -  
closing shells and between the pressure she l l  end 
the pressure shell  liner. Two sump-type centrifugal 
pumps a t  the top of the reactor circulate the sodium 
f i rs t  through the reflector-moderator and the is land 
and then through the srnarl toroidal sodium-to-NaK 
heat exchangers around the periphery of the pump- 
expansion tank region. A horizontal section through 
h i s  region is shown in Fig. 3. 

The lnconel pressure shel l  constitutes both the 
main structure 0% the reactor and a compact con- 
tainer for the fuel circuit. The pressure shel l  
encloses a liner composed of another lnconel shell, 
a Isyet. of boron corbide to remove thermal neutrons, 
and an inner Ineonel can. Meat generated in the 
pressure shel l  by the absorption of gamma rays 
from the fuel w i l l  be removed by sodium f lowing 
upward from the bottom of the isfund between the  
outer surfaee 04 the liner and the inner surface of 

The fuel f lows UpWard betweein the tubes i R  the 

the pressure shell. Passages at t h e  top a f  the 
reactor w i l l  direct the sodium frdm the outer 

heat exchanger inlets. The pressure shel l  i s  
separated by thermal insulation from the gamma-ray 
shietd, which is a layer of lead. The lead, i r i  turn, 
i s  surrounded by a region of borated water. A 
vert ical s e c t i o ~  through the lead-water shield i s  
shown in  Fig. 4. 

Data that give materials and operating eharac- 
teristics of the ART are presented in  Table I ,  
except for the system f low and pump data, which 
are given in Table 2. Key data on dimensions are 
given in Table 3. 

surface of the pressure shell to the sodiurn-to-N~K 

R E A C T O R  DIMEPaSIBk(S 

The dimensions of the reactor core were estab 
l ished by calculcitions and by cr i t ical  experi,nents. 
A parametric study was made of a set of 48 related 
reactors in which the parameters of core diameter, 
reflector thickness, and fuel thickness were varied 

geometry of the reflector-moderated reactor 3n the 
physieal quantities of interest, such as cr i t ical  
mass, required mole per cent of uranium in the fuel, 
and power distribution, were determined. Core radii 
of 269, 30, 40, a d  66 em and extrapolated reJlectoa 
thicknesses of 20, 30, and 44) em were selec4.d for 
the set of related reactors. Poison (sodium and 
Ineonel) distributions i n  the reflector and island 
were obtained from a study by Bussard and others.* 
The fluoride fuel PlaF-ZrF,-UF, was used for the 
entire set of calculations. From the set of 48 
reactors determined by the specified indepc, =BZ d ent 
parameterss it was possible to select 36 reactors 
that would give results that could be used to eross- 
plot  and interpolate the properties of the 88 omitted 
reactors to an aecuracy suff icient for th is survey. 
The results obtained are summarized in Figs, 5, 6, 
a, and 8. 

Physical property stwdies indicated the desir- 
ab i l i t y  of l imi t ing the uranium content of the fuel 

opment Studies”), and therefore it i s  clear from 

Over a Wide FCInge. In this study the effects O f  the  

to 5 mole % UF, (see Part 118, “ D & ~ i g n  and l h v e l -  
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TABLE 1. ART DESIGN DATA 

Power 

Design heat output (kw) 60,000 
Core heat f lux Heat transported out by c i rculat ing fuel 

1300 
94 0 

Core power densi ty (msx/avg) 28 
Power density, maximum (kw per l i te r  of core) 

Specific power (kw per kg of fissionable material i n  core) 

Power generated i n  reflector (kw) 

Power generated in is land (kw) 

Power generated i n  pressure shel l  (kw) 

Power generated i n  Dead layer (kw) 

Power generated in water layer (kwj  

Fuel 

Reactor s t rue~urs  

MecJera?or 

Reflector 

Shield 

Primary coolant 

Reflector coolant 

Secondary coolant 

Uranium enrichment (W $35) 
Cri t ical  mass (Rg of 

Total  uranium inventory (kg of LJ235) 
Consumption a t  maximum power (g/day) 

Design l i fet ime (hr)  
Design time at  maximum power (hr) 

Burnup in 500 hr at  maximum power (75) 
~ u e ~  volume in core (ft3) 

Total  fuel volume (ft3) 

2040 
600 
2110 
132 
4 

Materials 

IdaF-PrF4-LSF4 (50-46-4 mole W )  
Inconel 

Beryl1 ium 

Beryf l ium 

Lead and borated water 

The circulat ing fuel 

Sodium 

NaK 

93.4 
23 
64 
88 
I500 
500 
2.9 
3.2 
10 

Neutron Flux Density in Core 

Shim control 

Rate of withdrawl 

Temperature eoeff ic ient  (over-al I) 
Temperature coeff ic ient  (fast) 

Thermal f i ss ions  (W) 
Neutron leakage (X) 
Prompt neutron l i fet ime ( p e e )  

keff (clean, o s  loaded) 

hk (temperature) 

Ak (poisons) 

k e i f  (hot and poisoned) 

Conversian rat io 

3 x 10’5 

1 x 1015 
2 x 1014 
5 x 1013 

Control 

One rod of 5% A k / k  

-2.3 x (Ak/k)/OF 
-5 x (,%k/k)/’F 
40 
32 
400 
1.04 
0.004 
0.036 
1 .00 
0 

3.3 x 10-4 k/, /k.sec 
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TABLE 1 (continued) 

Maximum temperature (OF) 

Temperature $POP (or rise) (OF) 

Pressure drop (psi) 

F low pate (ft3/sec) 

Veloci ty through the tube matrix (fps) 

~ e c t  rrwnsfer coef f ic ient  ( ~ t i e / h r * ~ t ’ - ’ ~ )  

R e y R O l d S  nUtTlbEP 

Cooling s y s t e m  f o p  NaB<-fUsk K o O l U n t  

~ax i rnc lm a i r  temperature (OF] 

Ambient a i r f law through NaK radietors (cfrn) 

Radiotor air pressure drap ( in .  H 0) 
Blower power required [total for f ew  blowers) [hp) 

~ o t a i  radiator inlet face a r m  (ft’) 

2 

Cooling s y s t e m  for W ~ W ~ F O ~  

Maximum temperature sf sodium ( O F )  

Sodium temperature drop i n  heat exchanger (OF) 

NaK temperature r i se  in heat exehclnger (OF) 

1660 
350 
5 
85,800 

2.45 
2.97 
1.88 
903 
3.25 

Fuel  

1 BO0 
355 
39 
2.96 
8.77 
3740 
2215 

750 
243,009 
9 
680 
BOO 

125Q 
20Q 
250 

NaK Coolant 

15013 
430 
13 
10.45 
24 
120,000 
10,OBQ 

$aessUF@ drop O f  s O d i U R 7  in heat eXChURger (psi )  

Pressure drop of Nu# in heat exehenger (psi) 

7 
7 
1.35 
0.53 
30 
170,000 

~ ~ c w  rate of sodium through reflector (ft3/sec) 

Flow rete of sodium th~ougk  is land and pressure shell (ft’/sec) 

Reynolds number of s o d i u m  i n  reflector and island 
Flow veloci ty of sodium through refteetor urd islend (fps)  

TABLE 2, SYSTEM FLOW AND PUMP DATA 

Na K 
NaK Na K (Fill-end- Drain 

(Reflector Coolant) (Fuel C Q U [ Q ~ ~ )  (Sodium Coolant) Tank cOO1ano) 

Sodium Fuel 

Number of pumps a a 4 2 2 

Pumping head, ft 27-39 1 60 2 15-366 270 -360 117 

Fiow per pump, gpm 645 446 1200 430 388 

Bump speed, apm 24QO-26QO 3260 2690-4400 3625-4400 2050 

Pump power per pump, hp 22-27 61-118 38-48 1 1  %& 

12 



TABLE 3. REACTOR DOMENSIONS 

R E  ACTOR C WOSSSECTION E QU ATQ R I AL 

Control rod thimble 
Inside 
Thickness 
Outside 

Sodium passage 

Inside 
Thickness 
Outside 

Beryl l ium 
Inside 
Thickness 
Outside 

Sodium passage a t  land 
Inside 
fh i  cknes s 
Outside 

lnconel shell 
Inside 
Thickness 
Outside 

Fuel 
Inside 
Thickness 
Outside 

Outer core shel l  
Inside 
Thickness 
Outside 

Sodium passage at land 
Inside 
Thiekness 
Outside 

Beryl l ium reflector 
lnside 
Thickness 
Outside 

Sodium passage 

Inside 
Thickness 
Outside 

Inconel shell 
Inside 
Thickness 
Outside 

RADII (in*) 

8.950 
0.062 
0.812 

0 C . L  
0.130 
0.942 

0.942 
4.121 
5.563 

5.063 
0.188 
5.25% 

5.25 1 
0.125 
5.376 

5.376 
5.124 

10.500 

10,500 
0.125 

10.625 

10.625 
0.188 

'10.813 

10.813 
10.855 
21.668 

21.668 
0.125 

21.793 

21.793 
0.240 

22.833 

Stainless-steel-clad copper-B4C eermet 

lnside 22.c33 
Stainless steel thickness O.C,BO 

0.080 
Stainless steei  thickness 0.080 
Outside 22.133 

Copper- B4C th i  c knes s 

Stai nl es s- steel-canned B4C 

Can 
Inside 
Thickness 
Outside 

B4C t i l e  
Inside 
Thickness 
Outside 
Shim gap 

can 
Inside 
TRi cknass 
Outside 
Shim gap 

Outer reflector shel l  
Inside 
Thickness 
Outside (mex) 

Channel 

Tangent to f i rs t  tube 

Tube radius 

Center line, f i r s t  tube 

Twelve spaces a t  0.255 

Center line, thirteenth tube 

Tube radius 

Circ le tangent to thirteenth tube 

Spacer 

GQ P 

Channel 
Inside 
Thickness 
Outside 

Gap 
Inside 
T h i c kae s s 

Outside 

22. ' 33 
5.005 

22.',38 

22.'138 
0.:!48 

22.378 
0.029 

22.6107 

0.065 
22.412 

6.021 

22.433 
0.062 

22.1f95 ' 

22..500 

22.510 

0. E 15 

22.625 

3.000 

25.1525 

0.115 

25.740 

0.008 

0.022 

25.770 
0.120 

25.1390 

25.890 
0.030 

25.920 
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TABLE 3. REACTOR DIMENSIONS 

Boron jacket 

Inside 

Thickness 

Out si de 

B4C t i l e  

Inside 

Thickness 

Outside 

Pressure shell l iner 

Inside 

Thickness 

Outside 

Sodium gap 

Inside 

Thickness 

Outside 

Pressure shell 

Inside 

Thickness 

Outside 

CORE 

Diometer ( inside of  outer shel l  at  

equator), in. 

Island ourside diameter, in. 

Core in le t  outside diameter, in. 

Care in let  inside diameter, in  ' 

core  i n le t  area, in.2 

Core equatorial cross-sectional area, 

in,' 

25.928 
Q.062 
25.982 

25.982 
0.328 
26.318 

26.3 10 
0.375 
26.685 

26.685 
Q. 125 
26.810 

26.810 
t .006 

27.810 

21 

10.75 

i l  

6.81 

58.7 

256.2 

REFLECTOR-MODERATOR REGION 

volume of taeryilium plus fuel, ft3 

~o~ irrne  of beryl l ium only, ft3 

28.2 

24.99 

Q. 187 

120 

28 8 

Cooling passage diarnete~, in. 

Number o f  passages i n  is land 

Number of passages i n  reflector 

FUEL SYSTEM 
3 Fuel volume, f t  

In 36-in.-long core 3.21 
In in let  and out let  duets 1.410 

0.08 In expansion tank when !' in. deep 2 
In heat exchanger 2.84 

In pump vokutes 

Total  in  main e i rcu i t  

Fuel expansion tank 

Volume (8%), ft3 
Width, in. 

Length, in. 

SODIUM SYSTEM 

3 

In expansion tank 

In onnutar passage a t  pr%ssure shel l  

in reflector passages ( total)  

In f i r s t  deck 

In pump and heat exchanger 

In second deck 

In  is land passages ( total)  

Tota I i n  main c i rcu i t  

Inside diameter of sodium transfer tube 

Sodium volume, f t  

to reflector, in. 

Inside diameter of sodium transfer tube 

from reflector. in. 

Inside diameter of sodium transfer tube 

to island, in. 

Area of sodium passage to  reflector, 
4 in. 

Area of sodium passage from reflector, 

2 
2 in. 

Area of sodium passage to  island, in. 

FUEL-TO-NaK HEAT EXCHANGER 

Tube center-! ine-to-center-l ine 

spacing, in. 

Tube outside diameter, in. 

Tube inside diameter, in. 

Tube wa i l  thicknessl in. 

Tube specer th ickness ,  in. 

Mean tube length, in. 

Equatorial crossing angle 

Inlet and outlet pipe inside diameter, 

in. 

In let  and out let  p ipe outside diameter, 

in. 

Number of Pube bundles 

Number of ~ u b e s  per bundle, 13 x 20 

Total  number o f  tubes 

0.84 
8.3% 

0.5987 
13.625 
32.500 

0.16 
8.60 
0.9Q 
0.47 
0.35 
(4.42 
0.44 
4.34 
2.375 

3.875 

1.437 

4.426 

5.849 

1.619 

0.250 

0.229 to 0.231 

0.180 

0.825 

0.020 

65.000 

26020 
2.469 

2.875 

12 
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TABLE 3 (eontinued) 

.. .' '& 

Center-l ine radius of NaK in le t  pipes 19.590 

119.590 Center-line radius of NaK oufbet pipes 

SODIUM-TO-NaK HEAT EXCHANGER 

Tube center-l ine-to-center-l ine 0.2175 
spacing, in. 

Tube outside diameter, in. 0.1875 

Tube inside diameter, in. 0.1375 

Tube wal l  thickness, in. 0.025 

Tube spacer thickness, in. 0.030 

MecPn tube length, in. 28 

Number of bundles 2 

Number of  tubes per bundle, 15 x 20 300 

Total number af  tubes 600 

Inlet  and out let  p ipe inside diameter, 2.469 
in. 

In let  and out let  p ipe outside diameter, 2.875 
in. 

PUMP-EXPANSION TANK REGION 

Vertical distance above equator, in. 

Fioor o f  fuel pump in le t  passage 

Bottom of lower deck 

Top of lower deck 

Bottom of upper deck 

Center l ine  of fuel pump discharge 

Center l ine of sodium pump 'discharge 

Top inside of fuel expansion tank 

Inside of dome 

Outside of dome 

Top inside of sodium expansion tank 

Tap outside o f  sodium expansion tank 

Top of  fuel pump mounting flange 

Top of sodium pump mounting flange 

Dome radius, in. 

Inside 

Outside 

FUEL PUMPS 

Center- I ine-to-center-line 

spacing, in. 

Volute chamber height, in. 

, Estimated impeller weight, I b  

Cr i t ical  speed, rpm 

Shaft diameter, in. 

Shaft overhang, in. 

17.625 
19.125 
19.456 
24.000 
21.437 
26.125 
29.25 
29.875 
30.875 
44.312 
34.812 
47.008 
50.243 

29.875 
3Q. 875 

21 

4.375 

1 1  

4800 4 

2.250 

14.750 

Distance between bearings, in. 

Impeller diameter, in. 

Impeller discharge height, in. 

Impeller in let  diameter, in. 

Shaft length (over-all), in. 

Shaft outside diameter between 

bearings, in. 

Lower bearing journal outside 

diameter, in. 

Shaft outside diameter below seel, in. 

Thrust bearing height from equator, in. 

Number of vanes i n  impel ler 

Biometer of top posi t ioning ring, in. 

Diameter of bottom posi t ioning ring, in. 

Outer diameter of top flange, in. 

SODIUM BUMP 

Center-I ine-to-center-l ine 

spacing, in. 

Volute chamber height, in. 

Estimated irnpelker weight, lb 

Cri t ical  speed, rpm 

Shaft diameter, in. 

Center-l ine I o w e ~  bearing to center-l ine 

impeller, in. 

Distance between bearings, in. 

Impeller diameter, in. 

Impeller discharge height, in. 

Impeller in le t  diameter (ID), in. 

Shaft length (over-all), in. 

Shaft outside diameter between 

bearings, in. 

Lower bearing iaurnal autside 

diameter, in. 

Shaft outside diameter below seal, in. 

Thrust bearing height above equator, in. 

Number of impeller vanes 

Diameter of top posi t ioning ring, in. 

Diameter of bottom posi t ioning ring,, in. 

Outside diameter o f  top flange, in. 

12 

5.750 

1 .OB0 

3.500 

38 % 
231 

3.400 

2 t r  
4%. 125 

5 

4. 200 

4.190 

10.000 

23. ooa 

2.500 

10 

6000 + 
2.250 

13.3 

12 

5.750 

0.250 

3. .a0 

31.5 

2.2175 

3.400 

2.25 

51.907 

10 

6.200 

4.190 

10.600 



Fig. 5 that considerable advantage i s  gained by 
increasing the reflector thickness f rom 28 to 30 em 
but l i t t l e  advantage from 5 further increase to 

40 em. Even more important, the activation sf the 
NaK in  the heat exchanger con be reduced markedly 
by increasing the reflector thickness. A 36-cm- 
thick reflector gave a good compromise between 
shielding, cr i t ical i ty, and NaK activation eonsider- 
ations. The rerneining analyses of the date were 
therefore restricted to Q 30-crn ref lectw thickness. 

The effect QI-I total uranium investment of the 
reactor dimensions and the external fuel volume, 
such as wi l l  exist  in the heat exchanger external 

to  the core, i s  shown in Fig. 6. The surface sh9wn 
for zero external volume is ,  of course, simply that 
for cr i t isal  mass. At a core radius of 30 crn the 
cr i t ical  mass i s  vir tual ly independent of fuel thick- 
ness. Bn the surfaces for both the 2- 5nd 4-4t3 
exfernel volumes, simple visual examination indi- 
cates the probable existence of on optimum set of 
proportions. The reversal of scales for the 8-ft3 
surface was necessitated by the existence of an 
extreme peak at  what was the front corner. 

The effect of reactor dimensions on the peak-to- 
average power-density rat io i s  shown in  Fig. 7.' 
The peak power density for the reflector-moderated -9" 
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Fig.  3. Horimontai Section Through Sodium Pumps. 

reactor occurs at the outside shell of the fuel 
annulus. The effects of reactor dimensions ow the 
rat io are small, as can be seen; an increase in core 
radius from 28 to 60 cm at B constant fuei thickness 
gives a decrease in  the ratio of about XI%, whiee 
an increase in  the fyel thickness from 5 to 26 cm 
at a constant C O F ~  radius results in an increase in  
the ratio of about 33%. 

The percentage of f issions caused by thermal 
neutrons i s  shown QS a function of reactor dimen- 
sions i n  Fig. 8. The least-thermai reactor (28%) 
has the thickest fuel layer and the smal lest  core, 

while the most-thermal reactor (45%) has the thin- 
nest fuel layer and the largest core. The reactor 
core dimensions esta$[ished on the basis of this 
study are presented in Table 3. 

A series of room-temperature cr i t ical  exper ments 
was set up for checking the c a l c u l a t i o n ~ . ~  These 
reflector-moderated assemblies were of simple ge- 
ometryr and rnateriats variations were mctde to 

G~i i i ca l  A s s e m b l y  Experimental  Pfograk, BRNL CF-54- 
4-53 (Apri l  8, 195.4). 
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Fig .  5. Effect of ReCfCtQr Dimensions on Concentration of U*35 in ~ u e ~ .  

check consistency with theory and the funda- 
mental constants. The f i rst  assembly was a basis 
reflector-moderated reactor wi th two regions - fuel 
and reflector. The fuel region contained uranium 
and a fluorocarbon plastic, Teflon, to simulate the 
fluoride fuels, and the reflector region contained 
beryllium. The fuel region was constructed i n  the 
shape of Q rhomboeuboctahedron (essential I y I  Q 

cube with the edges and corners cut sway to give 
'-" 

octagonal cross sections) to approximate a sphere 
wi thin the limitations imposed by the shape of the 
avai lable beryllium. The system was made cr i t ical  
with 24.35 Ib of U2". 

The assembly was then modified to include three 
regions with a beryllium island separated f r f m  the 
reflector by the fuel. The first of the three-mqien 
assemblies had no Inconel core shells, the second 
included Inconel core shells without end ducis, and 
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WEeRFF 
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EXTERNAL FUEL VOLUME = 3 FT3 EXTERNAL FUEL VOLUME = 2 FT’ 

I... 

EXTERNAL FUEL VOLUME = 4 FT3 EXTERNAL FUEL VOLUME = 8 FT3 

the f inal one mocked up the reactor, including the 
end ducts. The results sf these experiments are 
presented i n  Table 4 and in aepcsats on the indi- 
vidual experiments (see “Bibl isgraphy”). 

A low-nuclear-power, high-temperclture cr i t ical  ex- 
periment was also performed.4 The reactor section 

4A. 0. Callihan et ai., ANP Q7~ur. Prog. Rep .  S r p t .  
10, 1955, ORNL-IW, p sa. 

of the assembly c[osely resembled the current de- 
sign of the ART i n  that it included the annular fuel 
region separated from the beryllium island and 
reflector by 8/,-in.-thick Inconel core shel ls of the 
proper shape. Photographs of the assembly are 
shown in Figs. 9, 16, and 11.  The mockup differed 
from the ART principal ly i n  that the fuel was not 
circulated and there wos no sodium in the reflector- 
moderator regions. The system was filled in i t ia l ly ,  

-/ 
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Fig. 7. Effect of Reactor Dimensions OR Outside 
Peak-to-Akerage Power-Density Ratio in Core of 
Ref lector-Moderated Reactor. 

Fig. 8. Ef fect  of Reactor Dimensions on Per- 
centage of Fissions Caused by Thermal Neutrons. 

for cleaning and testing, wi th a 50-50 mole % 
mixture of molten NaF and ZrF,. increments of 
molten Na,UF, (with the uranium enriched to 93% 
U235) were then added to  the NaF-ZrF4 mixture in 
the sump tank. After each addition of NQ,UF,, the 
mixture was pressurized into the core and then 
drained. This procedure WQS continued unt i l  the 
cr i t ical  concentration was attained. 

The control safety rod was located within a 
1.50-in.:lD Inconel thimble along the vert ical axis w 

Fig.  9 ,  Partially Assembled Island Showing the 
Lower Haif of the [arconel core Shell  and the upper 
Half of the Beryll ium Reflector for the High- 
Be mpera t we C r i t i co I As s em 6 I y . 

of the beryllium island. The rod was B cylirldrica8 
annulus of a neutron-absorber compact wi th IS den- 
s i ty  of 6.5 g/cm3. The principal constituents of 
the compact were Srn 6 (63.8 wt 76) and Gd,O, 
(26.3 wt %); the outside diameter of the absorber 
section was 1.28 in., and the annulus was & in. 
wide. The system operated isothermally a t  1200°F, 
normally, but wi th the electr ical heaters avai lable 
the temperature could be raised to 1350°F. 

2 3  

The cr i t ical  fuel concentration was found to be 
6.30 wt % (2.87 mole %) uranium, and the excess 
reactivi ty was about 0.13% A k / k .  The Over-aEI 
temperature coeff icient of reactivi ty between 1156 
and 1350'F was shown to be negative and tc  have 
a value of 2 x ( i l k / k ) / ' F .  An increase in  the 
uranium concentration of the fuel from 6.30 to  
6.&8 wt 5% resulted i n  an increase in  react iv i ty of 
1.3% h k / k .  The control rod had a value of 1.7% 
:%k/k when inserted to  B point 4 in. above the 
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ThreeRegion Assembly wi th  Core Shells a% 

8 6- in.- Y h i c k 
Three-Region Assembly with -in.-Thick 

lnconel Core Shells and End Ducts 
k .  I_ 

'/F 6- i n.- T h i c k k- in.- Thick 
Aluminurn lnconel lncenel 

Assembly number 

Beryllium island 
3 Volume, f t  

Avsrege radius, in. 

Spherical section 

End ducts 

Moss, kg 

Fuel region (excluding shells and 

interface plates) 
3 

I Eters 

Volume, f t  

Average radius, in. 

Sphericol section 

Inside 
Outside 

End ducts 

Inside 

Outside 

Distance between f u e l  sheets, in. 

Mass of components 

Teflon, kg 

Uranium loading, kg 

~ ~ 3 5  loading, kg 

Uranium densitynb 9/cm3 

u ~ ~ '  g/cm3 

Uranium coating material, kg 

Scotch tope, kg  

Core shel ls and interface plates 

Moss ot cumponents, kg 

klumrnum 

Inconel 

[ie%!ectoF 
3 Volume, ft 

Minimum thickness, in. 

Mess of components, kg 

Beryl1 iurn 

Aluminum 

Excess react iv i ty  o s  loaded, % 

Experimental c r i t i eo l  mass , c  kg 

of $35 

CA-200 

0.37 

5.18 

19.4 

1.78 

50.4 

5-24 
8.5 F 

0.639 

99.38 

5.00 

4.66 

0.092 

0.05 
0.11 

5.85 

0 

22.22 

11.5 

1155.0 

29.2 

0.9 

4.35 

CA-28b 

0.37 

5.18 

19.4 

1.78 

50.4 

5.24 

9.58 

0.284 

99.27 

11.74 

10.94 

0.217 

0.11 

0.1 e 

1.10 

13.68 

22.22 

11.5 

1155.0 

29.2 

0.3 

10.8 

CA-2Qc 

0.37 

5.18 

19.4 

1.72 

48.8 

5.31 
9.44 

0.142 

94.37 

22.07 

28.56 

8.421 

0.20 

0.61 

1.10 

27.73 

22.22 

11.5 

7 155.0 

29.4 

0.4 

19.8 

CA-21-1 CA21-2  CA-22 CA-23 

1.27 

5.18 

3.86 

67.0 

2.56 

58.3 

5.3 1 
9.44 

3.99 

5.28 

0.142 

108.88 

26.82 

24.24 

0.446 

0.416 

0.25 

5.15 

1.10 

53.02 

20.88 

17.5 

1094.1 

29.2 

-2 3 

I9 k2 

1.27 

5.18 

3.86 

67.0 

2.06 

58.3 

5.31 
9.44 

3.99 

5.28 
0.173 

168.18 

2'1.57 

20.09 

0.370 

0.345 

0.2 1 

0.15 

1.15 

53.02 

20.88 

11.5 

1094.1 

29.2 

0.14 

19.9 

1.27 1.75 

5.18 7.19 

3.86 3.86 

67.0 92.2 

2.47 1.56 

70.0 44.3 

5.31 7.32 
9.44 9.44 

3.96 3.99 

6.7ga 5.28 
0.742 0.142 

126.77 81.54 

30.45 19.97 

28.35 18.62 

0.435 0.458 

0.485 0.420 

0.30 0.19 

0.15 0.15 

1.10 1.10 

54.62 58.26 

25.45 20.88 

11.5 11.5 

8077.1 1094.7 

29.2 29.2 

b3 0.19 

24 f 2  18.4 

%nly one end duct was enlarged. 

b ~ a s s  per unit volume of fuel region. 

CMoss required for a c r i t i ca l  system wiph the poison rods removed. 
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Fig. IO. Outer Core Shell and Partially Assembled Beryll ium ReCk+ct~~ 08 the High-Temperature 
Critical Assembly. 
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mid-plane. An analysis5 of the experimental re- 
sults and the differences between the cr i t ical  as- 
sembly and the ART indicates that the c r i t i ca l  
concentration o f  the ART w i l l  be between 4.6 and 
5.4 mole 5% uranium, that i s ,  well within the l imi ts 
of solubi l i ty i n  the fuel mixture to  be used in  the 
ART. 

REFL ECTOR-MODERATOR 

The design of the reflector-moderator region pre- 
sented several problems. Heat w i l l  be generated 
i n  the reflector by the absorption of  gamma rays 
coming from the fuel and heat exchanger regions 
and by the slowing down of fast f iss ion neutrons. 
Gamma says w i l l  also result from parasit ic capture 
OB neutrons in the structural material and the eool- 
ant. One part icularly strong source of herd gamma 
rays w i l l  be the Inconel shel l  that separates the 
fuel annulus from the outer reflector. These gemma 
rays w i l l  be absorbed over an appreciable volume 
because the photon energy w i l l  be high and the 
attenuation rather small. A lesser amount o f  
heating w i l l  QISO result from the generation of 
gamma rays by neutron canture i n  the beryiliurn. 
The heat generated by radiation i n  the various 
regions OB the reactor and the heat transfer from the 
fuel system to the reflector and island cool ing 
c i rcui ts are given in Table 5. 
I 

5A. M. Perry, ANP @iQr. Pmg. Kc@. S e p t .  10, 1953, 
QRNL-1947, p 33. 

The eooling system designed for removing the 
heat from the beryllium in both the island and the 
reflector and from the Inconel shel ls is i l lustrated 
in Fig. 1. There are 120 cooling passages in  the 
island and 288 in  the reflector; these passages are 
0.887 in. in diameter. The dimensions of the 
cool ing system and the f low characteristics of the 
coolant, sodium, are given in Tables 8-3. !Sodium 
was chosen as the coolant because of its exi:el/ent 
heat transfer properties and  reasonably low natutron- 
capture cross section. 

Experimental evidence has established the fea- 
s ib i l i t y  of operation of a sodiupn-bery8lium-lnconel 
system i f  the temperature of the system i s  main- 
tained below 1250OF. Cycl ing tests haw? also 
shown that the thermal stresses that wi l l  be set up 

i n  the beryllium should not give serious trouble. 

F U E L  SYSTEMS 

Core Hydrodynamics 

The hydrodynamic characteristics of the reactar 
core are intimately related PO those of the pumps, 
because the pumps must be placed in the lowest 
temperature portion of the circuit, that i s ,  just 
ahead of the core inlet. This is necessary part ly 
because of the fa i r ly high stresses in the impellers 
and part ly because of the shaft seal problem, which 
i s  discussed in  the fol lowing section on “2umps 

TABLE 5. HEAT TO BE REMOVED BY REFLECTOR AND ISLAND COOLING CBWCUBTS 

Heat to Reflector H ~ Q P  to Is land 

Cooling Circuit  Cooling C i rcu i t  

(Mw) (Mw) 

Radiation heating 

Beryl I ium 

Reflector B C tise 
4 

Pressure-shell B4C t i l e  

Control rod 

Filler plates ,  south head 

Pressure shell 

Reflector outer fnconei she[ l  

North-head liner 

Transfer heating 

Through islend core shekt 
Through reflector tore  shelf 

From fuel-ta-NaK heat exchanger 

Total 

1.52 
8-48 

0.15 

1.73 
8.16 

0.82 

0.01 
0.18 

0.12 
0.03 

0.03 

a. 87 

0.10 

4.04 2.16 



and Expansion Tank.” ,411 the in i t ia l  layouts em- In  the design of the core it has been considered 
ployed axial- f low pumps coaxial wi th the island, 
but because the structural problems associated 
with the long impeller overhang proved to be di f f i -  
cult, the hydrodynamically less desirable arrange- 
ment employing centrifugal pumps wus chosen 
as the more practicable solution. Further i t  seemed 
l ike ly  that two p u m p s  either in  series or parallel 
would be required i f  boi l ing of the fuel as a conse- 
quence of afterheat was to be avoided in  the event 
that one pump failed. 

Preliminary analyses of various centrifugal pump- 
core in let  configurations indicated that the high- 
veloci ty streams from the pump ivpel ler  would be 
l ike ly  to change completely the flow pattern ob- 
tained within the core. High-velocity streams ure 
disinclined to  diffuse once they have become 
separated from the wal ls of the pump volute, and 
their momentum can carry them a l l  the way from the 
impeller through the plenum c h a m b e r ,  through the 
vanes at the c5re inlet, and e ~ e ~  through the core 

i tse l f  to such an extent that f low separation arid, 
sometimes, f lew reversal in  the core would tend to 
occur. The most promising configuration appears 
to be that in  which the pump volutes discharge 
tangentially into a cyl indr ical  extension of the core 
inlet, as in  Fig. 2. The high swir l  veloci ty induced 
i n  th is region gives a system relat ively insensitive 
to  the stoppage of one pump. 

From the shielding standpoint an ideal circu- 
lating-fuel reactor would have very tiny in let  and 
outiet ducts to minimize both neutron leakage 
through these ducts and f issioning in  regions close 
to  the outer surfece of the reflector. While the 
r e l a f i o ~ s  between end-duct sine and shield weight 
are very complex, there is a strong ineentive to 
minimize the end-duct size. This, coupled with 
hydrodynamic considerations associated with the 
D U ~ D  design, particularly the volute-discharge mea, 
and reactor physics studies, led to the choice of 
the core in let  proportions and hence the basic core 
iayout of Fig. 12. 

The core of the reactor consists of a divsrgent- 
convergent annular passage that is symmetrical 
about the equatorial plane; that is, the converging 
and diverging sections have the same shape. The 
area perpendicular to the flow pat5 st the equator 
is  anproximately four times the area dt the in let  or 

discharge ends. The equivalent cone angle of the 
divergent and convergent sections is aperoxirnately 
28 deg (included angle). 

necessary, in  order to avoid local regions of ex- 
cessive temperature, to effect a uniform eircum- 
ferential distribution of the flow around the in let  
annulus and to assure that the fuel w i l l  traverse 
the divergent section of the core without incurring 
stagnation or reversal of the f lu id boundary layers. 
Furthermore, it  is desired that the required f low 
conditions obtain wi th  only one pump i n  operation 
so that the reactor can be run at  some appreciable 
fraction of rated power wi th one of the two fuel 
pumps inoperable. 

It i s  wel l  known that the flow of f lu ids i n  diver- 
gent channels i s  subject to the growth and the 
eventual seperatiora and reversal of boundary layers, 
The arobabil ity of the occurrence of these phe- 
nomena increases as the degree of divergence, as 

represented by the inlet-to-outlet area ratio, and 
the rate of divergence, as represented by the equi- 
valent cone angle, are increased. F low in  a diver- 
gent channel is also adversely affected by uneven 
distribution either circumferentialiy or radial ly at 
the inlet. Common industrial practice ca l ls  for 
divergence rates to be of the order of 7 to 10 deg 
included angle when preceded by several diameters 
straight run of pipe. Where care has been taken 
to achieve a symmetrical veloci ty prof i le wi th  
th in boundary layers at the inlet, nonrevcrsed flow 
has been obtained in  divergent channels having CB 

2Q-deg equivalent cone angle wi th an area rat io of 
2 1 .  Both the degree and the rate of divergence 
of the ART fuel annulus are greeter than those 
previously encountered, even under special test  
conditions. In addition, the necessity for coni- 
Dactness of the reactor rules out the poss ib i l i ty  of 
achieving even distribution and thin boundary 
layers at the in let  by the most common method, 
namely, a convergence of the channel immediately 
ahead of the in let  preceded by several diameters 
straight run of pipe. 

Fortunately, i t  is  not necessarily essential that 
the axial  velocity distribution across the fuel 
annulus be uniform; the essential requirement is  
freedom from hot spots, particularly a t  the walls. 
The wa l l  hot spat, or boundary layer heating effect, 
is very much a function of the intensity of eddy 
diffwsivity, or turbulence, i n  the core. Thus., from 
the standpoint QF boundary layer heating, a non- 
uniform veloci ty distribution might actual ly be 
m o r e  desirable i f  the turbulence [eves were high 
than wouid a more uniform veloci ty distr ibut ion i f  
the turbulence level were low. 
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The practice of interposing screens across a f low 
channel to achieve symmetry of the velocity prof i le 
is widely followed. It i s  also wel l  known that 
screens across the discharge of a divergent chsan- 
ne1 tend to stabi l ize flow and to delay stagnation 
or f low reversals. In the  ART fuel annulus i t  was 
highly desirable to  avoid the use of screens for 
either purpose, since they would require increased 
pumping power to  overeome the added resistance to 
ftow and since they WQUI~, i f  used i n  the f issioning 
sone, increase the cr i t ical  fwel concentration be- 
cause of their poisoning effect. 

The core flow problem was therefore twofold. 
GOO$ f low distr ibution was to  be obtained a t  the 
inlet, in the l imited space available, with either 
one pump or both pumps operating; and f low through 
the core was to be without stagnation or other 
effects that would give local hot spots in the f6uid. 
Also, these conditions were to be achieved with a 
minimum of pressure loss and, preferably, without 
insertion of InconeI bodies into the f issioning zone 
OB the core. 

The desired f low distr ibution at the in let  was 
obtained with a swirl-type header, which provides 
space at  the in let  for circulat ion of an excess of 
fuel; that is, the volume of fuel which circulates 
around the in let  i s  greater than that which enters 
the inlet, and thus even circumferential distr ibution 

The approximate volume of the core was dictated 
by fuel concentration considerations, and core 
annulus radi i  were set at  the in let  and at the 
equator. A simple two-dimensional f law analysis 
indicated that pressure gradients result ing From 
passage curvature would be small relat ive to those 
result ing from divergence. An arbitrary cosine 
curve connecting the mean radi i  et  the inlet and 
equator was therefore used as the passage mean 
line. The shape of the annulus was then deter- 
mined by superimposing ow the mean l ine a sched- 
ule of cross-sectional areas suck that the result ing 
stat ic pressure gradient sat any point would be a 
function 04 the local dynamic pressure. 

Von Doenhoff and Betervin6 found the function 
H ,  in the expression 

CZf the flow I'esults. 

to be a criterion for boundary layer separation, 
where 

CI, I r ,  rl and J are constants, 

4 i s  the local velocity pressure outside the 

Y i s  the distance along the axis of the channel, 
0 is  the boundary 6ayer momentum thickness, 
ro i s  the wall  friction. 

[i i s  the shape parameter, 

$oundary layer, 

i f  ff, and the term 241% BF8 assumed to be Con- 
stant with Y, the shape parameter CGW be written 

1 dF 

4 
H - A + B - - - ,  

where A and B are constants, P i s  stat ic pressure, 
and ( 1 / q )  dB/d.r can be used as a cri terion of 
separation. Obviously (I/y) JP/& is  minimized i f  
i t  i s  constant throughout the divergence. However, 
i f  th is  were the case, the passage would s t i l l  be 
diverging st the equator, and on undesirable dis- 
continuity would result in  the shape of the core 
shel ls at this point. The divergence i s  therefore 
modified SQ that it i s  higher at the in let  than would 
be the case for 

1 dP 
- - =  a constant, 
4 dx 

and it i s  zero at the equator. 

The core shape thus obtained was tested far f low 
profiles, with water as the working fluid and with a 
simulated swirl-type header. The results showed 
that the tangential velocit ies were high througkout 
the core but that a smaEl upward velocity component 
prevailed along the inner  wall of the diverging 
section. A t  a l l  other points the axial veloci ty was 
downward. The reason fer this f low pattern iz 
obvious. Rotatiosr of the f lu id about the axis of the 
core creates a radial pressure gradient. B$cay of 
the ro ta t iom% veEocicy component as a result of 
f r ic t ion as the f lu id axial ly creates an axial 
pressure gradient that is posit ive along the inner 
wall  and negative along the oute~. These gradients 
ere algebraical ly addit ive to  the posi t ive gradient 
result ing from the divergence of the passage. Tke 
net effect favors Blow reversal on the inner wall. 

It was determined by test that i f  a selid-body- 
rotation pattern (rotational velocity component di- 
rect ly proportional ts radius) were used the natural 
tendency for separation to occur on the outer waII, 



as exhibited by irrotational flow, would be over- 
come when the absolute velocity vectors at  the 
outside diameter of the in let  were between 15 and 
26 deg of f  the axis. Accordingly, a set of in let  
guide vanes was designed for use with the swir l-  
type header which would set up a 20-deg solid-body 
rotation. The guide vanes were designed so that 
the equivalent cone angle of the intervening pas- 
sages would be 10 deg, wi th the schedule of di- 
vergence fol lowing the relat ion dP/dx  = uq along a 
2/8 et l ip i t ieal  mean line. The resuit ing blades had 
blunt taoiiing edges that blocked approximately 17% 
of the in let  passage area. The trai l ing edge area 
was distributed so that the blockage occurred i n  
the mid-passage region, wi th no blockage next to  
the walls. As was expected, the in let  guide vane 
system gave f low reversal along the inner wall. 
This reversal was eliminated by a drag r ing which 
blocked part of the in let  area a t  the blade trai l ing 
edges. The size and location o f  the r ing were 
determined by experiment. This combination of 
header, core shape, and in let  guide vune system 
gave f low in  which the throughput component was 
not stagnated or reversed a t  any point on either 
wall. The pressure loss across the in let  guide 
vane system was less than that obtained with no 
guide vanes. In other words, the in let  guide vanes 
recovered part of the in let  veloeity head. The re- 
lations between the in let  headers, inlet guide 
vanes, and core are shown in Fig. 13. 

The f low problem i s  made part icularly d i f f i cu l t  by 
the design having to be evaluated by experimental 
tests. Various techniques, including pi tot  trav- 
erses, f low visual izat ion through the use of dye 
injections, and conductivity probe measurements OR 

so i t  inieetions, are being used. Tests that are fe l t  
to  be definit ive are being carried out on the most 
promising designs, both wi th and without vanes, i n  
a one-half-scale model. The volume heat source 
of the r e o c t ~ r  core is  simulated with electr ical%y 
heated suifurie acid. 

While the results of the tests made to date are 
s t i l l  being studied, and they certainly pose ques- 
tions that have yet to be resolved, it does appear 
that the system performs better without the in let  
guide vanes than with them. The principai problem 
either with or without the vanes appears to  be that 
of temperature fluctuations at the wall caused by 
eddying of the fuei. An experimental evaluation of 
the amplitude that can be tolerated for such fiuc- 
tuations is under way. 

Fig. 13. Diagram of Cere F low System Showing 
Relat ions Between the Inlet Headers, In let  Guide 
Vanes, and Core. 

Pumps and Expansion Tank 

Various types of pumps were considered for use 
in  the high-temperature-liquid systems. Those seri- 
ousl y eons idered included conventi onal centrifugal 
and axial-f low pumps and electromagnetic and 
eanned-rotor pumps. Many of these pumps were 
tested at  ORNL, and some performed quite suc- 
c e ~ s f u l l y . ~  Each type was found to have odvan- 
tages and disadvantages that had to be evaluated 

'E. S. Farris, Srrmnmry of High Temperature,  Liquid 
Metal, Fused Salt Pump Bevelopment  Work !n the 
O R N L - A N P  Project  for the Period J u l y  19.50-Jan. 
1954, ORNL CF-54-8-234 (Aug. 19541. 
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acsording to the opeeating requirements of high- 
temperature-l iquid systems for aircraft insta[!ations. 

A most important requirement of an aircraft type 
of pump i s  that. its weight be reasonable, From the 
standpoint of the aircraft designer the weight 
should include e l l  the equipment required to drive 
the pump; that is, if an electr ic motor were used, 

be included. The impo~tance of the weight of the 
drive equipment makes the efficiency of the p u m p  
also an important consideration. The combination 
of these two factors el iminates elestsomagnetic 
pumps from eonsideratisn for aircraft appl ications, 
because the weight of an electromagnetic pump i s  
inherently from 160 to  1688 times greater than that 

QP an air turbine. Et appears that a centrifugal-pump 
drive-system weight of about I I b h p  can be ob- 
tained with a n  sir bleed-off turbine type of system. 
A further disadvantage of electromagnetic pumps i s  
that they are not suitable for operation with molten 
saits. 

Canned-rotor pumps were a lso  considered, but 
they have the same disadvantage that the e/ectro- 
magnetic pump has of requiring heavy electr ical 
generators. A further disadvantage i s  that the thin 
shell required between the rotor and the field 
magnets constitutes a frangible diapkragrn in  the 
system. A very Large iet of f iu id  may be ejected 
when such a rupture occurs, and a serious f i re 
W Q U ~ ~  result. Pumps that do not require frangible 
diaphragms in the  system may give t r oubk  by 
producing smell leaks which would be annoying and 
P P O U ~ ~ ~ S Q ~ ~ ,  but  such dif f icul t ies are relat ively 
t r i v ia l  when compared with major abrupt ruptures. 
Even though the Canned-FOtQk' type of pump i n  suit- 
able for operation with molten salts and even 
though fai lure of a canned-rotor pump diaphragm 
should not lead to a serious f i re wi th molten salts, 

expected in the molten salts in B full-scale reactor 
would esnstitute a far more serious hazard than the 
Fire associated with sodium or NaK. Thus it ap- 
pears that neither the electromagnetic nor the 
canned-rotor type of pump i s  well suited to nuclear 
aircraft appl ication. 

Quite a variety of mechanical pumps was con- 
sidered, but the mixed-flow and redial-f low types 
of centrifugal pump seem to be much the best 
adopted to aircraft requirements. Since it is es- 
sential that the  reactor core and the heat ex- 
changers be as compact as possible, it i s  neces- 

the weight O f  the electr ical genefator $ h Q U l d  611SQ 

Of CentPiflaga! pump driven by Q hydrakilic l f lOtoF 

the large QiDnQUnts O f  FQdiOactiVity WQUId $12 

sary to make use o f  rather high pressure drops 
through these co~mponents. This in turn means that 
the pump heads must be between 30 and 333 dt. 
Therefore i f  an axial-f low type 0% pump were em- 
ployed, it would be necessary to use mult iple 
stages. Flow rates of 588 to 5800 gpm w i l l  be 
required, and thus reiet iveiy h i g h  shaft speeds are 
essential i f  the impeller diameter is to be kept to 
6 t o  82 in. Impellers of this small size are es- 
sential i f  the instal lat ion i s  to be kept reasot-tabiy 
eompast. 

The p r i n s i p ~ l  problem in the design and develop- 
ment of a centrifugal pump for high-temperature 
l iquids is the shaft seal, and quite (B number of 
seals were eons ide~ed .~  One of the f i rs t  con- 
sidered was a graphite-asbestos packing placed 
around the pump shaft, wi th the gland either in the 

fluid i n  a sump pump. This type of seal tends to 
give a considerably higher leakage rate than i s  
acceptable and a relat ively short shaft life, since 
the shaft wear i s  substantial. It works tolerably 
well when used above the gas space in the sump 
pump; but, i f  the seal i s  placed in the pumped f lu id  
so that there i s  seepage through it, oxidation S% t h e  
fluid takes place at  the outboard end of the seal, 
and high shaft wear and corrosion rates are l ike ly  
to result. 

An unusual type sf seal that has received CI con- 
siderable amount of attention i s  the frozen sea!.' 
This type of seal was f i rst  developed far use with 
sodium. It depends on the  use of a c o ~ l e d  gland 
around the shaft that i s  flooded with the fluid being 

fluid being pumped OF in the gas Space above the 

pumped. 
frozen fluid in the CJkand i s  SUffiSient to  meit 
very thin f i lm  at  the shoft SUrfQce, 

Fr ict ion between the  PeDfflp shaft and the 

A seal of th is 
type works well with sodium, besause the shear 
strength of the sodium i s  only of the order o f  50 to 

106 psi  at  room temperature, and also well wi th 
lead, whish has a shear strength sf several hundred 
pounds per squa~e  inch at  a temperature sf a r ~ u n d  
960°F. The freezing t emper~tures  of sodium and 
lead can be readily obtained with a w a t e r - ~ ~ o l e d  

NQK have been unsucsessful because o f  the seal 

tet ic temperature (about -15'F). Unfortunately, 
the hardness values of the fluoride fuels are much 
higher i n  the temperature range immediately below 

gland. Efforts to make this type of work wi th 

gland having to be cooled PO well below the 8 ~ -  

.f 

8C. E. ScRmitz, Trans. A m  SOC. :Mach. EngP.7. 71, 
635 (1949). 



their melting points than the hardness value for 
sodium. Frozen seal experiments have been made 
wifh many fluoride mixtures, including many ~ I Q S S Y  
melts wi th large percentages of beryllium fluoride, 
but i n  all instances serious cutt ing of the shaft 
occurred within a few hundred hours. In addition, 
lerge amounts of power were required for contin- 
uous operation, and very large amounts of torque 
were necessary i n  order to break the frozen seal 
during Startlrp O f  the pump; pumps nQsmQIly re- 
quiring only 3. to 5-kp motors were found to  require 
30- to  50-hp motors to be started. 

The face type of seat used widely i n  automobile 
water pumps, refrigerant pumps, and domestic water 

pumps appears to be a promising solut ion to the 
seal problem, In most applications it i s  f l ~ ~ d e d  
w i th  the pumped f lu id during operation. I ts very 
low leakage rate and long l i fe  depend on the mating 
faces of the seal being f inished to  essentia!!y 
optical ly f la t  surfeces. The l iquid tends to f i l l  the 
space between the two seal surfaces and to form a 
meniscus between the edges of the seal feces on 
the gas side. The surface tension in the meniscus 
across this very narrow gap gives a pressure i n  the 
f lu id  between the seal faces that i s  suff icient to 
hold the surfaces opert. Therefore the surfaces do 
not contact each other, but, rather, they shear the 
f lu id  f i lm between them. Thus the seal surfaces 
operate under ideal lubrication conditions. Seals 
of this type have operated for years with no meas- 
urable wear. They are relat ively insensit ive to 
starts and stops i f  the seal-face pressure i s  kept 
low. It i s  important that they be adequatety cooled 
and that the product of the pressure i n  pounds per 
square  inch on the seal face and the rubbing ve- 
loci ty in feet per minute not be excessive. Values 
as high as lQQ,O($O for this pressure-velocity factor 
have been reported, wi th the parts giving very 
satisfactory service life. It i s  essential that the 
mating surfaces i n  a seal of this type be compatible 
from the standpoint of boundary lubrication, or else 
they may be scored during starts and stops. It i s  
also very important that this type of seal be 
mounted on a shaft that runs true, wi th a minimum 
of vibration. This means that the shaft must be 
well  balanced with the impeiler and bearing as- 
sembly, that the radial looseness in the bearings 
must be small, and that the seal m u s t  be mounted 
in such a way that i t i s  both concentric and square 

wi th the axis of the shaft. Also essential i s  
f lex ib i l i t y  in the seal mounting, which cam be 
readi ly obtained either with a corrugated diaphragm 

or a bellows, the Batter being the more commonly 
used. Since graphite is a porous materitrl, the 
graphite washers used in  seals of th is tyae are 
ordinarily impregnated with materials suck as a 
plastic, lead, babbit, silver, etc. For high-temper- 
ature use i n  the ART fuel pumps the seal w i l l  
operate with inert gas on one side and a flood of 
oil on the other, rather than fuel, to prevert con- 
tamination of the fuel. 

The bearing problem has muck i n  common with 
the seal problem for high-temperature-fIvi$ pumps. 
In a l l  instances the f luids are very corrosive to 
most materials, and therefore only a few matsrials, 
such as graphite, certain iron-chrominum-nisltet ai- 
leys, and cemented carbides, con be used. Further, 
the f lu ids pumped w i l i  remove any adsorbed f i lms 
such as sulfides, phosphides, etc., that would 
tend to al leviate boundary-layer lubrication con- 
ditions. The viscosity of sodium i s  about one- 
f i f t ieth that of water, while the v iscosi ty o f  the 
fluoride fuel mixture i s  about the same as that of 
water. Thus neither of these f luids serves as a 
real ly good lubricant. While they have the advan- 
tage of wetting the surfaces sf iron-chromium-nickel 
al loys very effectively, they tend to str ip cif f  the 
protective films that are formed under ordinary con- 
ditions in most types of petroleum- OF other 7ydro- 
carbon-lubricated bearings. It i s  evident that 
bearings designed to  operate i n  molten metal or 
molten sa l t  must be l ight ly loaded and ca reh i i y  
aligned. 

The investigations have indicated that the bear- 
ing a d  seal should be placed in B cool zone above 
the pump impeller wi th a heat dam between them 
and the f lu id being pumped. This arrangement 

makes it possible to use conventional betarings 
and seals. Pumps of this type have proved to be 
quite satisfactory and have the advantage of being 
relat ively insensitive to  the type of f lu id being 
pumped; that i s ,  the same type of pump can be used 
for sodium, NaK, the fluoride fuel mixture, lead, 
sodium hydroxide, or other fluids.  

Two fuel pumps and two sodium pumps w i l l  be 
located at  the top of the reactor. These pumps w i l l  
be similar, but the fuel pumps w i l l  have the arger 
%low capacity. The fuel pumps w i l l  also include 
xenon-removal systems in which most of the xenon 
and krypton and probably some of the other gacjeous 
fission-product poisons w i i l  be removed from the 
fluoride fuel mixture by scrubbing with helium, The 
fuel w i l l  enter the xenon-removbl system froin the 
eye of the pump and wi l l  pass up t h e  center of the 
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shaft and into the mixing chamber. In the mixing 
chamber the fuel w i l l  spray through a helium at- 
mosphere end impinge on the wall  of the chamber. 
%he resulting mixture w i l l  be very foamy and w i l l  
have Q large gas interface. The helium w i l l  enter 
the system just below the shaft seal and f low down 
the annulus around the shaft, through the upper 
slinger vanesp and into the mixing chamber. The 
fuel-helium mixture w i l l  then be pumped into the 
fuel expansion volume, where the helium containing 
the xenon, krypton, and other f iss ion-product gases 
w i l l  be P ~ B ~ ~ Q V B ~  v ia the off-gas system. The circui t  
w i l l  be completed when the fuel leaves the expan- 
sion volume by gravity f low into the centrifuge, 
where any entrained gas w i l l  be removed and then 
be returned to the expansion volume. The fuel w i l l  
be pumped through the centrifuge holes and w i l l  
re-enter the main fue l  system on the discharge side 
of the fuel pump. The system is i l lustrated i n  
Fig. 14. 

Experimental results obtained with a singfe pump 
operating in a test loop showed that the fuel level 
in the expansion chamber and the rate of bleed f low 
affect the ab i l i t y  of the centrifuge to prevent helium 
bubbles from entering the main fuel system. The 
system operates very well with CI fuel level of J /a  in. 
i n  the exp5nsion chamber end a bleed flaw of up to 
13 gpm. With a fuel level of 3 ino in the expansion 
chamber the system can be operated with 5 bleed 
f low ef 25 gpm. The design value for the bypass 
f low rate is 12 gpm. Similar tests on a ful l-scale 
aluminum model of the fuel pump-expansion tank 
region have given similar results. 

A number of other special features have been in- 
cluded in the pump design for adaptation BQ the 
ful l-scale reactor shield. The pump has been de- 
signed so that i t can be removed or instal led as a 
subassembly, wi th the impeller, shaft, seal, and 
bearing comprising a single compact unit. This 
assembly w i l l  f i t  into a cyl indrical casing welded 
to  the top of the reactor pressure shell. A 3-in. 
layer of gamma-ray shielding just above a \ - inn  
layer of zirconium oxide around the lower part of 
the impeller shaft w i l l  be at the same level a5 the 
reactor gamma-ray shield just outside the pressure 
shell. The space between the bearings w i l l  be 
f i l led wi th oil to avoid a gap in  the neutron shield. 
The pumps w i l l  be powered by hydraulic drive units 
i n  order to provide good speed control, along with 
compact, rel iable motors. 

F ill-end-Drain System (including Enricher) 

$he system designed for filling the reactor wi th 
the barren fuel-carrier salt NaZrF,, for adding the 
enriched uran i urn-bearing fuel component Na,LOF 6 f  

and for draining the reactor i s  described schemat- 
ical ly i n  Fig. 15. For the in i t ia l  f i l l i ng  operation 
the fuel carrier w i l l  be added to  the fill-and-drain 
tank at a temperature of about 1200'F and w i l l  be 
pressurized into the reactor a number of times a t  
this temperature. The r e a c t ~ r  and the f i l l -and- 
drain tank w i l l  have been preheated by operation 
of their respective NaK systems. Approximately 
60% of the uranium-bearing component of the fuel 
w i l l  then be added from a simple m e l t  pot by gas 
pressure transfer, The remaining uranium-bearing 
material required to  achieve c r i t i ca l i t y  w i l l  be 
added in  small increments by using the enricher 
device shown in Fig. 1%. 

The fuel fil l-and-drain system i s  designed to  
permit the transfer of fuel to and from the reactor 
after the reactor system has been completely 
assembled. A heating system i s  included to  
maintain the fue l  at a temperature above i t s  
melting point. This same system also serves to 
cool the fuel by removing decay heat from fuel 
drained after the reactor has been operated a t  
power. 

The in i t ia l  fuel charge i s  to  be admitted to  the 
fuel til l-and-droin tank through a f i l l  nozzle 
provided at  the top of the tank. Th is  in i t ia l  f i l l i ng  
operation w i l l  be carried out by personnel who w i l l  
be inside the pressure vessel a t  the dill-and-drain 
tank. After the addition of the barren sal t  to the 
fill-and-drain tank, the system w i l l  deliver th is  
sal t  into the reactor for in i t ia l  testing. The barren 
sal t  w i l l  then be drained for the addition of the 
enriching mixture. The system w i l l  then be used 
to f i l l  or part ly f i l l  and drain the reactor a number 
of times for mixing the sal t  and enriching mixture. 
Th is  enriching and mixing cycle may have to be 
repeated a great many times. Fuel  flow into the 
reactor w i l [  be by dispiacement wi th helium, and 
flow back to the fill-and-drain tank w i l l  be by 
gravity. The helium displaced from the reactor 
during fuel addition w i l l  be discharged through 
the off-gas system. Helium displaced from the 
drain tank as the fuel i s  drained w i l l  flow through 
part of the off-gas piping into the top sf the 

The fill-and-drain tank w i l l  also receive the 
charge from the reactor at  any time during 

WX3CtQr. 
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the operetion when an emergency requires that 
the fuel be drained. b.der these conditions, heat 
w i l l  have to be removed from t h e  fuel at  a rate 
equal t o  the qission-ysroduct-decay heat-liberation 
rate. 

Final ly, the fuel fil l-and-drain system w i l l  
receive the fuel from the reactor a t  the completion 
of the test  and w i l l  hold it as Iong as decay heat 
requires cool ing of the fuel. It w i l l  then be dis- 
placed by helium pressure into tke fuel recovery 
tank for removal. I\lo provision has been made for 
transferring the fuel back from the recovery tank 
to the fill-and-drain tank OF for c o o l i ~ g  the fuel 
in the recovery tank. 

After the preliminary design studies were com- 
pleted, it was decided that the fill-and-drain tank 
should be designed with two independent sets of 
Cooling tubes, each designed to permeate com- 
pletely the fuel volume. Th is  arrahgement w i l l  
permit the tank to be cooled even though some 
component of  ne of the two cooling systems, such 
as a pump, radiator, or pipe, should fai l .  The 

design heat load on the tank i s  1.75 Mw. The 
theoretical decay heat a t  the instant of shutdown 
in a 68-h4w reactor i s  given as about 3.6 Mw, b,ut 

the fuel wilE not be drained into the drain tank 
unti l  the f iss ion heat i s  negl igible and unt i l  the 
fuel has been cooled to belsw 1200°F. The drain 
valves w i l l  not be opened until a t  least 8 see 
ofter the control rod has been fully inserted. The 
design i s  based upon the assumption that such 
emergency fuel drainage would occur after csntin- 
uous operation at  60 Mw for one month. The heat 
capacities of the fuel and mechanical e ~ p i p m e ~ t  
are great enough to  absorb the decay heat above 
1.75 Mw for the few minutes during which the 
decay heat generation would exceed this rate. 

The fuel piping between the reactor and the 
fill-and-drain tank is designed to drain a l l  the 
fuel from the reactor under gravity flaw conditions 
in not more than 3 min. It i s  calculated that th is 
condition w i l l  be met even though one of the two 
drain valves cannot be opened. 

The requirement for a completely rel iable cool ing 
system seems to be met by the use of bundles of 
cooling tubes inserted into the tank. In order to 
provide cooling for a l l  metal surfaces i n  contact 
wi th the fuel, the tank and the standpipe to the 
reactor are both iacketed. The coolant to be used 
for th is service w i l l  be NaK (56-44 wt %le To 
provide two independent sets of cooling passages, 
each of which permeates the entire fuel volume, o 
horizontal, cyl indr ical  tank was selected, wi th 
each end serving as e tube sheet. HorizonteB 
decks of U-tubes arranged on each tube sheet in 
a square-hole pattern provide alternate layers 
that originate et  opposite ends of the sank (Fig. 
16). Design calculat ions indicate that fol lowing 
an emergency drainage of the fuel, the cool ing 
system wi l l ,  even with only cane circui t  functioning, 
l imi t  the fuel temperature in the tank to  18WF. 
When both coolant circui ts fullCti5Rf the maximum 
temperature at ctny point in the Bill-and-drain tank 
w i l l  be l imited to  168CF"'. 

The jackets around the cyl indr ical  shel l  of the 
tank and around t h e  drain line, however, are not 
served by two separate systems. Coolant f low 
through t h e  tank jacket w i l l  be in p a r a l k l  wi th 
coolant f low in one set of U-tubes. The NaK w i l l  
enter the iacket around ORB ke l f  of the tank 
circumference and w i l l  return to the coolant 
channel around the other half of the tube sheet 
periphery. Flow guides are placed along the 

only a 1.75-Mw cooling system is required, because 

1 
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ART by pressurization of the ~ n ~ l t e n  sal t  through 
a heated lneonel tube from the fill-and-drain tank 
into a detachable sample receiver. Addit ional 
samples w i l l  be taken during enrichment i n  the 
surne manner ts determine the h~s990genc:ity of 
mixing and the concentration of uranium in the 
mixture. 

Samples of the molten fuel mixture w i l l  also be 
taken after nuclear power operation. These samples 
w i l l  e lse be transferred through heated lnconel 
l ines into sample receivers, but, because of the 
high level of radioactivi ty in the fuell the operation 
is to  be accomplished by remote control, c~nd the 
lines and receivers m u s t  be shielded. To prevent 
premature activation OB the sampling V C I & V ~ ,  a 
frangible disk valve w i l l  be in~luded in each 
sample transfer line. 

A total of f i ve  postpower samples may be taken. 
The f ive receivers w i l l  be eneased in the same 
lead shielding unit, which w i l l  be removed after 
the entire ART operation i s  completed. 

Fuel Rscovery System 

After completion of ART operation, the fuel w i l l  
be drained into the fill-and-drain tank and held 
there for a period of s ~ e ~ t ~ l  days to al low f ,ssion-  
product decay and the consequent lowering of 
decay heat production. The f u e l  w i l l  then be 
transferred into the fuel reesvery tank for del ivery 
to the recovery and reprocessing faci l i ty, 

The fuel r e ~ s v e ~ y  tank w i l l  consist of four, 

IPS inconel pipe furnished with eiectr ica! heaters. 
The assembly is designed for cool ing by ~a t l ia t ion  
and natural convection t~ t h e  atmosphere. I t  w i l l  
be shielded w i th  approximately 10 in. of lead. 
The molten fuel w i l l  be trt~nsferred t o  the tank 
through a heated lneonel l ine containing! a frcngible 
disk valve and an open bismuth valve. When the 
transfer is completed, the bismuth valve w i l l  be 
closed and both the transfer l ine und the helium 
line w i l l  be severed, as w i l l  a l l  heater and thermo- 
couple leads. The assembly w i l l  then be l i f ted 
out of the cell end loaded ow a truck for delivery 
to the recovery Facility. The assembly wi l l  
inciude a transfer l ine  and the other necessary 
service connections for use i n  the coui'se of 
recovery operations. 

intercORneCted, apprQXi BRCltely 9-ft lengths O j  8- in  .- 

HEAT E X C H A N G E R S  AND H E A P  BUMPS 
The spherical-she!! fuel-te-NaK heat exchanger, 

reactor heat exchanger assembly, i s  based on the 
Which mclkes pSSSib!e t h e  Cornpact !ayoUt of the 
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annular jacket to distr ibute the coolant f low as 
required. 

The two sets of U-tubes are arranged so that 
one set cools the fuel zone just inside the cyl in-  
drical tank wal l  m o r e  thoroughly than the alternate 
set, and the coolant suppiy to the  jacket i s  from 
the alternate system, which is least effect ive in  
cool ing the tank wail. At one end o f  the tank, 
where the fuel shel l  end tube sheet intersect, a 
triangular f i l l e r  r ing i s  placed to  displace fuel 
from th is  corner zone, where cooling would be 
poor i f  one of the two coolant c i rcui ts failed. At  
th is end o f  the tank, fai lure of the coolant c i rcui t  
would interrupt cool ing behind the tube sheet and 
in the jacket. At the other end of the tank, cooling 
would continue either in  the jacket or behind the 
tube sheet, and no f i l l e r  r ing i s  required. 

Further detai ls of the operation of th is  system 
are given in  the section "8perution of the 
and on the flowsheets in Appendix A. 

SampBiwg System 

Samples of the barren molten salt w i l l  be taken 
im~mediately after *'shakedown'' operation of the 
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use of tube bundles curved in such a way that the 
tube spacing w i l t  be uniform, irrespective of 
~ a t i t u d e . ~   he individuat tube bundles terminate 
in header drums. Th is  arrangement foci l i tates 
assembly because small tube-to-header bwndies 
can be assembled, made leaktight, and inspected 
much more easi ly than can one large unit.  Fur- 
thermore, these tube bundles give a rugged, 
f lexible construction that is admirably suited to 
service in which large ~ R I ~ U R ~ S  of differential 

uration of the heat exchanger tube bundles i s  
i l lustrated i n  Fig. 17. 

The heat removed from the fuel by the NaK w i l i  
be transferred to air in  the NaK-to-air radiators, 
which w i l l  be instal led in  a heat-dump system 
designed to simulate the turbojet engines of the 
full-scale aircraft in a number 0% important respects, 
such as thermae inertia, NaK holdup, and basic 
fobricetionel methods. The round-tube and plate- 
f in  radiator cores are fabricated of type SI0 
stainless-steel-clod copper f ins spaced 15 per 

The tubes are 
weided and brazed into round header drums.  The 
individual ~ a d i a t o ~  cores consist of two halves 
15 by 30 in. The f in matrix depth in the air f low 
direction is 5.3% in. A typical  radiator i s  i l lustrated 
in Fig. 18. 

The basic requiaernent of the heat-dump system 
is to provide heat-dump capacity equivalent to 

Mw of heat with a mean temperature level OB 
t360°F in the Ne# system. The NaK w i l l  be 
circulated through eight sepa~ate systems. Four 
w i l l  consti tute the main heat-dump system, two 
wi 1 I serve the FeflecPor-moderator coo1ing system, 

in  the main system a group of four NaK Bill-and- 
drain tanks w i l l  be used. The t a ~ k s  w i l l  be pres- 
surized to force the Na into the main cooi ing 
circuit .  The I2 tube bundies of the fueI-to-NsK 
heat exchanger w i l l  be manifolded in  four groups 
of three each. The NaK w i l l  f low f rom these tube 
bundles out to  the ~ d i a t o ~ s ,  which w i l l  be a r ~ n g e d  
in  four vert ical banks with four radiators i n  each 
bank. The Ha%( w i l l  flow upward through the 
radiator bank to the pumps. A smell  NaK bypass 
flow around the radiators w i l l  pass through a 
cold t ~ o p  in order to maintain Q IOW s iygen  conten- 

t h e ~ ~ a l  expansion must be expected. T h e  config- 

inch rand mounted Qfl 4/,,-in.-QD Enconel tubes 
placed on ? p L  square centers. 

and t W 0  W i l l  Serve the fuel fill-afld-drain tank. 

tration in the NaK. (FOP detai ls of the NaK systems 
see Appendix A, Flow Diagram 6. )  

The two indepC%ldeiTt 6'eflk5CkW-!TlOderatO!' heat- 
dump SySPerrtS (!'der& to On Flow Diagram 6, 
Appendix A, as the Auxi l iary System) w i l l  be 
essential ly similar to the main NaK system except 
that t he i r  cortlbi~seel capacity w i l l  be about one- 
third that of one of the four eireuits of the main 
heat-dump system. The NaK w i l !  be circulated to 
both the Ha-to-NaK heat ex~hangers  in the top of 
the reactor, where the two NaK streams w i l l  pick 
up from the sodium the heat generated in the isl$nd 
and the reflector. The two NaK streams wiSl pass 
to  smal l  NaK-to-air radiators, where they w i l l  be 
cooled and returned to their respective pump 
suctions. A bypass cold trap w i l l  be included in 
each system, 5s in the main NoK systems, whi le 

Four axial-f low blowers w i l l  f ~ ~ e  988,000 cfrn 
of air  (which expands to 6.7 x 105 cfm when heated 
to 750QF) through the rad ia to~s  and out through 
a IO-ft-dio discharge stack 78 ft high. Since the 
axial-f low blowers w i l l  stall and surge i f  throttled, 
cohtro1 w i l l  be accomplished through bypassing a 
portion of the air around the radiators. The heat- 
dump rate w i l l  be modulated by varying the amount 
of air bypassed through 5 set of controilable 

from the plenum chamber between the blowers and 
the radiators. The arrangement w i l l  include louvers 
to bEock off the air passage ts the radiators and 
louvers i n  the bypass duet; one set w i f i  be 
opening whi le the other is closing. This arrange- 
ment should give good contrsl of the heat load 
from zero to 1161% of the design load. Since each 

blower w i l l  be driven with OR a-c motor independ- 
ently of the others, the heat-dump capeeity can 
also be increased in  increments 04 25% from zero 
to fu l l  load by changing the number of blowers 
used. 

Heat bsrriers mounted on both sides of the TO- 

diotors w i l l  be required in order to minimize heat 
losses during wsrrnup operations. Warmup wi  II be 
accomplished by energizing the NaK pumps and , 

driving them at part or fu l l  speed. As a result of 
fluid frictional losses approximately 480 hp must 
be put into the pumps i n  the NaK circui ts and will 
appear Q B  heat in the f lu id pumped. A mechanical 
power input of 400 hp to the NaK pumps w i l l  
produce a heat input i n  the NaK system of approxi- 
mately 300 kw. This  should be enough to heat 
the system quite satisfactori ly i f  the radiator 

Q single fill-Und-dI'aiIl tank W i l l  Serve bQth Systems. 

louvers mounted in such a way as to bleed sir 





cores are blanketed to  prevent excessive heat 
losses. However, electr ical heaters w i l l  be avai l-  
able on the NaK l ines so that the NaK pumps can 
be run at  one-half speed to reduce stresses and 
wear during zero- and low-power operation. Wela- 
tiveiy simple sheet stainless steel doors wi th 
3.0 in. of thermal insulation wil l ,  when closed 
over both faces of a radiator (IQB-ft’ inlet-face 
area) f i l l ed  with 1100°F NaK, seduce the heat loss 
there to  about 30 kw. 

The heat appearing i n  the reflector-moderator 
w i l l  be 5bout 3.5% of the reactor power output. 
The cooling c i rcui t  wil l  also remove heat from the 
to re  shelfs and the pressure shell, and therefore 
the totat amount of heat to be removed from this 
cooling c i rcui t  w i l l  be about 10% of the retxtor 
output. Phis must be removed at a mean NaK 
circui t  temperature of about 1050°F. Four m- 
diators that have in let  faces 2 x 2.5 ft each and 
the s 5 m e  basic geometry as that used for the main 
heat dumps w i l l  be employed. These radiators 
w i l l  be equipped w i th  louvers and heat-barrier 
doors l ike those used on the main NaK radiators 
and wi61 be supplied wi th aie from the same air 
duct (see Flow Diagram 6, Appendix A). 

The two independent heat-dump systems for 
heating and cooiing the fuel fils-and-drain tank 
(referred t o  on Flow Diagram 6, Appendix A, as 
the Special Systems) w i l l  also be essential ly 
similar to the main NaK system. The two NaK-to- 
air radiators in  these systems w i l l  be served by 
individual air blowers. When the systems are to 
be used for adding heat to  the fuel in  the fill-and- 
drain tank to preheat the tank for f i l l i ng  or to 
maintain the fuel above i t s  melting temperature, 
they w i l l  b e  capable of heating the tank to  1125OOF. 
The systems w i l l  also be ready a t  any t ime to 
remove f i  ssion-product-decay heat from the fuel. 

OFF-GAS SYSTEM 

The fission-product gases which w i l l  be purged 
from the fuel i n  the fuel expansion tank are to be 
continuously removed from the fuel system to a 
water-cooled charcoal adsorber, in which the gases 
wil l ,  in effect, be “held up” a suff iciently long 
period of t ime for safe discharge t o  the stack. In  
the fuel expansion tank the gases w i l l  be di luted 
with 1000 to 5080 l i ters of helium per day and w i l l  
be bled f i rst  through a water-cooled vapor trap (to 
remove ZrF4 vapor) and then outside the reactor 
and ce l l  through an empty pipe into a charcoal- 
f i l l ed  pipe in  a water-f i l led tank. The empty pipe 
was peovided to  permit some decay of the gaseous 
act iv i ty SO that when it is subsequently adsorbed 
by the charcoal the resultant heat can be satisfac- 
tori  ly  transferred to the water surrounding the 
charcoal-fi l ted pipe. There w i l l  be suff icient 
charcoal to assure a 48-hr holdup of which 
w i l l  be the oniy gaseous f i S S i Q f l  product w i th  
signif icant ac t i v i t y  after passage through the 
charcoal. Experimental work has indicated that 
64 f t 3  of  charcoal w i l l  be required. Two parallel 
eharcoet adsorber systems are provided. 

Provisions have also been made for bleeding 
the cel I atmosphere through an auxi I iary charcoal 
bed i n  the event that a leak occurs in  the reactor 
off-gas system within the cel l .  The charcoal bed 
in this auxi l iary vent system w i l l  be bypassed 
during normal operation for disposing of instrument 
bleed gases. 

Four bypass loops w i l l  be provided i n  the two 
off-gas systems, one before and one after the 
charcoal section 04 each system, so that the 
act iv i ty i n  the isolated gas samples can be eounted. 
Further, the vent lines to the stack w i l l  be mon- 
itored to  determine whether the gas may be safely 
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discharged. of detai led instrumentation wi th in the shield does 
sure sl ight ly above atmospheric a n d  wi l l  not not appear to be warranted, it  w i l l  be exbremely 
require pumps. worth whi le to obtain radiation-dose-level data at  

representative points around the periphery of the 
and in the water tank (containing the empty and shield, part icularly in the v ic in i ty of the, ducts 
the charcoal-f i l led pipes), which w i l l  be buried and of the  pump and the expansion tank region. 
in the ground, a l l  components of the off-gas system The shield for the reactor w i l l  have some ciharac- 

The system w i l l  operate at a pres- 

Except for the equipment wi th in the  reactor cel l  

are to be housed in  a special bui lding provided 
for that purpose a t  the southwest comer 0% the 
ART building. A fundamental design cri terion 
i s  that access to  th is  "off-gas shackFD should not 
be l imited by radioactivi ty from any other part 
sf the system but that the shock should be isolated 
in the event of a leak of gaseous act iv i ty therein. 

In the design of the off-gas system the calcu- 
lat ions that were madelo- 1 2  were str ict ly theoret- 

icol, but they were strengthened by the operating 
experience which had been obtained on a similar 
adssrber system used with the HRE. In particular, 
Flow vs pressure-drop data and f low vs breakthrough 
t i m e s  i n  charcoal erdsorbers were obtained from 
HRE e ~ p e r i e n c e . ' ~  ExperimentoI datal4 on the 
adssrptivi ty of charcoal indicate that the design 

the system are presented on Flow Diagram 3 in  
Arspendix A. 

of the ART adsorbet. i s  CQnSerVatiVe. Details Sf 

tsristics that w i l l  be peculiar to  th is  particular 
reactor configuration. The thick reflecttar was 
selected on the basis sf shielding considerations. 
use of a thick reflector i s  based on twci major 
reasons: a seflectsr about 1 1  in. thick fol lowed 
by 5 layer of boson-bearing material will  at"enuaite 

the neutron f lux to the point that the secondary 
gamma f lux can be reduced to  a value about equal 
to that of the core gamma radiation; it w i l l  also 
reduce the neutron leakage f lux from the refjector 
into the heat exchanger to about the level of that 
from the delayed neutrons which w i l l  appear in 
the heat exchanger from the circulat ing fuel. An 
additional advantage of the thick reflector i s  that 
69.8% of the energy developed in  the core w i l l  
appear as heat i n  the high-temperature zone within 
the pressure she!!. This means that very l i t t l e  
of the energy produced by the reactor w i l l  have 
to be disposed of with a parasit ic cool ing system 
at a law-temperature level, The mate~ial i n  the 
spherical-shebl intermediate heat exchanqer i s  A BRC R A  F T-T YB E S H IE L D 

The most promising 0% the several shielding 
arrangements that were considered for the ART 
seems to be the one which i s  functional ly the same 
as the arrangement for QR aircraft requiring a unit 
shield - a shield designed to give -10 r/hr i t  
50 ft from the center af the reactor. Such a shield 
is not far from being both the l ightest and the m o s t  
compact that has been devised. It w i l l  make use 
of noncrit ical materials that are in good supplyl 
and it w i l l  provide useful performance data on the 
effects on the radiation dose tevels a4 the release 
of delayed neutrons and decay gammas in the heat 
exchanger, the generation of secondary gammas 
throughout the shield, etc. While the comp%ication 

about 70% as effect ive as water for the removal 
of fast neutrons; so it too i s  of value f r m  the 
shielding standpoint. The delayed neutssr s from 
the circulating fuel in the heat exchanger region 
might appear Po pose e serious handicap. Helwever, 
they wit1 have an attenuation length much shorter 

radiation from the core. Thus, from t h e  outer 
surface of the shield, the intermediate heat ex- 
changer will  appear as a much less i n t e n s e  source 
of neutrons then the more deeply buried reactor 
core. The fis%ion-pro$uct-decay gammas from the 
heat exchanger w i l l  be about equally ( I S  important 
as the secondary gammas from the bery i l i im and 
the ref lector she1 I. 

Thermal insulation 0.5 in. thick w i l l  separate 
the hot reactor pressure shell from the gamma 
shield, which w i l l  be a layer of lead 4.3 in. thick. 
The lead, i n  turn, w i l l  be surrsunded by a 32-in.- 
thick region of borated water. The sl ight ly pres- 
surized water shield wit1 he contcained in an 

$e effected by circulation of water through co i ls  
embedded in the lead. The borated water shield 

than the COrFeSpQndiflg a%%C?fluatiOfl lensfk f 0 F  

B/tJt?linum tank. CoOlinCJ 04 the lead Shield W i l l  



wi l l  also be cooled by water circulated in coils 
submerged in  the borated water and by thermal 
convection of the atmosphere in the reactor a s -  

An opening w i l l  be made at  the bottom of the 
shield for f i l l i ng  and draining of the reactor. The 
fuel fil l-and-drain tank w i l l  be shielded w i th  10 in. 
OB lead Po reduce the dose to  1 r i h r  at the shield 
surface one week after Cull-power operation. The 
result ing shield weight for a 13-h' capacity tank 
w i l l  be abowt 30 tons. 

sembly cel l .  

C O N T R O L S  AND INSTWUMENTATlON 

The early effort by BfWL personnel to  develop 
the circulating-fuel type of aircraft reactor was 
motivated i n  part by a desirable control feature 
of such reactors - the inherent stabi l i ty  o f  the 
reactor at  design point that resuits  from the neg- 
at ive fuel and o v e r a l l  temperature coeff icients of 
reactivi ty. In a power plant wi th th is characteristic 
the nuclear power source w i l l  be a slave to the 
turbojet load with but a minimum of external control 
devices. 

Th is  predicted master-slave relat ion between 
the load and the power source was veri f ied lay the 
ARE. Work wi th an e[ectronte simulator indicates 
that the ART should behave in essential ly the 
same way. Controlwise, the power plant consists 
of the nuclear source, the heat dump ( in the case 
of the ART), and the coupling between source 
and sink (the NaK circuit). Control at design 
point can be effected to  some extent by nuclear 
means at  the reactor, by changing the coupling 
(i*e., changing the NaK flow) or by ehanging the 
load (i.e-, the heat dump from the PlaK radiators). 

For the ART e? design point the regulating rod 
w i l l  be used mainly for adjusting the reactor mean 
fuel temperature. In particular, an upper tempera- 
ture l im i t  w i l l  cuuse the regulating rod to  insert, 
and therefore the fuel outlet temperature should 
not appreciably exceed 1608OF, even in transients. 
Th is  l imi t  w i l l  override any normal demand for 
rod withdrawal. Furthermore a low outlef 
temperature from the heat-dump radiators wi  II 
uutometically decrease the heat ioad to keep the 
lowest NaK temperature of the system at no less 
than 1870°F. This  lower temperature l im i t  w i l l  
override a l l  other demands for power. 

Control of the ART fal ls i n  th iee different 
categories of operation: startup, operation be- 
tween startup and appreciable power (about 18% 
of design point), and operation i n  the range from 

10% to  ful l  power. For the second and third of 
these categories the nature o f  the reactor and 
power plant i s  so different from that of conven- 
t i ~ n a l  high-flux reactors that control must be 
based on inherent characteristics of the reactor 
t o  a large extent rather than on conventional 
reactor-control prcsctiee. Control at  startup ut i l izes, 
in principle, old reactor-control practice w i th  
short-period P'scram~'f  that are eonventional. 
Experimentation w i l l  take place primari ly in the 
startup and design-point regions. In the inter- 
mediate region between these two, l i t t l e  test ing 
w i l l  be done. 

Fission chambers and compensated ion chambers 
w i l l  be located beneath the reactor shel l  just 
outside the lead region. The region around the 
fill-and-drain pipe w i l l  be f i l l ed  wi th moderator 
materiel through which cyl indrical holes for these 
chambers w i l l  run radial ly out on lines which 
intersect at  a point below the center of the reactor. 
The chamber sensi t iv i t ies w i l l  be adequate for 
the entire range of nuclear operations. 

The control system i s  designed to  provide auto- 
matic corrective action for emergencies requiring 
action too rapid to  permit operator deliberation. 
Automatic inter1ocks w i l  l prevent inadvertent 
dangerous operation, wi th minimum operator l imita- 
tion. Operation in the design power range w i l l  
be independent of nuclear instrumentation during 
power transients. Three classes o f  emergencies 
have been provided for. 

Class f. - Any of the fol lowing events w i l l  eause 

the rod to  be awtoma~ical ly and completely inserted 
at a rate of 1% h k / k  i n  8 sec: 
1. stoppage of either sodium pump, 
2. stoppage of either fuel pump, 
3. drop i n  fuel or sodium l iquid levels in the ex- 

pansion tanks when pumps are operating at 
design point, 

4. fai lure of the o i l  system to the sodium or fuel 

PumPsl 
5. k ~ k a g e  of fuel into NaK or NaK into fuel, 
4. fai lure of commercial power or local ly gen- 

erated power. 
At the same time one-half the blowers w i l l  be shut 
off t o  reduce the heat loud. The load w i l l  then 
be further reduced by the ~ ~ c i i a t o r  shutter auta- 
matical ly closing in response to  a 1070°F low- 
l imi t  signal for the NaK-to-air radiator outlet 
temperature. Dumping of the fuel w i l l  not be 
automatic but w i l l  probably be in i t iated by the 
OpeKC3tOr. 



C l a s s  I [ .  - Any of the fol lowing events wil l  
cause the red to be automatically inserted at  a 
rate of 1% Ak/k i n  8 see: 

1. stoppage of any NaK circuit, 
2. leakage of NaK to the atmosphere, 
3. trouble in the off-gas system (to be defined), 
4. maximum fuel temperature greater than 1650"F, 
5. maximum sodium temperature greater than 

6. maximum sodium temperature greater than 
1250°F when either set of sodium-to-NaK 
radiator louvers i s  wide open, 

7. F-~CX~CX on posit ive period of less than 3 sec, 
8. fi l I-and-drain tank mean temperature greater 

than 1300" F or less than 1100" F, 
9. fai lure of the oiE system to  any NaK pump, 

10. rod-drive trouble. 
Class  [II. - It i s  planned that the operator w i l l  

be warned of any of the fol lowing events, but no 
automatic corrective action w i l l  take place: 
1. leakage of sodium into fuel or fuel into sodium, 
2. lowering of the water level in the outer cell, 
3. excessive radiation level i n  the ce l l  as deter- 

mined by monitors, 
4. excessive humidity in the cell, 
5. excessive rod temperature, 
6. excessive chamber temperature, 
7. oxygen in  the cel l .  

L i s t s  of the instruments for the ARB have been 
prepared that give the fol iowing information for 
each required measurement: type of instrument 

pickup, location o f  pickup, type o f  presentation, 
reading location, rangel and accuracy. The 
necessity for using an instrument was determined 
by whether it W Q U I ~  be required far the safe  and 
orderly conduct of the test, for providing suff icient 
information for evaluation of test results, and for 
providing information not otherwise available. 
F i v e  stations have been provided in  the ART 
building at  which instruments w i l l  be read: the 
control room, the information room, the auxi l iary 
equipment panel, the vent house, and the temporary 
panel for fuel sampiing and recovery. 

A l l  instruments pertinent to the nuclear perform- 
Once of the reactor, as wel l  as to  the control of 
a1 I process equipment which affects nuclear 
performance, ore located in the control room. 
The instruments required for determination of 
reactor power and heat exchanger and radiator 
performance are located in the information r ~ o m .  
In general, operating instruments for auxi l iary 
systems, such as water, hydraulic fluid, lubricating 

1 300" F, 

oil, gas, etc., CIS wel l  as  for the Ne# system and 
a l l  pumps, w i l l  be confined to the auxi l iary equip- 
ment panel. A few pertinent instruments, cis wel l  
as a number of alarms, are duplicated in  both the 
CXXI~PQI room and the auxi l iary equipment panel. 
With a few minor exceptions, a l l  heater eontrols 
and as~iscioted temperature instruments are located 
in the basement on the auxi l iary equipment panel. 
Off-gas system temperatures wi  II be recorded in 
the vent house to  avoid lines being run to the 
information FOORI. The temporary panel ( F o r  fuel 
sampling and recovery) w i l l  be located on the main 
floor just outside the celr and w i l l  be connected by 
temporary lines to equipment wi th in the <:ell a s  
required to effect the fuel sampling and fuel 
recovery operations. 

A U X I L I A R Y  SYSTEMS 

wesium Supply system 

Helium i s  required i n  the ART principal ly be- 
cause of Q need for a flushing gas for renoving 
f ission gases, for an inert atmosphere over the 
fuel, sodium, and NaK, and for a pressn iz ing  
medium for forcing fuel and NaK to  and from their 
respective f i  Il-and-drain tanks into the irecnctor 
system. since no two of these three uses of helium 
w i l l  be ~ o n c u ~ r e n t ,  the helium consumpticm rate 
w i l l  be low. Therefore the helium i s  to be supplied 
from 12 eylinders manifolded into two banks by a 
high-pressure manifold wi th isolat ing valves and 
pressure-reducing valves for each bank. Th is  
w i l l  al low use from either of the two banks while 
the depleted bonk i s  being replaced. (For detai ls 
of th is  system see Flow Diagram 9, Appendix A.) 

Nitrogen Supply System 

Nitrogen w i l l  be required for f i l l i ng  the ~'ecaetsr 

Cell and for operating the pneumatic instruments. 
The nitrogen atmosphere i n  the cel l  i s  a safety 
measure. In the event of a simultaneous sodium 
and water leak from the reactor into the c:ell, i t  
i s  important that the oxygen concentration of the 
ambient atmosphere be kept low enough for no 
detonation of the hydrogen-oxygen mixture to 
occur. The lower combustibility l imi t  for hyclrogen- 
nitrogen-oxygen mixtures i s  obtained at  5% oxygen. 
To  ensure a substantial margin of safety, it has 
been decided that the oxygen concentration i n  
the reactor cell w i l l  be kept to less than 1%. 

The oxygen w i l l  be removed ' in i t ia l l y  f r o m  the 
cel l  by the ce l l  pressure being reduced w i t h  a 
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vacuum pump to a maximum of 0.74 psia and the 
ce l l  being repaessurised with dry nitrogen to 
atmospheric pressure. The dry nitrogen bleed from 
the pneumatic instruments w i l l  act as  a continuous 
purge, which w i l l  keep the oxygen content of the 
nitrogen low. The bleed f low is estimated to be 
a maximum of 7 scfm. 
see Flow Diagram 10, Appendix A.) 

(For details of this system 

A permanent storage t5nk with a capacity of 

station with two reducing valves that are available 
at  the si te w i l l  comprise an adequate system tor 
supplying the instruments wi th the 7 cfm required 
during the test. A traiter w i l l  be used to f i l l  the 
reactor cell in i t ia l ly .  

18,560 scf at p s i  and a pressure-reducing 

Electricat Power System, Distribution, 
and Auxiliary Eqwipmeslt 

The electr ical power for the ART w i l l  be sup- 
pBied by two separate sources. One w i l l  b a 
commercial (TVA) source and the other w i l l  be 
u set of diese&-driven generators. In case of a 

power fai lure for any reason, no effort w i l l  be made 
to continue to  operate the r e a c t ~ r  a t  power; that 
is, a power failure or an equipment fai lure w i l l  
lead to en orderly skutclow~l of the reactor. The 
m a i n  power loads are: 

1, 
2. 
3. 

4. 

4 .  
7. 
8. 
9. 

10. 

the two fuel pumps, 
the two sodium pumps, 
the two NaK pumps in the reflector-moderator 
cooling system, 
the four NaK pumps in the fuel cooling system, 
the two NaK pumps in the fill-and-drain tank 
cooling system, 
the four radiator blowers in the main duct, 
the two radiator blowers in the special duct, 
the battery for c ~ n t r o l  and instrument circuits, 
the pump lube o i l  systems, 
the heater and auxi l iary loads. 

The rekit ion between the various pumps i s  such 
that one fuel pump, one sodium pump, one Ne# 
pump in the reflector-moderator cooling system, 
two NaK pumps in the fuel cooling system, and 
two radiator. blowers should be c o ~ n e ~ t e d  to one 
power source. These major pieces of equipment 
w i I I not have "a lternate power sources. 

A station-type battery wiEl be provided, and the 
ci rcui t  w i l l  be arranged so that the battery w i l l  
float on the l ine a i  a l l  times to keep a dull charge. 

control and instrument circuits in case of a power 
outage. Some emergency l ighting wiEl a&so be fed 
of4 the battery. 

The bC28tet.y W i l l  be US&$ to SUUpp!)' the ReCesD'X)' 

Fuel amd Sodium Pwmp Lubricating 
a d  coo l ing  Bail Systems 

The lubricating and cool ing oil systems for the 
fuel and sodium pumps are to be sealed so that 
they w i l l  serve as secondary, or backup, containers 
for the gaseous radioactive products whish might 
leek from the fuel or sodium systems through the 
primary rotat ing face seal between the reactor 
system cover gas and the lubricating o i l  surrounding 
the lower seal. The pressure i n  the lubricating 
o i l  system w i l l  be a slave to  the pressure of the 
process system through seal-balancing control for 
holding the differential pressure across the lower 
seal to a minimum and in Q direction to cause 
leakage of oil into the system rather than gases 
into the oil. The a i l  leakage w i l l  be trapped and 
then removed by a separate system. A11 parts sf 

the system external to the test  cell must be 
capable of withstanding pressures as high as 
200 psig for periods of up to 1 hr without failure. 

$KOC@25s Water $fskRs 

The ART process water i s  to be supplied by an 

pumps to supply pressure. There w i l l  be one supply 
header and one ex i t  header, and each w i l l  penetrate 
the cell wall. The process circui ts w i l l  join these 
headers wi th in the cell to minimize the W I T I ~ ~ F  of 
eesl penetrations. The flow through each circui t  
wiet be preset before the eel [  is seapBed, and thus 
there w i l l  be need for remote control or remote 

eliminates the need for addit ional water pumps, 
heat exchangers, etc., and the consequent neces- 
si ty of canning the pumps to withstand the cel l  
disaster pressure. Check valves, backed up by 
motor-driven cutoff valves, w i l l  be provided in  the 
in let  lines through the cell. The check valves, 
backed up by the cutoff valves, w i l l  prevent the 
escape of the gaseous act iv i ty that would be 
present in the water l ines within the cell i f  a 
reactor catastrophe caused the water lines wi th in 
t h e  ce l l  to rupture. Provisions w i l l  k made to 
assure uninterrupted flow, since water Blow to  the 
lead shielding m u s t  be maintained during a l l  periods 
when the reactor and dump tank are at  operating 
temperature so that the lead w i l l  not be melted. 

W a t ~  wi l l  be requirsd wi th in the cell for f i l l ing 
the reactor water shield and for cooling the ECK~QF 

and fuel-dump-tank lead shields, the two instrument 
pods, and the reactor and fuel-durnp-tank vapor 

0 8  once-through system with two parol le! 

f low measurement. The use of she open cycte 

traps. OLJtSide the Cell, W a k p  Cooling W i l l  be 
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provided for the lubrication and hydraulic systems, 
the charcoal adsorber, the penthouse space cooler, 
and the NaK cold traps and for f i i l i ng  the water 
annulus of the ceIl. 

T H E  F A C I L I T Y  

The Bui ld ing 

The building constructed in 1952 to  house the 
ARE i s  being modified to provide the space and 
faci l i t ies required for the ART. An addition has 
been constructed of the south end of the ARE 
building to effect a 64-ft extension of the original 
lQ6-ft-Iong building. The shielded reactor assembly 
w i l l  be instal led in the containing cel l  that has 
been provided in the addition for th is purpose. 
Such an arrangementwill permit the use oi services 
and faci l i t ies that were provided for the original 
installation. Items such as the control room, of- 
fices, change rooms, toilets, storage area, water 
supply, power supply, portions of experimental 
test pits, access roads, security fencing, and 
security l ighting have been incorporated in ART 
plans. 

The plan and section drawings of the fac i l i t y  
are shown in Figs. 89 and 26. The floor level of 

(ground level at this end of the building), and the 
ce[l fer housing the reactor assembly i s  sunk in 
the floor. The reactor ce l l  i s  located in approx- 
imately the southwest querter sf a 42-ft-wide by 
64-ft-long high-bay extension and i s  directly in 
l ine with the ARE experimental bay. The reactor 
assembly w i l l  be positioned so that the top 04 the 
shield w i l l  be below bui lding floor elevation. 
The south wal l  of the ARE experimental boy has 

been removed, and the overhead crane faci l i ty  has 
been revised by the instal lat ion of a 30-ton-capacity 
crane, in addition to the exist ing IO-ton crane, to 
permit use of the experimental pits  for instal lat ion 
of auxi l iary equipment and possibly for underwater 
reactor disassembly work after reactor operation. 
Also, the truck door in the north wall  of the bui lding 
has been enlarged t o  provide a Barge entry door 
to the ART area. F ie ld  maintenance and laboretory 
fac i l i t i es  have been instal led in the area east of 
the new bay and south of the low bay of the older 
part of the building. 

the addifion i s  at the AWE basetnent-flooP grade 

The Reactor Assembly Cell 

The cell designed for housing the reactor as- 
The ceE1 consists of 

*4 an inner and an outer tank. The heat-dump equip- 
sembly i s  shown in Fig. 21. 

ment w i i l  be located outside the celt, but reearby. 
The space between the two tanks i s  36 in. and 
w i l l  be f i l l ed  wi th water. The inner tank w i l l  be 
sealed so that it can c ~ n t ~ i n  the reactor in an 
iner t  atmosphere of nitrogen a t  5 psig. The tank 
has been bui l t  to meet ASME code requirements 
for unfired pressure vessels designed tor a 206- 
psig operating pressure. The outer tank serves 
merely as  a water container. 

The inner tank w i l l  be approximately 24 ft in 
diameter wi th a straight section 12 ft losg and 
a hemispherical bottom and top. The outer tank, 
which i s  cylindrical, i s  30 i t  in diameter and about 
47.5 ft in height. When the reactor is t o  be operated 
at  high power, the space between the tanks and 
above the inner tank w i l l  be f i l l ed  with wc,ter for 
carrying off the heat given off by decay gamma 
act iv i ty in the event of an accident so sebere as 
Po cause a meltdown of the reactor. 

About 13 Ct of the outer tank w i l l  be above floor 
grade. This portion of the tank, as wel l  as the 
top hemisphere of the inner tank, w i l l  not be 
attacked until completion of the reactor instc I tation 
and prel iminary shakedown testing. Since the 
shielding at the reactor and for other radioactive 
compo~ents w i l l  be quite effective, it w i l l  be 
possible ~ B P  a man to enter the inner tank through 
a manhole for inspection OF repair work. If \he 
reactor has been operated at moderately high power, 
the fuel w i l l  have to  be drained. I f  the repair 
work requires a relat ively long time, the nitrogen 
atmosphere w i l l  be replaced with air, 

The unshielded reactor assemb9y w i l l  weigh 
approximately 11,500 Ib, the Bead gamma shield 
w i l l  w e i g h  approximately 26,600 Ib, and the w a t e r  

in the shield w i l l  weigh approximately 38,500 Ib. 
The shieided reacto~ assembly w i l l  be rnoui~ted in 
the inner tank on vert ical columns with the -eastor 
off center 3 f t  from the vessel axis and abcret 7 ft 
above an open-grated floor. This posit ioning pao- 
vides the space that w i i l  be needed for the location 
of the he[  fi[t-and-drain tank, prepower and post- 
power sarnpl ing systems, fuel recovery tank, riuelear 
instrumentation, and enriching equipment. The 
off-center location also serves to minimize the 

The NaK and off-gas piping connected to  the 
reactor w i l l  pass through a thimble-type pzssege 
or bulkhead with a bellows-type expansio,.s joint 
in the double-walled cell. The opening w i l l  be 
covered with a conical thermal sleeve which w i l l  
be welded to  the pressure cell walE. The piping 

length of the NaK piping. 
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w i l l  be anchored to  the thermal sleeve. The 
annular space between the NaK and the off-gas 
piping and the thirnble-type passage w i l l  be f i l l ed  
wi th insulation. Auxi l iary service pipes and tubes 
connected to  the reactor w i l l  pass through three 
junction panels located on the west side of the 
cell. The openings w i l l  be covered with st i f f  
plates which w i l l  be welded to  the pressure-cell 
wail. The bulkhead between the double-walled 
ce l l  i s  a bellows-type seal. 

F i ve  doubly sealed junction panels for controls 
and instrumentation have been instal led through 
the tank below the bui lding floor grade on the east 
side of the tank as a part of another bulkhead 
system to pass the wires, pipes, tubes, etc., 
reqoired for the c i rcui ts and systems. The volume 
within the instrument and electr ical wiring bulk- 
heads w i l l  then be maintained at  a pressure of 
200 p i g  to  prevent outleakage from the inner 
tank, even in the event of a disaster. The various 
thermocouples, power wiring, etc., w i l l  be instal led 
on the reactor assembly in the shop and f i t ted 
with disconnect plugs so that they can be plugged 
into the panel i n  a short period of time after the 
reactor assembly has been lowered into position 
in the test faci l i ty .  Ph is  w i l l  minimize the amount 
of assembly work required i n  the field. 

Manholes 5 ft En diameter have been instal led 
in the upper portion of the containers. The manhole 
in the water tank i s  [ocated just above the flange 
on the inner tank to  al low passage through both 

container walls and thus provide can entrance to 
the inner tank for use after placement of the top. 
Sufficient catwalks, ladders, and hoist ing equip- 
ment w i l l  be instal led within the inner tank to  
provide easy access for servicing al  I equipment. 

The control tunnel surrounds 180 deg D f  the 
north side of the cell, with a l l  junction mnels 
exit ing into the control tunnel which extends to  
the auxi l iary equipment p i t  (formerly the ARE 
storage pit). The p i t  and the adjoining basement 
area w i l l  include such items as the lubricating 
o i l  pumps and coolers, hydraulic o i l  pumps, relays, 
switch gear, voltage regulators, and aur i l iary 
equipment control panels. 

The Shiesding Experiment Facil ity 

Pests made at  the Tower Shielding Fac i l i t y  
indicated that provision should be made for the 
measurement of the gamma-ray spectrum ~f the 
ART as a function of the angfe of emission from 
the reactor shield. Therefore f ive col Iirnator. tubes 
have been provided to  col l imate four beams ra- 
diating from an equatoriai point at  the surface of 
the water shield at  angles of from 0 to 70 deg from 
the radial direction and one beam from an equztorial 
point a t  the surface of the reactor pressure shell. 
The latter beam w i l l  be used only during low-power 
operation. The layout required for providing these 
beams is shown in Fig. 22. In  addition PS the 
faci l i t ies shown in  Fig. 22, a gamma-ray dosimeter 
w i l l  be iosated on the roof above the reactor. 
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Part 111 

DESIGN AND DEVELOPMENT STUDIES 





FUEL D E V E L O P M E N T  

A thorough survey of materials that appeared to 
be promising as heat transfer f luids WQS presented 
i n  QWNL-3B0.1 The f i rs t  requirement i s  that the 
fluid must be l iquid and thermally stable over the 
temperature range from 1COO to 180(a5F. A melt ing 
point considerably below 1000°F would be prefer- 
able for ease in handling, but a substance that 
would be l iquid a t  room temperature would b even 
better. Other desirable characteristics are low 
neutron absorption, low viscosity, high volumetric 
specif ic heat, and high thermal conductivity. 
Above all, i t  must be possible to contain the 
l iquid in a good structural material at  high tempera- 
tures without serious c o r r ~ s i ~ n  QI mass transfer of 
the structural mC8teriQt. If the heat transfer f lu id  
i s  to serve aIso as a circulat ing fuel, it m u s t  be a 
suitable vehiele for uranium; that is, h e  solubi l i ty  
of uranium and i t s  effect on the properties o f  the 
f lu id must be considered. 

'$0 be suitable for a high-temperature, l iquid- 
fueled, epithermal reactor, a fuel system must meet 
several stringent requirements. The I iquid must 
contain a suff icient concentration of a uranium 
compound for a c r i t i ca l  mass to  be provided in the 
core volume and must melt a t  a temperature s u b  
stantial ly below h e  heat exchanger outlet tem- 
perature. It must consist of e lements  of low ab 
sorption cross section for thermal neutrons and 
must consist solely of compounds which are 
thermally stable at temperatures in excess of the 
core outlet temperature. A high thermal coeff icient 
of expansion is desirable as an a id  to self-regulation 
of the power level. In addition i f  must be stable 
to the intense radiation f ie ld and must tolerate 
the f ission process and h e  accumulation of f iss ion 
products without serious adverse effect on i t s  
physical, heat transferp and chemical properties. 
Of the many fluid materials which have been con- 
sidered, molten fiuorides are the  only f luids which 
seem to be generally suitable as aircraft reactor 
fuels;Z a number of fluorides of low cross-section 
elements appear to be particularEy promising.2 

' A .  S .  Kitzes, A Dtseusszon of Liquid Metals (2s 
Pi le  C ~ o l a n t ~ ,  ORNL-368 (Aug. 16, 1949). 

vel. 2, 996. 6 (8953).  

A mixture of NaFI ZrF,, and UF,, essentisl ly a 
solution of Na,UF, in NaZrF5, containing 5.5 
mole % of UF,, proved to b adequate as fuel for 
the  ARE. Mixtures of phis general composition 
are relat ively noncorrosive to low-chromium niskel- 
base alloys and would appear to b adequate for 
use in he ART, but the melting point, vapor 
pressurep and heat transfer properties are ir  ferior 
to those obtainable From some oher fluorides. 

An improveiment in melting point and a slight 
improvement i n  vapor pressure and VisCQsify can 
b obtained by the addition of WbF to the NaF- 
zrF,-BIF, system. However, the benefits obtained 
would seem to be marginal, considering the! hi$ 
cast of RbF and he added complexity of the 
system, unless very high uranium concentr Jtions 
(above 6.5 mole X) are required for cr i t ical i ty. 

Substantially lower melting points and vapor 
pressures can be obtained at  some loss iri heat 
transfer properties and at a sl ight increase in  
corrosion and mass transfer rates with mixtures o f  
NaF-k.F,-UF, as fuel. Some improvemen,' over 
th is mixture results if LiF-BeF,-biF, i s  used. In 
view of the diminished heat transfer performance, 
the toxic i ty of BeF,, and he cost ~f the required 
Lis, neither mixture appears to offer any reai 
advantage over the NaF-ZrF,-UF, system for air- 
craf t  reacturs, as presently conceived. 

A slight improvement in melt ing point and s very 
real advantage in vapor pressure and heat trsnsfer 
performa~ce result from a solution of UF, in  the 
ternary eutectic of NaF-KF-bi  F. Although such 
mixtures are quite incompatible with Inconel and 
similar commercial chromium-haring nickel  alloys 
because of rapid mass transfer of chromium, the 
advantages will aimost certainly just i fy he cost o f  
the required Li7F i f  an adequate structural and 
container material can b Found. 

While i~formation on the radiation behavior of 
several of these genera! classes o f  fluoride fuels 
i s  meager, apparently there i s  no substantial dif- 
ference among them in their stabi l i ty  to the radia- 
tion f ields and no one of h e m  w i l l  show IX pao- 
nounced advantage in response PO f i s s i ~ n  ur 
fission-product buildup during reactor operation. 

If an adequate container material beeomes ~ v a i B -  
able, i t  i s  very l i ke ly  hat he NaF-KF-LiLhlF,  
fued sys&em w i l l  be chosen for use in aircraft 
reactors. As long, however, as Inconel or some 
similar chromium-bearing al loy Q B  nickel  has to b 
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used as the container, the NaF-ZrF,-UF, mixture 
(or some sl ight variant of i t )  w i l l  continue to be 

The physical properties of he NaF-ZrF4-UF, 
preferred. 

(50-46-4 mole 76) fuel are as fellows: 

Melting temperature 

E Q ~  1 ing temperature 

525'C (977'F) 

1230°C (2246'F) 

3W. D. Powers and G. C. Blalock, Enthalp ies  and 
Heat Capac i t i e s  of Solid and Molten Fluoride Mirrures, 
ORNL-1956 (Jan. 11, 1956). 

4s. J. Cisiborne. :'vleusurernent of the Thermal CCn- 
ductiuify o/ Fluoride Mixtures No. 14 and 30, QRNL 
CF-53-1-23 (Jan. 8, 8953). 

'5. I. Cohen and T. PI. Sones, T h e  Ej'ject o/ Chernic-ai 
Pur i ty  on the V i s c o s i t  of a Muiten Fluorz'ile Alixtutc. 
ORNL CF-56-4-148 (ApriY19,  1956). 

6 T h i s  equation shou ld  yield l iquid densit ies tho? are 
good to within 5% (S. I. Cehen and T. No Jones,  A 
Summary of D e m i t ) ;  Measurements on Molten Fluoride 
Mixtures and Q Correlation (isefrd for Predict ing Densi -  
ties of F l u o d e  Mixtures o/ Known Composition, QRNb- 
1702, May 14, 19541). The V C I B U S  measured a t  room tern- 
peroture eheeks wi th  the predicted value to within 1% 
(S. k. Cshen and T. N. Jones, Measurements o/ the 
Solid Dens i t i e s  of Fluoride Mixture No. 30, AeF2 und 
N a B e F j ,  ORNL CF-53-7-1215, July 23, 1953). 

7 ~ e e u r a t e  to within 10% (N. D. Greene, Measurements 
of the Electricai Conductivity o/ Molten Fluorides ,  
OWNL CF-54-8-64). 

ST R UC TURA L M A T E  R I A L  

In selecting the structural materials for the %uel 
and coolant systems (which specify the structural 
material for the entire reactor), the key considera- 
tions were nuclear properties, high-temperature 
performance, fabricability, availability, and cor- 
rosion resistance to fuel and coolant. Bhe material 
was required to have both high creep strength at 
high temperatures and Q duct i l i ty  of at least 10% 
throughout the operating temperature range so that 
high local thermal stresses would be relieved by 
ptastic flow without cracking. Also, the metal 
was to be highly impermeable and weldable, wi th 
duct i l i ty  in the weld zone of a t  least 16% throughout 
the temperature range from the melt ing point to 
F O O ~  temperature. The avai labi l i ty  of the material 
w50 a prime consideration, because a p o d  assoat- 
ment of bar stock, tubing, and sheet i s  essential in 
a development program. These considerations led 
to the use of lncsnel for the structural material of 
the ARE, and i t  has been selected for the ART 
because extensive research and development work 
has not yet produced a superior material in sub- 
stclntial quantities. 

The most promising of the other materials k i n g  
considered are the nickelmolybdenum alloys. 
These alloys are vastly superior in corrosion rk- 
sistance to  he fluoride mixtures and in strength 
at  the temperatures of interest; however, he 
commercial n i cke l -m~ lybde~um al lays Hastel loys 
€3 and W exhibit  brittleness in the temperature 
range 1100 to 15OO'F as a resul t  of age-hardening. 
Present indications are that this embrittlement 
can be overcome by reducing the molybdenum con- 
tent to 15 to 20% and control l ing the amounts of 
strengthening additions, such as AI, Ti, W, Nb, 
Cr, and C. If the age-hardening tendencies can $e 
eliminated without excessive compromise of 
strength and corros ion properties, structural ma- 
terial w i l l  become available that w i l l  be satis- 
factory at operating temperatures up to 1700OF. 

CORR0910N O F  STRUCTURAL M A T E R I A L S  

Extensive siudies of  the corrosion sf Inconel by 
molten fluorides, especial ly NaF-ZrF,-UF, mix- 

en conducted. For these studies, 
stat ic and dynamic tests were performed both out 
06 end in radiation fields. The tests have been 

8Aeeerracy bel ieved to b e  OQ within about k20% [S. I. made with lncsnel thermal-convection loops oper- 
C o h m  and T. N. Jones, Prelrmrnary Turface T e n s i o n  ated (out-of-pile) with a top temperature o f  1.90 to 
Meusuremmts uf the A R E  Fuel (Fluorzde Almfure NQ. 
30), o!?b!L cF-53-3-259 (Mare 27, 895311s 1650°F, wal l  temperatures up to B75Q°F, and 
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temperature gradients of 225 to 256"F, which in- 
duce f low sates o f  2 to 6 fpm in.the fluoride mix- 
ture. The effects o f  time, temperature, purity, 
rat io of surface area to  volume, various additives, 
valence state of the uranium, and concentration of 
the uranium have h e n  investigated. In general, 
data from the thermal-convection loops have 
agreed weD1 with the data from the forced-circulation, 
high-tenepel.ature-differential loops &at have been 
operated out of and in radiation fields. The 
veloci ty and Reynolds number of he cireulated 
fluid apparentCy have a very minor ef fect  on cor- 
rosion and mass transfer. It has also k e n  demon- 
strated i n  its-pile forced-circulation loops that 
radiat ion has littCe effect on these Inconel-fluoride 
mixture systems at  power densities up to E kw/cmS. 
In the most recently operated in-pile loop, the fuel 
burnup reached a level essential ly the same as  the 
design value for &e ART. T h i s  loop i s  being 
disassembled for analysis. 

Inconel, a soIid-so!ution alloy of Hi, Cr, and 
Fe, when exposed to fluoride metals i s  subject to 
preferential leaching of chromium, which causes 
the formation of voids in the metal. The voids are 
subsurface, are not interconnected, and are found 
to  occur both within the ga ins  and at grain bund-  
aries. The selective leaching of the chromium 
occwrs not because of physical solubi l i ty  of ehro- 
mium metal in molten fluorides but by chemical 
reaction of the chromium with oxidizing agents 
present in the fluoride mixture or on the original 
metal surface. Accordingly, corrosion of  Inconel 
by the fluoride mixture i s  strongly dependent on 
the eoncentration of these reducible compounds; 
th is dependence i s  emphasized as the rat io of 
Fluoride-mixture volume to lnconef surface area 
i s  increased. 

Typical  impurities react and produce corrosion 
by the fol lowing processes: 

2HF + Cs" + CrF, + H, 

Oxide f i lms on he metal walls react wi th the fuel 
constituents (ZrF, or UF,) to  yield structural 
me ta I fluor ides: 

These structural metal ffworides are h e n  avcii !able 
Boa reaction with chromium, QI shown above. It is, 
aceordingly, necessary that the fluoride sriixture 
and the lnconel be of especially high puri,'p/, I f  
the purity specif icat ion i s  met and UF, is the 
uranium compound used, the reaction 

2UF, + CPx= CaF, + 2UF, 
becomes the Pate-determining reaetisn in &e cor- 
rosion process. 

In the thermal-convection l o ~ p s ,  reduction oQ 
impurities i n  the fluoride mixture and equiI iLmtion 
of the metal surface with the UF, seem to  require 
200 to  250 hr and to p ~ ~ d u c e  void formation to a 
depth of 3 to 5 m i l s .  In the forced-circbllation 
I O Q ~ S ~  En which the f low rates of he fluorid's mix- 
ture are much higher, these reactions proceed more 
repidiy &ut do not cause any greater corrosion. 
For o given concentration of impurities o f  Ut', the 
depth of attack varies with the rat io o f  surface 
area to fuel volume; and, i f  equiiibrium i s  -stab- 
I ished isothermally, the corrosion i o  reasonably 
uniform. However, in a system with Q temperature 
dif ferential the hottest bone i s  prefereratiat Sy 
attacked. 

When tetravalent uranium i s  present, the reaction 

2bBF, -i- C r a w  CaF, + 2UF, 
i s  responsible for some gemass transferg' in addition 
to the corrosion described abve .  In he mass 
transfer process, chromium removed from the metal 
waifs in the hot zone i s  deposited on the metal 
wal ls in the lower temperature regions o f  the s y s -  
tem. Since the equilibrium constant for &e reaction 
i s  temperature dependent, the reaction proceeds 
sl ight ly further to the r ight in the high-temperature 
zone (1500°F) than in the [ow-temperature zone. 
The UF, and h e  CrF2 are soluble and theretore 
movewith the circulat ing stream to the cooler zone, 
where a s l ight  reversal of the reaction occurs and 
chromium metal i s  formed. Phis type of conversion 
i s  not readi ly apparent in thermal-convection loops 
operated %or 5OQ hr, because in the f i rs t  SO0 hr 
o f  operation the mass transfer ef fect  i s  masked by 
the effects of impurities and nonequilibriuni con- 
ditions. In loops operated for 1500 hr, however, 
the mass transfer effect is  observable. It i s  est i -  
mated that, in lnconel systems circulat ing a zir- 
con ium-base fluoride fuel mixture, corrosion by 
the mass transfer mechanism w i l l  increase by 
about 3 mila per 1000 hr. M a  from a loop oper- 
ated for over 8808 hr substantiate th is view; the 
total deph of attack was 25 mils, wi th a peek 
Inconel temperature of I.500°F. 
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The corrosion attack in he ART wi l t  be greatest 
i n  the hottest portion of the fuel circuit, and after 
1000 hr of operation the attack is expected to be 
about 8 to 16 mi ls i f  all  the uranium i s  present 
original ly as UF,. If Q mixture sf UF, and UF, 
i s  used, the corrosion of Inconel by the fuel w i l l  
be decreased. For instance, after 560 hr of sircu- 
lat ion of a UF.pontoining fused salt, attask of 1 
to 2 m i l s  i s  found, in C O ~ P F ~ S ~  to the usual 3 to 
5 mils. Experiments are under way for determining 
the proper UF3-to-UF4 rat io for achieving minimum 
corrosion along with adequate solubi l i ty  i n  the 
zirconium-base fluoride mixture. The BdF, is not 
suff iciently salerhle in he NaF-ZrF4 carrier to  

uranium would also be a problem, 
it  has k e n  estehlished that the z i rconium-kse 

fluoride mixture fuels and Inconel w i l l  be com- 
patible under ART operating conditions for the 
1060-hr expected l i f e  and that the attack w i l l  not 
seriousCy weaken the reactor structure, but there 
i s  still some concern a b u t  the corrosion of the 
thin-wal led (0.B25-inn-thick) heat exchanger tubing, 
The amount of mass transfer of chromium to the 
cold leg w i l l  be SQ small that here  w i l l  not be at9 
i n ~ ~ e a s e  in pressure drop or Q decrease in heat 
transfer performance. 

The materials compatibi l i ty problem has also 
been investigated for the materials o f  he reflector- 
moderator system in which sodium w i l l  flow i n  
direct contact with both k r y i l i u m  and I n c ~ ~ e l .  
In suck a system both temperature gradient mass 
transferand dissimilar metal mass ~ a n s f e r  between 
the beryllium end lnconel can occur. On the basis 
of numerous whirligig, thermaf-convection loop, 
and forced-circulation loop tests c~nduc ted  on 
beryllium-sodium-8ncanel systems, the former does 
not appear to be a serious problem i f  the tempera- 
ture i s  kept below 1300°F. The temperature 
gradient mass transfer detected on the cold-beg 
wa l ls  of any thermal-convection loop with a beryl- 
lium insert in the hot leg operated at 1300'F (cold 
leg, llQ6'F) for periods of 1000 hr has been less 
than 200 pg per square centimeter of beryllium. 
The mass transfer of lnconel by the sodium at 
temperatures below I3QO'F i s  not considered to be 
o serious problem. A beryllium-sodium-lnconel 
forced-circulation loop in which equal areas of 

showed no increase in mass transfer over that 
found with all-Inconel loops. This loop was oper- 
ated at  a hot-leg temperature of 1300°F for IO60 hr, 

provide ('1 Cri t icel mQsS, and piating-QU8 Sf the 

lnconel end beryllium were exposed to the sodium 

end a %mil deposit of crystals was found in the 
cold leg. The crystais were nickel-r ich and cen- 
tained l i t t le  or no beryllium. 

Dissimilar metal mass transfer, in which the 
sodium acts a s  a carrier between the beryllium 
and Ineonel, has been found to be a function of the 
separation distance between the two materials. 
When the berylliaim and Inconel are separated by 
distances of greater than 5 mils, no continuous 
layers of nickel-beryllium compound are formed on 
the surface of the Encsnel in 8000 Ar a t  128O'F. 
Under these conditions a f ine subsurface pre- 
cipitate, probably BeNi, forms to a depth of apprsx- 
imately 2 mils wi th a 5 m i I  separation between the 
beryllium and the lnconel end to  e depth o f  1 mi8 
with a !%-mil separation. 

The maior compatibi l i ty problem in the reflector- 
moderator system w i l l  occur in those areas where 
lnconel and beryllium are in direct contact. In 
1066 hr a t  1200'F a %mil  layer of bri t t le compound 
(4.5 mi ls of Be,,Ni,; 0.5 m i l  of BeNi) formed on 
the incsnef when i t  was heid in direct c o n t a d  
with b ry l l i u rn  with no applied pressure. Approxi- 
mately 1 mil  of Inconel was co~sumed  in the forma- 
tion of this [oyer. At 13QO'F under a contact 
pressure of 968 psi  a 25-rnil layer of Be,,Ni5 t 

BeNi, which c~nsumed  4 to 5 m i l s  o f  Inconel, was 
formed on the lnconel in 1080 hr. One possible 
solution to th is problem may be to chromium-plate 
the Inconel. Tests under the above conditions 
(I3OOQF, 500 psi, 1060 hr) indicate that Q S m i I  
chromium plate can reduce the reaction to a con- 
sumption of 2 m i l s  of Inconel. 

Since the structural metal of the fuel system w i l l  
a lso be in contact with the sodium in  the NaK in 
the heat exchange systems, intensive studies are 
under way on the compatibi l i ty of inconel and 
sodium under dynamic conditions a t  a peak sodium 
temperature of %500'F, It i s  believed that mass 
transfer in these systems can be kept to a tolerabfe 
minimum by the use of very pure, non-oxygen- 
containing sodium and very clean metal surfaces. 
In particular, i t  i s  expected that the beryllium 
surfaces w i l l  remove the oxygen impurity from the 
sodium and thus contribute to the reduction o f  mass 
transfer in the sodium system. 

Qther structural materials have been studied or 
are being studied in an attempt to find a material 
superior to lnconel for subsequent aircraft reactors. 
The stainless steels cappeer to  be superior i n  
.sodiumd but they are definitely inferior in the 
fluoride mixtures. Hastelloy B i s  far superior i n  

c 



the fluoride mixtures, taut it has poor fabricational 
qualities. Various modifications of the basic 
nickel-molybdenum al loys are now k i n g  investi-  
gated. 

R A D I A T I O N  E F F E C T S  ON S T R U C T U R A L  
MATER BALs 

The effects of irradiation on the corrosion of 
lnconel exposed to a fluoride fuel mixture and on 
the physical and chemical stabi l i ty  of the Fuel 
mixture have been investigated by irradiat ing 
lnconel capsules f i l l ed  wi th static fuet in the MTR 
and by operating in-pile Forced-circulation Inconel 
loops in the LlTW and in the MTR. ne relat ively 
simple capsule tests have been used extensively 
for the evaluation of new materials. The principal 
variables in these tests have k e n  flux, f iss ion 
power, time, and t e m p ~ a t ~ ~ e .  In a f ixed neutron 
f lux the f iss ion power was varied by adjusting the 
uranium content of h e  bel mixture. Thermal- 
neutron fluxes ranging from 101 1 to 1014 new 
trsns*cm-2esec-' and fission-power levels of 
8Q to 8WO w/cm3 have been used in  these tests. 
Almost a l l  the capsules have been irradiated for 
300 hr, but in some of the recent tests the irradie- 
tion period was 600 to 800 hr. After irradiation the 
effects on the fuel mixture were studied by meas- 
Idring the prC?SSure of the eVQlVeC! gas, by detePmiI7- 
ing the melt ing point of the fuel mixture, and by 
making petrographic and chemical analyses. The 
lnsonel capsule was also examined for corrosion 
by standard metallographic techniques. 

In the many capsule tests made to date no major 
changes that can be attributed to iraadiatior, other 
than the normal burnup of the uranium, have occurred 
in the fuel mixtures. However, the analytical 
method for the determination of chromium in  the 
irradiated fuel mixture i s  k i n g  rechecked for 
accuracy. The metallographic examinations of 
lnconel capsules tested a t  lXIQ(a°F for 300 '11 h a w  
shown the corrosion to be eomparable Po he! corro- 
sion found under similar conditions in unirrndiated 
capsules, that is, penetration to o depth o f  less 
than 4 m i l s .  In capsutes tested at a temperature 
of  205Q'F and above, the penetration was to  a 
depth of more than 12 mils and there was grain 
growth. 

Three types of f o rced -~ i~uBa t ion  in-pi le! loops 
have been tested. A [arge loop was operated in a 
horizontal beam hole of the LITR. The p m p  for 
circulat ing the fuel in this loop was placed outside 
he reactor shield. A smeller loop, including the 
pump, was operated in a vert ical posit ion in the 
lat t ice of the LfTR. A third loop was o~erated 
completely within e beam hole of the MTR. T t e  
operating conditions for these loops are presented 
in Table 6, end results of chemical analyses of the 
fuel mixtures circulated are given in Table 7-  

The klTR horizontal loop operated for 645 hr, 
tnclwding 475 hr a t  f u l l  reactor power. l i e  loop 
generated 2.8 kw, with a maximum fission p ~ w e r  of 

fuel was 5600, and there was CB temperature dif fer- 
ential in the fuel system of 3PF. The vo ume of 

408 w/cm3. The Reynolds number Of the circulated 

Operating Variables 

NaF-ZrF4-blF4 composition, mole % 62.5- 12.525 63-25 12 53.5.40-6.5 

~axirnum fission power, w/cm3 4QQ 500 7 30 

Tota I power, k w  2.8 5.5 29 

Dilution factor 188 10 3.5 

Maximum fuel temperature, 'F 1500 1 s o  1580 

Reynolds number of fuel soao 380 6 SO00 

Operating time, hr 645 130 462 

Time QP full power, hr  47 5 3Q 29 B 
Depth of corrosion attack, mil 1 I 1 

~emperature  differential ,  OF 30 71 175-200 
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TABLE 7. CHEMICAL ANALYSES OF FUEL MIXTURES CIRCULATED !El lNCQNEL 
FORCED-CiRCULATION IN-PILE LOOPS 

MLnor Constituents (ppm) 
Loop Deoigoation Sample Taken 

bOI7 Ckromi urn N ieke l  

LIT8 horizontal loop Before f i l l ing  80 f 10 10 + 5 200 f 1QO 
After draining 180 *40 150 * 18 30 t 5  

LlTW v e r t i a l  loop Before f i l l ing 90 i z  18 80 t 10 145 -+ 20 
After draining 370 -t 20 100 _t 20 50 f 10 

MBR in-pile loop No. 3 Before f i l l ing 40 .k 10 60 I 1 0  40 t 10 
After draining 240 + M 50 f 10 100 k 20 

the loop was large, and therefore there was a 
large di lut ion factor, that is, the rat io of the total 
system voiume to h e  volume in h e  f issioning 
zone. Metallographic analyses showed that there 
was less than 1 mil  of corrosion of the Inconel 
wal ls of the loop. Chemical analyses showed that 
the irradiated fuel mixture contained 200 ppm or 
less Fe, Cr, and Ni. Therefore there was no evf- 
dence of accelerated corrosion in th is  experiment. 

The LfTR vertical loop operated for 138 hr, with 
only 30 hr of the totak operating period being at 
full reactor power. The loop generated 5 kw, with 
a maximum fission power of w/cm3. The 
Reynolds number of he fuel was 3000, and the 
temperature differential was 7lCF, The susface- 
to-volume rat io was 20, and he dilut ion factor was 
10. Chemical analyses showed h a t  the irradiated 
fuel contained 370 ppm Fe, 100 pprn Cr, and 50 ppm 
Ni. Metallographic analysis of the loop showed 
that there was less than 1 m i l  of corrosion a t  the 
curved tip. 

The horizontal loop inserted Est the MTR (MTR 
in-pi le loop No. 3)’ operated for 452 hr, including 
271 hr a t  power. The loop generated 29 kw, with 
a maximum power of 730 w/crn3. The Reynolds 
number of the fuel was 5000, and the temperature 
dif ferential was 175 to 200’F for 103 hr and was 
106OF for 168 kr. The di lut ion factor was about 
3.5. 

Chemical analyses of fuel from MTR in-pile loop 
No. 3 showed that i t contained 246 ppm Fe, 55 pprn 
Cr, end 100 ppm Ni. The high iron eoncentration 
was probably caused by a sampling dif f iculty. 
Examinations of unetehed metallographic sections 

of the lnconel tubing showed that there was no 
corrosion penetration; etching revealed no attack 
to a depth of more than 1 mil. A sl ight  amount of 
intergranular void formation was noted but was 
neither dense nor deep. Measurements of wal l  
thickness did not reveal any variations attr ibutable 
to corrosion. The loop was examined careful ly 
for effects of temperature variations between the 
inside and outside wal ls of tubing a t  bends, but 
no effects of overheating were observed. Samples 
taken from the inlet, the center, and the ex i t  side 
of the loop had less than 1 mi l  of corrosion. The 
low corrosion i s  credited to the careful temperature 
control of the sa l tmeta l  interface and to  &e maxi- 
mum wel l  temperature being below B58OCF at all 
times. 

Future loops w i l l  $e operated e t  higher f iss ion 
powers and therefore greater temperature d i  ffer- 
entials. The di lut ion factors w i l l  be kept low. 
New fuels and new al loys are being considered 
for test ing in future loops. 

STRUCTURAL DESIGN A N A L Y S E S  

The Reactor 

The f ive principal problems involved in the 
structural design analysis of the ART are the 
selection of the operating conditions for the reac- 
tor and the definit ion of the accidents or fai lures 
that might occur for which corrective action would 
be possible; the determination of the mechanical 
or pressure loads set up by these various opesat- 
ing conditions; the calculation of the correspond- 
ing temperature distributions throughout the WQC- 

tor; the selection of suitable design criteria; and 
the detai led stress analysis and structura! design 
of the system. 
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The proposed operating program for the ART i s  
based on the reactor being a t  temperature (12QO"F 
or greater9 for 1500 hr. During the last  1160 hr of 
th is time, the reactor w i l l  be c r i t i ca l  and will be 
subiected to  25 full-power cycfes to sirnusate 
f l ight  requirements. Cn general, the most severe 
steady-state pressure loads to which the internal 
structure o f  the reactor w i l l  $e exposed w i l l  occur 
during full-power operation, '' which is referred to  
as the "design-point condition" and whieh serves 
as the basis for steady-state-load design ana8ysi.s. 
Design for transient loads i s  based in  large part 
on the power-cycling conditions mentioned above 
and on various unscheduled changes in power Eeve! 
that w i l l  occur O S  corrective or safeguard action in 
the event of certain accidents. Not a l l  the pos- 
s ib le operational situations which may arise during 
the test o f  the ART have yet been examined from a 
design viewpoint, but it is believed that those 
situations which w i l l  impose the m o s t  severe re- 
quirements on the structural design have already 
been considered. However, i f  furthee studies 
indicate the contrary, modifications w i l l  be made 
in the design or constraints w i l l  be imposed on 
the operational procedure. Information on tern- 
peroture and pressure transients to be expected 
from off-design operation w i l l  be obtained from 
tests performed on the ART simulator (e.c~.~ abrupt 
stoppage o f  several pumps). 

The pressure loads within the reactor have been 
determined for the design-point condition and for a 
condit ion involving the fai lure of one fuel pump. 
It i s  believed that these two situations represent 
the most severe symmetric and unsymmetric in- 
ternal loads to  which the reactor will be exposed. 
The calculat ion o f  the one-pump-out condition was 
performed En order to  determine the stabi l i ty  of the 
reflector-moderator assemb ly. tinder th is  circurn- 
stance there wouid be no presswe drop through 
the fuel-to-NaK heat exchangers i n  the c i rcu i t  
supplied by the pump that failed. Th is  condition 
would result, then, in a net side load OR the re- 
flector of 12,400 Ib. The reflector support r ing 
has been designed PO be stable against the re- 
sultant overturning moment, and the assembly C Q ~  

be expected to remain seated against the north- 
head structure. 

10The main heat  exchanger  headers  and  the  C Q ~ &  
shells are two important e x c e p t i o n s .  The most s e v e r e  
loads a n  these members wile occur in the e v e n t  Q f  t h e  
s toppage  ~f a fuel pump. 

For design-point operation the pressures in the 
fuel and i n  the sodium circui ts w i l l  be symmetric 
wi th respect ts the vert ical axis sf the reactor; 
thus a l l  resultant forces on the principal struc- 
tural components (the reflector, north head, island, 
pressure shell, and pressure-shell liner) wi  B E  be 
directed along this axis. In addition tei  these 
vert ical forces, horizontal reactions wi  II occur 
between the reflector shell and the pressure-she1 I 
l iner and between the heat exchanger tubes and 
the reflector sheEls and the pressure-shell l iner as 
a result of pressure differences and dif ferential 
thermal expansion. In the heat exchanger tubes 
and the thin core and reflector sheits these forces 
eon cause large deflections and possibly buckfing. 

The principal forces which must be accommo- 
dated a t  the design-point condit ion are the vert ical 
loads that w i l l  be imposed by the fuel. These 
loads consist o f  three components: forces result- 
ing from pressure drops in the fuel paansages, 
weight forces, and buoyant forces. In the reflec- 
tor-moderator assembly the pressure-drop force 
w i l l  be 58,000 lb, the weight 3,WO Ib, and the 
buoyant force 4,700 Ib. The net force wi l l  be up- 
ward and w i l l  press the reflector against the north 
head, which, in turn, will  transmit the force, to  the 

There w i l l  a lso be an upwdrd thrust of %G,900 Ib 
on the north-head region o f  the pressure shell from 
the combined ection o f  pressure, weight, and 
buoyant forces on the heat exchanger. The heat 
exchanger and reflector forces w i l l  be brought into 
balance through the action of corresponding pres- 
sure forces on the inside of the p r e s s u ~ ~  shel l  
(transmitted by the liner), which w i l l  force the 
pressure shel l  downward (Fig. 23). Similar buoy- 
ant, weight, and pressure-drop forces will  also act 
on the island assembly, but these forces w i l l  be 
relat ively small and can be carried by the shel l  
structure without the aid o f  special structural 
mem be r s . 

Calculat ions are being made for determining the 
three-di mens iona I temperature distr ibutions through- 
out the sodium circuit, the fuel, and the principal 
structural members for the various operating condi- 
t ions of the reactor. In the in i t ia l  design studies, 
thermal loads and stress VQIWX were u s d  that 
were based on very preliminary estimates of the 
temperature structure, and therefore the very de- 
tai led QnQ~ySiS being mode w i l l  serve as o check 
on the coohnt- f low p r ~ v i ~ i o n s ,  It  w i l l  also pro- 
vide more  accurate estimates of the thermal-stress 
distr ibution i n  cr i t ical  members. 

pressure she1 I ~ 
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Fig.23. Pressure bad Distributions at Full Power. 
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Precise calcu!ations o f  the temperature profi ies 
throughout the reactor require detailed information 
on the energy deposition from radiation and neu- 
tron reactions and on the temperature structure 
along h e  boundaries of the f lu id passages. In- 
formation on the energy deposition i s  t o  be ob- 
tained by two independent methods: a buildup- 
factor technique in  preparation a t  k a t t  & Whitney 
and a Monte Carlo method developed a t  O W L .  
The nuclear reaction data required for these prs- 
grams are based OR the two-dimensional merltigroup 
flux calculat ions supplied by the Curtiss-Wright 
Corporat i~n. The dwal program has been in i t iated 
because the Monte Carlo method, although more  
accurate, w i l l  be several months in preparation, 
and it i s  believed that the relat ively quick Pratt EL 
Whitney method w i l l  suff ice for preliminary three- 
dimensiona! date. Final ly, a more accurate picture 
of the temperature profi les tkrowgh the fuel w i l l  
be obtained from analyses of the resu l t s  of the 
high-temperature cr i t ical  experiment and of the 
tests of the half-scale model of the ART core, 
which u t i l i zes  a volume heat source t o  simu!ate 
the f iss ion heating. 

The ut i l izat ion of the temperature and load dis- 
tr ibution information in the design analysis of the 
reactor system poses some diHicul t ies in a broad 
technological sense because of the lack of an 
established design phi Bosophy for high-temperature 
operation. In general, relat ively l i t t l e  design ex- 
perience has been acquired in providing for the 
effects of thermat cycl  ing, strain cycling, creep 
buckling, and thermal relaxatio~. 

Suitable design cri teria are being formulated for 
the by combining information obtained from 

materials test ing programs, component test ing 
programs, and the Engineering Test Unit (see 
Part 1’4). In the materials test ing programs, data 
are being obtained on the properties of inconel 
and beryl l ium a t  the temperatures of interest in 
order t o  acquire insight into the nature of the 
basic thermal phenomenon involved. 

Data on the creep and tensi le properties o f  the 
two materials, their behavior under strain cycling, 
and their relaxation properties are of particular 
interest. The creep and strength d a t ~ ”  are re- 
quired for the design of members that w i l l  be sub- 
jected to  continuous loads over prolonged periods 
of t ime (e.g., loads result ing from operating pres- 

”This  work i s  under way a t  ORNL and The Brush 
Berylliwrn CO. 

sures). The strain-cycl ing datal2 are being cor- 
related according to the Coff in formulation ’’ and 
w i l l  serve as  the basis for the design analysis of 
structures which w i l l  be repeatedly subiected to  
mechanical or thermal loads that w i l l  p i d u c e  
plast ic deformation in the material. The relaxation 
datal4 are to be used mainly to  determine the 
amount of p last ic strain developed under cyc l i c  
loads. The ereep-buckling information is se- 
q u i d  for the design analysis of the various core 
and reflector shells. These shel ls w i l l  be sub- 
jected to  pressure dif ferentials and PO temperature 
gradients both through their thickness and along 
their surfaces. 

In some instances the materials test  inforination 
obtained from the programs mentioned above may 
be used direct ly to  estimate the thermal deforma- 
t ion end buckling characteristics sf compiments 
a d  t o  determine the l i f e  of parts subjected to 
cyel ie loads. However, th is  direct appl icat ion w i l l  
be effect ive only for relat ively simple strrictural 
configurations and cannot be used far many of the 
important structural members of the reactor. In 
the latter cases it w i l t  be necessary to  remrt  to  
component m scale-model tests under operating 
conditions. For example, a test i s  under way on a 

one-fourth-scale model of the outer core shel l  to 
determine whether the core shel ls w i l l  survive the 
thermal cycl ing to  which they w i l l  be exposed 
during the operational l i f e  of the reactor. The 
operational conditions for th is  test were based on 
the anticipated program of the ARB, and the tem- 
peratures and hold-times involved were determined 
from relaxation and strain-cycling data on Ineonel 
(Fig. 24). This test should indieate, Q I ~ Q ,  the 
extent to &ich the strain-cycling and relaxation 
datu based on simple uniaxial stress conditions 
can be extrapolated to  the more complex pcitterns 
encountered in the actual design. 

The detai led stress analysis of the ART, now 
under way, consists in examining the systcm op- 
erating pressures and thermal and cycl ic loads. 
The operating pressure loads were used to size 
the principal structural members. The crmterion 

12This work i s  under way a t  OWNL and a t  the Uni-  

I3L. F. Coffin, Trans. Am. Sec. Mecb. Engrs. 76, 

I4T0 be supplied by ORNL, WABG, and the Uni- 

I 5 ~ a t a  now being colteetsc~ a t  Prot t  8 Whitmy and the 

versity of Alabama. 

93’1-950 (1954). 

versity of M i ~ h i g ~ n .  

Univers i ty  of Syracuse. 
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Comparison wish ART Thermal-Cycling Conditions. 

presently i n  use requires that the stress level 
created by these Emds be no more than one-fourth 
the value known to  cause rupture from c ~ e e p  i f  
applied for 1580 hr. The stress analysis i s  based 
on elast ic theory, but for very complicated con- 

Qigwrstions the analysis i s  supported by experi- 
mental studies on models of the actual member. 
This scheme of analysis has been applied in a 
preliminary manner to cell structurat components o f  
the reactor, its support structure, the NaK piping 
inside and outside the pressure cell, end the heat 
dump systems (Net< pumps and radiators). These 
prel irnimry studies have been completed, and 
attention is now being focused on the detailed 
stress analysis of the rnaioa structural members 
which are a part of the reactor proper; these mem- 

bers include the north-head double-deck composite 
L ~ F U C ~ U B ~ ,  the reflector support ring, the core and 
reflector shelEs, and the fuel d u m p  tank end 
Su$pOP%§. 

A tentat ive set of design cri teria has been se- 
lected fop. the detai led examination of the system 
from the viewpoint o f  thermal and cycl ic Isads. 
For members that wit1 be subiected to thermal 
loads which may occur only a few times during 
their life, the design cri terion i s  that the strains 
produced by these loads not exceed 0.2%. Based 
ow the concept sf an elast ic stress-strain relation, 
th is  corresponds t o  a stress of around 30,000 psi  
at 1300’F. Such a criterion, although in agreement 
wi th the design philosophy of the ARE, i s  believed 
to be extremely conservative, and a ITW~ real ist ic 
one i s  being considered and will be evaluated by 
the results obtained from the strain-cycl ing tests 
for the lower number of cyc[es. The cri terion for 
the design of members subiected to cyc l i c  plast ic 
strain i s  also based on the requirement that the 
maximum deformation during a cycle not exceed 
0.2%. At temperatures of the order of 13W’F a 
specimen thus loaded should survive more than 



200 cycles. Phis figure i s  based on the best 
strain-cycl ing data now available. l 6  This crite- 
r ion w i l l  be used until more rel iable information i s  
obtained from the strain-cycling test  program under 
way at OWN& and at the University of Alcrbama. 
The thermal-stress cri teria outlined here are in  
use i n  the analysis o f  the cyc l i c  heating of the 
core and reflector shells, the pressure-shell liner, 
and the thermal sleeve attachments for a l l  pipe 
outlets from the reactor, a s  wel l  as in the thermat- 
stress analysis of the fuel pumps and of the NaK 
manifolding crt the reactor. An analysis i s  also in 
progress for determining the thermal expansions 
and distortions of the various shel ls and the 
beryl l ium within the rea~tor .  These caleutations 
require the temperature di stributions previously 
mentioned, and the results obtained from the work 
will determine the f inal  tolerances and ciearanees 
between these members. It should be recognized 
that the proper f i t  of the parts under the operating 
conditions w i l l  define the sold dimensions to 
which the system m u s t  be assembled. 

The analyt ical studies described above are sup- 
ported in many areas by paral lel programs of ex- 
perimental stress analysis. The bulk o f  the work 
i s  being carried out a t  the University of Tennessee 
a d  includes the actuaE model tes ts  of the north- 
head composite-deck structure, the pump barrel 
and NaK pipe ~ t t ~ c h m e n t s  to the pressure shell, 
the main a n d  auxi l iary heat exchanger headers, the 
reflectw support ring, the blowout patch for the 
pressure shell, and the NaK piping systems out- 
side the reactor cel l -  

The emphasis in the design ar~a lys is  under way 
and that programed for the near future i s  placed on 
the re-evaluation of the design criteria, the de- 
ta i led stress analysis of the primary structure, the 
c o m p l e t i ~ n  of strain-cyciing tests of component 
models, and the study of off-design and transient 
operating cond itions. 

Auxiliary Cornponearts 

Severs! major structural components external to 
the reactor, inctuding the reactor support system, 
the fuel f i l l -and-drain tank and support, and the 
main Nai< piping which carries the heat from the 
reactor to the radiators, have aEso been analyzed. 

The reactor i s  to be suspended from an overhead 
bridgelike structure by means of the four pump 
barreis (Fig. 25). The attachment of the individual 
barrels to  the bridge ~ l l o w s  horizontal me~tion of 
the barrels so as to accomodate  the aelative 
thermal growth between the reactor (at operating 
temperature) and the bridge (at room temperature). 
Vert ical motion of the barrels i s  complete~y FB- 
strained. The bridge is f ixed at  each etrd to a 

plates, 28 in. wide and 123 in. long. Ylie Doad 
carried by each co%umn is approximately 45,O€IO Ib. 
This value i s  s o m e w h e ~ e  between one-fourth and 
one-half the value required to cripple the i:oIumn. 

The principal function of the f lexible columns 
i s  PO al low complete freedom for the Hal< l ines 
to expand in  going from temperature to the 
operating temperature of the reactor. During Qul 1- 
power operation the upper row of NaK l ines w i l l  
be at 1070°F, the lower row at  t5QO0F. This w i l l  
result in a horizonto8 growth of Y4 in. in the upper 

l ines and I &  in. in the lower lines. I f  the reactor 
i s  mounted in the cold condition precisely cver the 
center l ine 0% the collmrnn bases, these expinsions 
w i l l  translate and rotate the reactor Q U ~  of the 
neutral posit ion and thereby introduce tiending 
stresses into the columns (Fig. 26). In d e r  to 
eliminate the bending stresses, it i s  plarined to 

precut the NaK l ines so that at  room temperature 
the reactor w i l l  be located 1 in. off the neutral 
posit ion toward the eel! wall  through which the 
NaK lines enter. As the reactor heats up, these 
l ines w i l t  expand and move the reactor into the 
~ e u t r ~ l  position, thus  removing the bending loads 
on the columns. 

Although the f lexible columns can allow for the 
gross expansions of the NaK lines, they cannot 
provide for the differential expansion between the 

margin for operational accidents and freedom in 
control l ing NaK temperatures, it  is planned to add 
several bends into each l ine  to accommodate 300 
t o  400°F temperature differences between adjacent 
lines. The piping layout proposed for the reactor 
ce l l  for th is  purpose i s  shown in Fig. 27. 

The basic design features of the PTaK piping out- 
side the reactor cell are similar to those inside 
the cel l .  The principat design requirement is that 
the pipe supports and end attachments have suf- 

f lexible column consisting of I-in.-thick: steel 

l ines of any 0616 TOW. In Order t0 pSSVid8 SORI& 
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stresses and without producing excessive loads on 
the radiators and pump casings. One of the NaK 
radiator-pump assemblies in the ART system i s  
shown in  Fig.  28. The individual l ines are welded 
at  the reactor cel l  wall, and the joints may be 
considered as f ixed points in the piping circuit .  
The radiator ends of the l ines are welded to their 
respective radiators, and the entire pump-radiator 
assembly i s  suspended by a system of spring 
hangers from overhead so as to  al low freedom of 

motion i n  the principal direction of the NaK lines. 
Th is  freedom al lows for the over-all growth of the 
lines, and the various bends in  the individual l ines 
provide increased f lex ib i l i t y  to accommodate dif- 
ferences in l ine lengths. 

The operation and f low characteristics of the 
f u e l  f i l l -and-drain tank system are discussed in  
Part II. Since th is  tank is to serve as an eversafe 
depository for the fuel, it must survive some 
2080 hr of operation at  temperature und pcissibly 
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several fast  dumps. The principal structural re- 
quirements are determined by the 40-psi NaK pump- 
ing pressure, which w i l l  produce creep in the tank 
structure. The design criteria, then, are based on 
creep-rupture and therrna 1 -shock considerations. 

The most sensitive areas of the design are the 

joints between the tube header sheets (Fig. 16) 
and the inner cylinder. The discontinuity stresses 
in these regions are of the order of 6000 psi, but 
the stresses are expected to decay rapidly, once 
the system comes to  temperature, as a resul t  of 

the stress-relaxation phenomenon. Since this com- 
ponent i s  o f  v i ta l  importance to  the over-all safety 
of the experiment, it i s  planned to  test the entire 
tank system by using one of the NaK circuits. 
Th is  test  w i l l  determine the adequacy of the de- 
sign in withstanding the creep and thermat shock 
effects mentioned above. 

The support of the dump tank assembly i s  ac- 
complished w i th  the aid of a nitrogen cylinder 
located beneath the tank (Fig. 28). Although the 
tank i s  attached r ig id ly to the reactor pressure 
shel l  through the duel drain line, the major portion 
of the tank weight i s  not al lowed to  bear on the 
shell. The total weight of the tank, including the 
fuel, i s  approximately 6600 Ib, of which 5000 Eb 
w i l l  be carried by the nitrogen cylinder. Th is  
arrangement introduces some complication i n  re- 
gard to  the stabi l i ty  of the support system, but an 
analysis has shown that the p ~ ~ p o ~ e c l  arrangement 
of lever arms, the structural st i f fness of the drain 
lines, and the weights are wel l  wi th in the stabi l i ty  
l imi ts of the system. 

RADIAT1ON HEATBING ON THE A R T  
E Q U A T O R I A L  P L A N E  IN T H E  VBClNlTY O F  

T H E  FUEL-TO-MsK H E A T  E X C H A N G E R  

The radiat ion heating to  be expected i n  the ART 
was calculated so as to  provide a basis for the 
design of cooling systems. The results of the 
calculat ions of the radiation heating on the ART 
equatorial plane in the outer 3 cm of the beryllium 
reflector and in  the lnconel and the boron-csntain- 
ing shel ls both sides of the fuel-to-NaK heat 
exchanger are presented i n  Figs. 30 and 31. The 
total gamma-ray heating in each region i s  given in 
Fig. 30, cis wel l  as the heating from the sources 
which are the main contributors to  the total  in each 

shell. The encircled numbers on Fig. 30 refer to 
the sources described in  Table 8. 

The data on heating in the copper-boron layer by 
alpha part icles f rom the B"(n,a)Lia reaction are 
plotted in Fig. 31. The heating goes to inf in i ty at  
the face of the layer closest to  the core because 
the heating at  various points i s  governed by an 
E ,  function, 

where h i s  the mean free path, The integral under 
the curve w i l l  be f ini te. 

*..;.$Y 
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TABLE 8. SOURCES OF RADlATlQM HEATING CONSIDERED 861 CALCULATBNG T H E  
RESULTS PRESENTED iN FIG. 30 

Source 

No. Source 

1* 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I 1  

12 

13 

14 

Prompt gamma rays i n  the fue l  region of the core of the  reactor 

Decay gamma rays in the fuel  region of the core of the reactor 

Gemma rays from inelast ic scattering of neutrons i n  the fuel  region of the core 

Capture gamma rays in the outer core shebl 

Capture gamma rays i n  the reflector (average) 

Capture gamma rays i n  the f i r s t  Ineonel she l l  outside the beryl l ium reflector 

Boron capture gamma r a y s  in copper-boson layer 

Alpha part ic les from the B l0 (n ,a)Li7  react ion in the copper-boson layer (average) 

Decoy gamma radiat ion trom the fuel  in the heat exchanger 

Gamma rays from inelast ic scattering of neutrons i n  f i r s t  9 cm of reflector 

(a vera ge) 

Capture gamma rays from delayed neutrons in the heat exchanger and Inconel 

shel ls (including the pressure shel l )  

Capture gamma r o y s  ip the copper of the copper-boron layer 

Gamma rays from inelast ic scottering i n  both core she l l s  

Capture gamma rays in the is land core shel l  

28.3 w/cm 3 

6.84 w/cm 3 

3 10.1 w/cm 

41 -4 w/cm2 

3 0.5 w/cm 

3 22.5 w/cm 

2 1.8 w/cm 

42 w/cm:3 

3 

a 
2.3 w/cm 

0.9 w/cm 

' 3  0.1 w/cm 

2 0.5 w/cm 

4 w/em 

41.4 w/cm 

2 

a 

*In Fig. 30 the data for heating from sources 1, 2 ,  3 are combined and labeled a. 

The heating from sources 10 to  14 WQS neg- 
lected. Their combined contributions to  the heat- 
ing i n  the region being considered was estimated 
to be about 5% o f  the total heating. 

R A D I A T I O N  HEATING IN VARIOUS REG1BNS 
OF T H E  N O R T H  H E A D  

The radiat ion heating to  be expected in various 
regions in the north head of the ART was calcu- 
lated i n  order to  supply numbers from which ther- 
mal-stress calculat ions could be made. Because 
of the complexity and the time that would be in- 
volved in  calculat ing accurately the heating in CIII 
the regions of the north head, it was decided to 
make preliminary estimates of the deposition rates. 
More accurate values calculated for other regions 
of the reactor were used as guides. In a l l  cases 
the tendency was to  overestimate the heating. 

Calculat ions were made of the heat-deposition 
rate in Q slab of Inconel bounded on 0ne side by 

17For deta i l s  of these calculat ions see Chap. 1.2 Q€ 

ANP guar. P P O ~ .  Rep. June 10, 1956, OWNL-2106, p 28. 

an inf in i te fuel region containing the sources of 
radiation. This heat-generation rate was used in 
a l l  regions in the north head which are bounded by 
f in i te fuel volumes. 

The heat-deposition rates in a siab of Inconel 
bounded on one side by slabs of sodium of various 
thicknesses were calculated, and the results were 
extrapolated and interpolated to  obtain the heat- 
generation rates in the Inconel regions of the north 
head which are bounded by various thicknesses of 
sodium. 

Fa i r l y  accurate calculat ions were made of the 
heat-deposition tetes in the Inconel f i l l e r  plates 
below the island and in the v ic in i ty  od the flJel-to- 
NaK heat exchanger on the equatorial plane of the 
reactor. These results were used as a guide in 
estimating the heating i n  some north-head regions, 
and new values were obtained by compensating (by 
simple exponential attenuation) for decreased 
beryl I i um th icknesses, penetrations through addi 
tional fuel layers, increased thermal-neutron leak- 
age currents into the north head, ets. 
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Fig. 31. Heatimg in Capper-Boson Layer by Alpha 
Particles from the ~ ' ' ( n , a ) L i ~  Reaction. 

It was assumed that a neutron current of 7 x 
neirtrons-cm-'.sec- was escaping uniformly from 
the upper portion of the cwe and h a t  1 Mw of f is-  
sion power was being generated in the fuel regions 
of the north head by neutrons escaping into this 
region. The latter increased the gamma rays i n  
the fuel by about 38%. 

The sources of gamma radiation considered were 
those from the heat exchangers, the boron, the core 
shells, the beryllium, the Inconel shell capture 
gamma rays, the sodium and fuel i n  the north head, 
and the fuel i n  the core. The sources of beta 
part icles considered were those f r o m  the gases in 
the fuel-expansion tank, and the sources of alphu 
part icles were taken to  be those from boron cep- 
tures. The ave~age values of heat generation ob- 
tained in these calculations are presented i n  

Table 9. 
shown in Fig. 32. 

The configuration of the north head i o  

BETA- A N D  GAMMA-RAY A C T I V I T Y  BN THE 
FUEL-EXPANSION CHAMBER AND THE 

OFF-GAS SYSTEM 

The power-souree distr ibution of the ac t iv i t y  of 
the gases i n  the space above the fuel in the fuel- 
expansion chamber and i n  the off-gas l ine  has been 
determined. The results obtained are to be used 
in the calculat ion of the radiat ion heating and the 
thermai stsesses in thio region of the reactor. 

The radioactive constituents of the gas in th is  
space w i l l  be the gaseous f ission products, xenon 
and krypton, and their daughter products. There i s  
also a possibi l i ty  that some volat i le fissicsn- 
p~oduc t  f l uo~ ides  w i l l  be formed in the fuel and 
w i l l  escape into th is  area. However, it has been 
shown that i f  a l l  the fission-product fluorides 
entered th is  space they would add very l i t t l e  at- 
t i v i t y  to that already caused by the gaseous f i s -  
sion products and their daughters. Thus their 
effect has been neglected. Also, there i s  some 
question as to whether the daughter products of 
the f i ss ion  gases w i l l  actual ly be carried down- 
stream by the off-gas system or whether they wil l  
be deposited on the enclosing watls as they are 
formed. & n  order Po get a conservative estimate 
of the power -sour~e distribution, it was decided to  
ireat the daughter p r ~ d ~ t s  of xenon and krypton 
as gases (except insofar a s  their purging from the 
fuel into the fuei-expansion chamber i s  concerned). 

The total  power and the power density in the gas 
space of the fuel-expansion tank as a €unction of 
the volume of the gas and the helium f low rate are 
given in Fig.  33. In the calculat ion of the c u ~ v e s  
the very short- and very long-lived nuclides o f  
xenon and krypton (along with their decay products) 
were neglected. Pinee the fuel circulat ion time 
in the ART w i l l  be l e s s  than 3 sec, nuclides wi th 
half  l ives less than th is  value w i l l  decay mostly 
in the fuel before i t  reaches the purging pumps. 
Thus very few atoms with half  l ives of less  than 
about 3 see would get into the gas space. Also, 
for nucl ides w i th  long ha l l  l ives (greater than 
about 100 hr), the number of disintegrations taking 

"J. J. N e w g e ~ d ,  Fission Product Act iu i t y  anti Decay  
Heat Distr ibut ion in the  Circulating F7iel Reactor with 
Fission Gas  S t r i p p i n g ,  TIM-205 (Sept.  28, 1955). 
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Fig. 32. Configuration of ART North Haad Shewing Members Referred t o  in Table 9. 
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TABLE 9. AVERAGE HEAT' GENERATfON RATES tN MEMBERS OF ART NORTH HEAD 

Member Heat Generation 

(w/crn3) D o s c r  i p t ion  N O . "  

1 

2 

4 

4 

5 

6 

7 

8 

9 

10 

Pressure shel l  (below sodium expansion tank) 

L ine r  

Fue l  expansion-fank baff le 

Fuel expansion-tonk wa l l  

Upper deck (regions with sodium on both s ides) 

Upper deck (regions w i th  fuel  on bofh sides) 

Swirl chamber baff le 

Swirl chember w a l l  

Lower deck (regions w i t h  fuel below and s o d i u m  above) 

L O W ~ G  deck (regions w i th  fuel  an both sides) 

11 Copper-boron t i l es  

12 Fi  I ler block 

13 Beryl l ium support struts 

14 F i l l e r  block 

15 Capper-boron t i l e  

16 F lat  sect ion of lower sup or? Eng 

17 

18 Lower support r i ng  

Strut part of lower support r i ng  

4 

6 w/cm + 86 w/cm OR expansion- 3 2 

tank surface due to beta rays 

3 

6 

2 

15 

3 

8 

8 

12 

25 w/cm2-t i 6 w/cm3, where 

t = thickness of t i l es  (ern) 

3 

BO 

1 

30 

15 

3 

1.5 

*See Fig .  32 for locatiort of member. 

place in the fuel-expansion chamber and off-gas 
l ine would be small, since the dwell time at  the 
assumed helium f low rates i s  very short. bhere- 
fore these nucl ides may be neglected. 

On this  study 32 nuclides were considered, 16 
being isotopes of Xenon and krypton and 16 being 
their daughter products. The main contributors to 
the power distr ibution are the daughter products 
and not the nuclides of xenon and krypton them- 
selves. In a l l  cases the daughter products con- 
tribute about 50 to 60% o f  the total power distr ibu- 
tion. Of the t ~ t o l  power, about 90% i s  due to the 
beta-ray decays, wi th only 10% being due to 
gamma-ray decays. Thus in determining the heat- 
ing caused by these gases, i t  i s  seen that the heat 
deposition w i l l  occur mainly in a small surface 
layer of the materials surrounding the gases in the 
fuel-expansion chamber and the &-gas line. 

The power density in the off-gas l ine os a func- 
t ion of time and gas volume for helium f low rates 
of 1WQ and 3QW [iters/day (STP) i s  given in 
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Fig.  34. The time axis can be converted into These plots were made by using the well-known 
lengths along the off-gas l ine by dividing the equations of the decay of parent products and the 
volume flow rate of the helium gas by the cross- buildup of their daughters as a function of time. 
sectional area of the off-gas pipe. Thus Fig. 34 The in i t ia l  conditions at  the beginning of the off- 
gives the power-source density of 1 cm3 04 the gas l ine were taken as t h e  equilibrium conditions 
gas at  any posit ion in the off-gas line. thot would prevail i n  the fuel-expansion tank. 
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Fig. 34. Power Density in the Off-Gas L i n e  us u Function of Time and Gas Volume in the Expansion 
Tank for a Fuel  Flow Rate of 22 gpm. 
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Part IV 

PNOINEERINO TEST UNIT 





ENGlNEERING TEST UNIT 

A ful9-scale zero-power engineering test uni t  
(ETU) i s  being fabrieated that is a prototype ot 

the ART. Assembly of the EPU w i l l  provide a 
tes t  of the feasibi l i ty  and eff iciency of the pro- 
cedures prior to assembly o f  the ART. Thus 
t i me-c onsumi ng and expen s i ve rework operat ion s 
such as those required for the ARE w i l l  be 
avoided. The f i rs t  reactor assembly Qabricated 
may have, for example, a number of doubtful welds 
that would not prevent the init iat ion of nonnuclear 
shakedown tests but would have to be reworked 
i f  the assembly were to  be used as the high-power 
ART. The fabrication experience gained w i l i  be 
used in assembling the second unit. 

A second and even more v i ta l  reason tor fabri- 
cation and operation of the ETU arises from the 
complexity of the stresses on the assembly. The 
complex geometry, the wide variety of combi- 
nations of thermal and pressure stresses, and the 
di f f icul ty of predicting the magnitude and direct ion 
of thermal warping and distort ion make it essential 
t o  run a comprehensive test on a nonnuclear 
assembly, even though not a l l  the conditions can 
be simulated. Experience a t  the Knol ls Atomic 
Power Laboratory’ has forcefully demonstrated the 
importance of suck tests when dealing with a 
h igh-performance complex that i s  to operate under 
conditions for which there are l i t t l e  data or ex- 
perience. Upon cornpietion of the tests, the ETU 
w i l l  be completely disassembled and thoroughly 

Invaluable shakedown and endurance test ex- 
per ience  w i l l  be obtained, and the training of t h e  
setup and operating crews during such a test w i l l  
expedite assembly and operation of the ART. It 
w i l l  be possible, also, to  obtain heat transfer 
information on the radiators and on the NaK-to-fuel 
and sodium-to-NaK circui ts and to  test some of 
the instruments t o  be used on the ART, 

The heat for the nonnuclear ETU w i l l  be sup- 
p l ied  by two gas furnaces, which w i l l  replace the 
radiators i n  two of the four main NaK circuits. 
I t  was original ly intended that the capacity of 
each furnace would be 5 Mw, but each furnace 
has been reduced to a capacity of 1 Mw because 
of procurement and instal lat ion di f f icul t ies.  Along 
with the reduction in the heat input, the radiators 

i ras pected. 

’R. W. Lockhart et ai., R e v i e w  of S I R  Project ModeI 
Steatn Generator h t e p i t y ,  KAPL-  1450 (Nav. 1, 1955). 

have been eliminated from the other two ma n NaK 
circui ts.  Radiators w i l l  be included only in the 
ref lector-moderator (sod E  um-to-No K) coo I i ng circuit .  
These radiators w i l l  permit a determination of 
performance characteristics of not only the radi- 
ators but also the louvers and the heat-barrier 
doors to be used with them. It i s  part icularly 
important that the sensit ivi ty of the controls for 
these units be determined a t  low loads. Since 
the units w i l l  be essential ly the same as those 
to  be used in the main c i rcui ts of the ART, the 
test  of the reflector-moderator cool ing c i rcui t  w i l l  
serve to  answer many basic questions regarding 
the performance characteristics of the main c i rcui ts 
on the ART. 

Since these w i l l  be no after-heat and no raclio- 
act ive off-gases, the fuel dump tank and the 
off-gas system, rather than being prototypes of 
those t o  be used with the ART, havt: been 
s i rnp I i f  i ed to exped i te fabrication, construction, 
installation, and test ing of the ETU. The fuel 
enrichment, recovery, and sampling systeins are 
not t o  be included in this nonnuclear test  assembly. 
The ART design w i l l  be followed in every irespect 
i n  the fabrication and assembly of the €TU reactor. 
The f inal reactor for the ART w i l l  di f fer from the 
ETU reactor only in modifications brought about 
by the fabrication, instal lat ion and operation of 
the ART. Only those changes considered to be 
absolutely essential to the successful operation 
of the ART are expected to be made. 

SBEClF IC  TEST OBJECTIVES 

The most valuable information to be obtained 
from the ETU w i l l  probably be the disclosure of 
unanticipated dif f icult ies, such as interferenees 
i n  assembly or instal lat ion or di f f icui t ies arising 
from misoperation of certain elements of the 
system under peculiar operating conditions, but 
several prime objectives have been esta olished 
for the €TU test  program. The f i rs t  and most 
important w i l l  be a determination of the tendency 
of parts to  warp, shrink, or otherwise distort during 
the original welding and assembly processes and 
during testing. Dimensional checks w i l l  b’s made 
on a l l  parts during inspection prior to  and during 
assembly, and the actual dimensions w i l l  be 
recorded. 

The most important sets of dimensions, from the 
standpoint of satisfactory reactor operaticm, ore 
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those that affect the moving parts, particularly the 
pump impellers. Distort ion might cause inter- 
ference between the impeller and the stationary 
ekments of the pump, which, in turn, might cause 
malfunctioning of the pump. 

Dimensional data OR the cool ing unnuli  for the 
core, reflector, and pressure shells w i l l  a lso  be 
reco~cied. It i s  important that these annuli  be 
held to  close tolerances, both in local regions 
and for the complete assembly. Some types of 
deviation w i l l  have little effect, whi le other types 
could have quite serious effects. I t  i s  not 
possible to  state expl ic i t ly  which ones of the 
many possible combinations of deviations from 
drawing tolerances w i l l  be aeceptable and which 
w i l l  not, but it i s  important to determine the 
general magnitude and direction of the distort ions 
i n  the EThl result ing from assembly opeeations 
and from testing so that the importance of such 
distort ions in the ARB can be reasonably ap- 
praised. Unfortunately, the temperature distr i -  
bution and hence the distort ion pattern in the ART 
during high-power operation wi  !I be different from 
those in the ETU, but the distort ion during zero- 
power operation end during most of the [OW- and 
medium-power operation of the ART should be 
the same a s  that i n  the ETU. Further, many 
part icularly bad off-design and transient conditions 
t a n  be simulated in the ETU, and the effects on 

Flow tests on various c ~ t - i ~ p o n e n t ~  w i l l  be carried 
aut during the assembly of the reactor. These 
tests, which may be made with either water OF 

air, are partly for checking the caleulslted pressure  
drops through the complex circuits and partly for 
cal ibrat ing the systems so that they w i l l  serve 
as  flewmeters for work during the high-temperature 
testing. 

distortion W i l l  be Sk!died. 

WARMUP A N D  SHAKEDOWN T E S T I N G  

During the in i t ia l  W ~ P ~ L I ~  and shakedown testing 
of the ETU a eonsiderable amount of test data 
w i l l  be ob~oined far use in evaluating the design. 
Data w i l l  be taken on the pressure drops through 

terrnined. The heat losses to various elements of 
the system w i l l  a lso be measured, and the effects 
of operation and posit ion of the heat-barrier doors 
and louvers in the auxi l iary cooling system w i l l  
be determined. i t  i s  especial ly important that 
the sensitiviv of the heat losses near the EBKP 

power condition be determined as a function o f  
posit ion of both the heat-barrier doors and the 
louvers. 

O P E R A T I N G  TEST'S 

O p e ~ a t i ~ n  of the ETU should fol low he program 
prepared for the ART insofar as  possible; in 
particular, the pump speeds and hence the system 
pressures should be programed in the same way 
as  i s  planned for the ART. Thus the in i t ia l  
operation w i l l  be carried out at  low pump speeds, 
the NaK pumps being operated a t  probably oneha l f  
speed on$ the fuel and sodium pumps at  about 
10% speed. After completion of the low- and 
intermediate-power simulation in the ETU, the 
pump speeds w i l l  be increased to  fu l l  design 
operating vcrlues. During  th is simulated operation 
i t  w i l l  be possible to  obtain further test  data on 
the f low characteristics of the various systems, 
the heat balance data, and some indication as 
to  the performance of the heat exchangers, par- 
t icular ly those in the reflector-moderator cool ing 
circuit .  The precision wi th which the heat balance 
dote tun be obtained w i l l  be determined by 
checking the heat balance data for the air, the 
NaK, and the sodium systems against each other. 
During the shakedown operations it w i  I I  probably 
be desirable to  determine the effect that cutt ing 
out one or more pumps w i l l  have on the l iquid 
levels in the expansion tanks. Also, it may be 
possible t o  conduct tests ow the performance of 
the xenon-removal system. 

A carefully programed series of thermal-stroin- 
cycl ing tests w i l l  be included in  the ETU oper- 
at ional tests. Delineation of th is program w i l l  
be delayed unt i l  the stress analysis work is 
essential ly completed so that signif icant tests 
can be made. Hence the precise temperature 

important elements of the system and, most  es- levels, pressure levels, and flow rates that should 
pecia! lyp on the o v e r - ~ ~ l l  pressure drop a t  each be used in  th is program cannot be specif ied unt i l  
of a series of given f b w  rates, and the results around December 1956. 
w i l l  be checked against the predieted values. 
Close attention w i l l  be given to  the behavior of W EA CT (98 ASSE MB b Y 

the l iquid levels i n  the expansion tanks for the The reactor is made up o f  f ive major subas- 
ho t  fluids so that the accuracy and the dependa- the ref[ector-msderator, the main heat 
b i l i t y  of the l iquid-level indicators cun be de- exchanger, the north head, the island and south 

semblies: 



pressure-shell l iner assembly, and the pressure 
shell. Each of these maior sections i s  to  be 
assembled and then f i t ted together in the proper 
sequence to produce a eomplete assembly. 

Many of the individual components of the s u b s -  
s emb I i es present d i  f f icu It Fabr i cations f problems 
because of their geometric shape and the di- 
mensional tolerances specified. A particularly 
d i f f i cu l t  problem w i l l  be encountered in holding 
c lose tolerances on complicated weldments and 
on the thin-walled concentric shells which form 

the f lu id passages and separate the components 
of the reactor. The most meticuious and rigorous 
inspection techniques avai lable are t o  be used 
on materisls and wetds. 

Assembly of the reactor w i l l  start wi th the 
reflector-moderator, which i s  made up of the outer 
Inconel core shell, the beryl l ium hemispheres, 
the strut-ring structure, the B,C layerl and the 
Enconel reflector shefls. The upper and lower 
halves of the lnconel outer core shel l  w i l l  be 
welded together a t  the equator, and the upper 
col lar  w i l t  be welded to the top of  the shell. The 
Inconel spacers w i l l  be f i t ted on the inside surface 
of  the beryllium hemispheres, and the beryllium 
w i l l  be f i t ted around the lnconel shell. The 
spacers on the outer surface of the beryllium w i l l  
then be installed, together wi th the canned copper- 
B,C patches, a t  the north end.  The strut-ring 
assembly and the lncsnet reflector shebt that 
houses the bery61ium w i l l  then be welded together 
and to the outer core shell. Next, the B,C t i l es  
w i l l  be positioned on the outer surface of the 
assembly and covered with the '4,-in.-thisk Ineonel 
shell & s t  serves as the boron icreket. The B,C 
t i les  are to  be placed in sheet metal containers, 
one half  o f  which w i l l  be spot-welded to the 
surface of the shel ls and the other hal f  w i l l  be 
sl ipped into the attached ha l f  to form a container 
around the tile. This operation wi l l  complete the 
ref  lector-moderator assembly e 

Special movable fixtures w i l l  be used to place 
the  12 tube bundles of the main heat exchanger 
around the reflector assembly. The units  must 
be f i t ted into place simultaneously and held i n  
posi t ion so that the northmead assembly may be 
lowered O V ~ F  the reflector-moderator-heat ex- 
changer assembly. The north head i s  a compli- 
cated weldment containing the fuel pump volutes 
and housings, the fuel-expansion tank, the eore 

entrance header, the sodium pump volute:;, and 
the sodium-to-NaK heat exchangers. The north 
Read w i l l  be bu i l t  up from subweldments of the 
pump volutes and header passages on two (decks. 
Welding accessibi l i ty  and welding sequer,ce to  
prevent excessive warpage of er i t ieal  surfaces are 
the most d i f f i cu l t  problems envisioned far  this 
assembly at  the present time, Weldability models 
that i l lustrate the steps involved in asseinbling 
the north head are shown in Figs.  35 through 41. 

The island and south pressure-shell l iner as- 
sembly w i l l  be assembled by f i t t ing  the upper and 
lower beryllium seetions together and plaeing the 
spacers on the beryllium surface. The upper and 
lower sections of the inner core shel l  w i l l  then 
be placed around the beryllium, and the equatorial 
weld w i l l  be made. The upper i s l ~ n d  arid the 
expansion io int  w i l l  be welded to  the core shel l  
t o  form the island assembly. The south pressure- 
shel l  liner assembly w i l l  then be assembled with 
the shel ls containing the neutron shielding and 
weided to  the island assembly. The island w i l l  
be inserted through the moderator assemhly so 
that the bellows assembly w i l l  s l i p  into posit ion 
in the north head and so that the southern pressure- 
shel l  liner w i l l  seat against the northern section 
a t  the equator. The equatorial weld w i l l  h e n  be 
made. 

The upper half 04 the pressure shel l  w i l l  be 
lowered over the reactor assembly, and the lower 
pressure shell, with the laminated f i l ter  plates 
i n  place, w i l t  be brought into position. The girth 
weld w i l l  be made for joining the two halves of 
the pressure shell. The upper island conneetion 
w i l l  be welded to the upper pressure sheil, and 
the heat exchanger header pipes w i l l  be welded to 
the pressure shel l  sleeves. 

The sodium expansion tank w i l l  be welded to  
the upper pressure shell, and the control rod 
sleeve w i l l  be welded a t  the top of the expansion 
tank to  complete the reactor assembly. 

The assembly w i l l  include the lead shield in 
order to  obtein a test of the support structure and 
the eooling systems. The water shield w i l l  be 
omitted on the ETbl to  ease procusemerlt and 
instal lat ion problems. The many shield pene- 
trat ions for instrumentation, helium, off-gas, and 
other connections to  the reactor and aeactoi- shel l  
appurtenances make the detai led shield design and 
installation very diff icult .  
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Fig. 36. Neruh-Head Weldability Mode!, Step a, 
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Fig. 39. North-Head Weldability Model, Step 5. 
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Fig* 41. Nor~h-Head Weldability MJeB, Showing Another View of Step 6. 

REACTOR DiSASSEMBkY 

Dimensional data w i l l  be taken a t  frequent 
intervais throughout the disassembly o f  the ETU. 
The f i rs t  step after removal ak the reactor from 
the test stand will  be the determination of the key 
dimensions of the pressure shell. The over-all 
heights from the level of the pump mounting 
flanges to  the north head and to  the south head 
w i l l  be measured. A cut w i l l  then be made a t  the 
equator through both the pressure shel l  and the 
pressure-shell lines. A cut w i l l  a lso be taken 
th ro igh  the thermal sleeves around the heat ex- 
changer header outlet tubes a t  the south end, and 
the sleeve that attaches the island assembly to 
the north head w i l l  be severed. Th is  w i l l  permit 
the  removal of the island and the southern hal f  
o f  the pressure shell. The core shells, pressure 
shell, and the heat exchanger can then be ex- 
amined. Dimensional data on the pump welts, 
on the pump impellers, and on the areas in the 
v ic in i ty  of c lose impeller clearances w i l l  be 

taken. The welds that attach the pressure shel l  
dome to the north head around the roots D f  the 
fuel  pump barrels w i l l  be mi l led out, arc! the 
transfer tubes that attach the ref lector assembly 
t o  the north head, together with the thermal 
sleeves and heat exchanger outlet tubes at the 
north head, w i l l  be a t .  The two regions can then 
be separated for inspection. The reflector shel l  
w i l l  be Cut, and the beryIlium w i l l  be re rnovd and 
inspected for corrosion, spacer fretting, and 
thermal cracking. 

Other etements of the ETU system, including 
the  snow traps, the cold traps, the f i l ters in the 
NaK system, etc., w i l l  a lso be inspected. Typica! 
sections of piping w i l l  be removed and inspected 
for corrosion and transfer. The NoK pumps 
w i l l  be checked for changes in impeller running 
clearance, the dump valves w i l l  be inspected, 
and a l l  elements of the plumbing w i l l  be caieful ly 
dye-cheeked for thermal cracks that might have 
been induced during the operation. 
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PLANS F O R  I N S T A L L A T I O N  OF THE A R T  

The present plans for assembly and instal lat ion 
of the ART were evolved to minimize the time re- 
quired te get the ART into operation. It was 
recognized h a t  not only must the ART assembly 
start before completion of h e  ETka tests but also 
that operation of the ART would have to be de- 
layed i f  operation or disassembly of the ETU 
indicated the need for modifications of the reactor 
unit. As a result, three complete reactor units are 
being ordered. Subassemblies o f  he h i r d  uni t  
w i l l  be started CIS soen as the ~ e t o ~ d  uni t  i s  
assembled, but f inal assembly w i l l  not be started. 
The second reactor w i l l  be assembled and instatled 
in 5ui ld ing 7503 as rapidly as possible and, i f  no 
trouble develops in the ETU, w i l l  k placed in 
operation 5s soon CIS he disassembly a d  the 
inspection o f  the ETU have been completed. Hew- 
ever, i f  disassembly of  the ETU indicates the 
necessity for modifications, work w i l l  be started 
on the third set o f  subassemblies CIS S Q O ~  as 
decisions are reeehed as to the nature o f  h e  modi- 
f icat ions required. Final  assembly of h e  third 
un i t  would proceed concurrently with h e  removal 
sf the second unit. 

OPERAPlOH OF THE A R T  

Fil l ing and Heating 

The in i t ia l  f i l l i ng  and heating of the reactor are 
part of both the test ing procedure and the operating 
procedure by virtue of the reactor being of the  
circulating-fuel type. The NaK system w i l l  be 
f i l l ed  with NaK, and, then, with the heat-barrier 
doors closed, the NaK pumps w i l l  be started. The 
power provided by pumping the NaK at one-hasf 
design-point f low w i l l  supply mast o f  the hest re- 
quiredl and electr ical heaters w i l l  supply the rest  
of the heat needed to bring the system up to 12QO'F 
in a minimum of 24 hr. 

The sodium for cool ing the ref le~t~t--moderator 
and the sodium for cool ing the control rod w i l l  be 
added during the heating period when the system 
temperature i s  o b u t  358'F. With the sodium pumps 
operating, i t w i l l  then be permissible to add more 
heat to the system through the main ldaK system. 
W i t h  the system isothermal at  1200BF, the cold- 
trap systems w i l l  be gradually ~ o ~ l e d  down in  
order to lC?tIlQVe Oxides from the PdaB<. 

The fused-salt fuel carrier w i l l  be put irito the 
fill-and-drain tank when the entire system i s  in 
an i ~ ~ t h e r r ~ i l  condition a t  120QT. The fuel pump 
w i l l  be started and w i l l  be operated a t  a nomina& 
speed of 108 rpm, and the fuel coraiea w i l l  b 
pressurized into the reactor and heat exchanger 
system. The dump valves w i l l  then be C : ~ O S B ~ ,  

and the fuel and sodium pump speeds w i l l  be in- 
creased in order to degas the systems. When the 
system has k e n  degassed and the d e s i y  fuel 
level has been obtained in the swirs tankb the 
main NaK pump speeds w i l l  be increased to  design 
point. Increases in h e  main NaK pump speeds 
wi l l  be made stepwise in about six steps from one- 
ha l f  speed to design-point speed. 

IsothermaE operation with a l l  pumps opeaai.ing at  
design-point speed will be maintained for about 
24 hr. With a l l  the pumps operating a t  design point 
the added power w i l l  raise the temperature of the 
system. The electr ical heating wi It be decreased, 
as required, in order to maintain the system in an 
isothermal condition. If it i s  necessary, 13 main 
blower w i l l  be started and the h o t  removal w i l l  b 
c ~ n t r ~ l l e d  by manipulation of  the auxi l iary louver 
positions so that the system can be maintained in  
OR isothermal condition with all pump speeds at 
the values desired. 

After no more than 24 hr o f  isothermal opt:ration 
of the system, the dump valves w i l l  be opened and 
the fuel carrier w i l l  be dumped into the fill-and- 
drain tank. Opening the dump valves w i l l  ado- 
matical ly reduce the main NaK pump speeds 1'0 one- 
hal f  design-point speed and at  the same time w i l l  
reduce the fuel and sodium pump speeds to estab- 
l ished minimums. 

%ampleS O f  the fuel CQrrier, he NaK, Qlld the 
sodium w i l l  then be taken and examined for corro- 
sion products. Mass speetrographie analyses OB 
these samples wi l l  also be made in order to de- 
termine whether any leakage occurred betweren any 
two adiaeent systems. 

l f  there i s  no evidence o f  leakage and i f  the 
corrosion-product analysis indicates that the 
carrier i s  clean, a portion of the tarr ier w i l l  be 
withdrawn from the fill-and-drain tank to make room 
for the addition, in two steps, of suff icient Na,I.JF, 
to provide Q fuel mixture which has about (50% of 
the U 2 3 5  required to achieve cr i t ical i ty w th he 
regulating rod withdrawn. The estimate of 60% i s  
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based on the system volume and OR the data ac- 
quired during the high-temperature cri t ica! experi- 
ments described in Part II of this report. 

Enriching t o  Cr i t ical  

After addition of the in i t ia l  charge of Na,LJF,, 
mixing wlbl be accomplished by pressurizing the 
f lu id  into the system unt i l  i t s  surface level i s  
approximately a t  the mid-point of the reactor; the 
pressure w i l l  then be released to allow the f lu id 
to  return to the fill-and-drain tank. It is estimated 
that f ive or s ix such cycles w i l l  be required to 
produce adequate mixing. During this mixing pro- 
cedure the control rod w i l l  be at a withdrawn posi- 
t ion of about one-fifth i ts fu l l  stroke. 

The fuel mixture w i l l  be pressurized to fill the 
reactor system to the operating f lu id level. This 
operation must proceed slowly as i t  nears eom- 
pletion. In order to avoid overf i l l ing the reactor, 0 
level indicator w i l l  be provided in the fuel overflow 
line, in addition to the level indicator in the fuel- 
expansion tank. The pressure in the dump tank 
w i l l  be l imited by a pressure-relief regulator to a 
value that w i l l  be just suff icient to  force he fuel 
up to the minimum level. This pressure w i l l  have 
been estimated from the f lu id shakedo~n  tests. 

I f  proper mixing has been accomplished, addition 
of the in i t ia l  charge i s  not expected to baing the 
reactor to cri t ical i ty, since the fire[ addition was 
calculated to give a reactivi ty value ( k )  of about 
6.94. Improper mixing cou/d, however, produce 
some abnormaf effects, since h e  fuel pumps wil l  
be operating at  the established minimum speed. 
The slowly circulat ing fuel couEd pass throu$ 
the core in an alternately r ieh and lean stream, 
and the count rate o f  the f ission chambers would 
fol low these patterns of firel densityy. Since design- 
point circulat ion occurs only when the f lu id level 
i s  high enough for the pumps to do some pumping, 
pauses in the mixing cycle cannot be expected to 
improve the mixing. 

During the pressurizing of the in i t ia l  charge of 
fuel into the reactor, s d e t y  instrumentation wi I1 
be set on either a fast period or an established 
maximum neutron f lux Bevel to  dump the fuel by 
automatically releasing the pressure on h e  f i l l -  
end-drain tank, since the fuel drain valves w i l l  
not have been ciosed. The operation w i l l  not be 
carried out with f u l l  reliance on these safety 
devices. As i s  customary for a new reactor, much 
of the operation at  this stage w i l l  depend upon the 
s k i [ !  of the trained and experienced operator. 

Fast regulating-rod inSeFts0fl at  the calculated 
rate of change in AkIk of -$% per second and 
concurrent release o f  the helium pressure over the 
fill-and-droin tank w i i l  provide the means for r e  
versing a fast rate of r ise of h e  neutron flux. 
These operations, in addition to being automatical By 
actuated, COR be manually set in motion by one 
manual switch on the console in the control room. 

I t  i s  believed that poor mixing would cause the 
f i l l i n g  sf the reactor, after the addition of the in i t ia l  
charge of enrichment mixture, to be the most haz- 
erdous step in the enrichment procedure. Ex- 
perience with the high-temperature cr i t ical  assembly 
indicated, however, hat  adequate mixing can be 
achieved. Successive charges of enrichment 
material w i l l  be so small that no one charge could 
bring the reactor to c r i t i ca l i t y  unintentionally, even 
with the poorest of mixing. The charges of enriched 
material made after the in i t ia l  one w i l l  $e in  quan- 
t i t ies  that w i l l  increase the reactivi ty by an average 
amount of about 0.3% for a given rod setting. 

After the in i t ia l  enrichment charge has been 
properly mixed with the carrier and the mixture has 
been pressurized into the fuel system of the re- 
actor, count rates w i l l  be taken for a minimum of 
f ive positions of the reguiat ing rod. These posi- 
t ions can be determined accuratesy and will  b 
recorded. 

The fuel w i l l  then be dumped into the fill-and- 
drain tank, and another accurately measured en- 
richment charge w i l t  be added. The mixing opera- 
t ions w i l l  be repeated. The fuel w i l l  again be 
pressurized into the system, and count rates w i l l  
again be taken for the same posit ions of the regu- 
lat ing rod and w i l l  be recorded. This procedure 
w i i l  be repeated for all  successive additions o f  
enriched material. Curves showing the reciprocal 
of the count rate as Q function o f  h e  mass o f  U 2 3 5  
in the system w i l l  be plotted for each of the f ive 
rod positions after each addition is completed. 

At some stage in the enrichment procedure, be- 
fore the reactor i s  cr i t i ca l  wi th the rod withdrawn, 
the fuel dump valves w i l l  be closed to permit an 
increase in fuel and sodium pump speeds. These 
pump speeds w i l l  be brought to design point, and 
the heat removed in the auxi l iary system w i l l  be 
adiustecl to meintoin the system in on isothermal 
condition. The count rate w i l l  be taken for each 
of the f ive rod positions ofter the pump speeds 
have been increased. 

W i t h  fuel and sodium pumps operating at  their 
respective design-point speeds and with the muin k& 



NaK pumps operating a t  one-half design-point 
speed, a temperature dif ferential w i l l  be imposed 
on the system by opening the heat-barrier doors, 
starting 0 blower, i f  neeessaryI and opening the 
main louvers a small ~mounf .  The exact conditions 
to  be used w i l l  have been determined in the e~rlier 
f lu id shakedown tests. This operation w i l l  be 
carried out wi th the regulating rod inserted to 
about one-fifth i ts full travel. 

The mean fuel temperature w i l l  be continuously 
recorded, and the count rate w i l l  be recorded. The 
relat ion between h e  count rate and he mean fuel 
temperature should give semi quantitative eva lua- 
t isn of the fuel temperature coeff icient of reactivity, 
It w i l l  be necessary to cool the NaK system slowly 
and to have completed enough of the enriching t o  
get a suff iciently high count rate to obtain rel iable 
stat i s t  i cs e 

After these data have been obtained, the heat 
removal w i l l  be stopped; that is, the blower w i l l  be 
shut off, the louvers w i l l  be closed, and the heat- 
barrier doors w i l l  be closed. The system w i l l  be 
returned to the previous isothermal condifion at  Q 

temperature of 120Q°F by the operating heaters and 
h e  pumps as described previously. The fuel and 
sodium pump speeds w i l l  then be reduced to  the 
established minimums, and the fuel w i l l  be dumped 
into the f i I 1-and-drain tank, 

Successive additions of Na,UF, w i l l  be made 
unt i l  the reactor is cr i t ical  with the regulating rod 
ful lywitkdiawn and then unt i l  the reactor i s  cr i t ical  
with the rod 88% withdrawn. Inhow cuives w i l l  
be obtained from data taken at each rod position a t  
which the system i s  cri t ical,  in the usual way. 
The data w i l l  be obtained with the fuel pumps 
operating a t  the established minimum speed. Under 
these conditions the reactor may $e considered as 
a stationary-fuel reactor for the purpose of f ix ing 
the fi  ssion-fragment delayed-neutron y i  eld. 

The delayed-neutron contribution to  reactivi ty as 
Q function of fuel pump speeds can best be deter- 
mined in the low-power-level experiments by 
holding the reactor cr i t ical  and at a constant f lux 
for a l l  pump speeds. This w i l l  be done by the f lux 
servo system, which w i l l  hold the f lux constant 
by withdrawing or inserting the regulating rod upon 
am increase or Q decrease of h e  pump speeds. By 
the time that th is experiment is conducted the regu- 
lat ing rod w i l l  have been calibrated for the sts- 
tionary-fuel case, or, i f  not, the data w i l l  be in- 
terpreted after the rod has been calibrated. 

L o w  Power-Le ve i Exper i rnents 

Low-power-level experiments wi I I be completed 
before a l l  the enriching has been donel t'sst is, 
when suff icient enriching has been done to bring 
the reactor cr i t ical  with the regulating rod 80% 
withdrawn. 

The reactor w i l l  he brought cr i t ical  when the 
system i s  isothermal at  126OOF. The dump valves 
w i l l  be closed, and the neutron f lux w i l l  be set a t  
a nominal value estimated to represent Q riuclear 
power of 10 w. Control of the rod w i l l  be placed 
on the flux servo, with the fuel and sodium pumps 
operating at  their established minimum speeds. 
Both the fuel and the sodium pump speeds w i l l  
then be gradually brought up to design point. R e  
posit ion of the regulating rod w i l l  be contiriwously 
recorded, as w i l l  the pump speeds. The servo 
system w i l l  withdraw the regulating rod t s  main- 
tain constant flux. 

The speeds of both the fuel and the sodium 
pumps wi l l  be decreased slowly to their estald ished 
minimums while the servo holds the flux constant. 
This operation w i l l  be carried out carefully and 
probably at a slower rate of decrease in pump 
spezd than was possible for the rate of increase, 
since, a t  some point, the rate o f  decrease in  pump 
speed w i l l  be sueh that the servo cannot keep the 
flux from rising. Abruptly stopping a fuel pump 
w i l l  automatical[y in i t iate a fast regulating-rod 
insertion st a rate of change in A k / k  of -kX per 
seconde These experiments should provide the 
data required for evaluating the delayed-1eutron 
contribution to reactivi ty as  CB function o f  t7e fuel 
pump speed. 

W i t h  the regulating rod controlled by the servo, 
the f lux w i [ l  be held constant and the sodium and 
fuel pumps w i l l  agoin be brought up to design-point 
speeds. The system w i l l  be made isothemal at 
1208'F and h e n  cooled, at a rate previously de- 
termined in the f lu id shakedown tests, by opening 
the main barrier doors and the main I ~ w ~ F s ,  QS 

necessary. 
The mean fuel and sodium temperatures (2nd the 

rod position w i l l  be continuously recorded. The 
cool ing of the system should cause the to be 
inserted and permit a quantitative evaluation of 
the negative temperature coefficient. Part of the 
temperature coeff icient w i l l  be derived by cooling 
the fuel and part by cool ing the moderator. 'Careful 
analysis of the rod position, and, occordingly,tRe 
9 k / k ,  vs the fuel mean temperature will, however, 
give a rel iable estimate of the fuel ternFersture 
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coeff icient of reactivity. This estimate w i l l  be same level. Since the barrier doors can be main- 
used in conjunction with the determination of the 
over-all system temperature coeff icient and the 
sodium temperature to estimate the moderator tem- 
perature coeff icient of reactivity. If the rod cal i-  
bration at  this stage i s  thought to be inadequate, 
the data from this experiment can be saved unt i l  
the rod calibration has been cornpieted, and then 
these coefficients can be estimated in terms of 
( A k / k ) / ' F .  

After completion of these experiments the system 
w i l l  be brought isothermal at  1200°F at the con- 
stant flux with the regulating rod OR servo control. 
Then the regulating rod w i l i  be inserted manually, 
the fuel and sodium pump speeds reduced to their 
established minimums, and the fuel dumped into 
the fill-and-drain tank. 

The enrichment process w i l l  then be resumed, 
with the same procedure being used as that de- 
scribed above, unt i l  h e  reactor i s  cr i t ical  wi th 
approximately 2Q% of the regulating rod withdrawn. 
Spot checks of the delayed-neutron contribution to 
the reactivi ty as a function of the fuel pump speeds 
may be made before complete enrichment has been 
effected. Likewise, spot checks of the tempera- 
ture coefficient of reactivi ty may be made before 
enrichment has been completed. 

Operation a t  Power 

A final low-power-level check of h e  temperature 
coeff icient of react iv i ty w i l l  be made before opera- 
tion at  power is undertaken. This check w i l l  be 
made by the procedure described above. 

The reactor w i l l  then be taken to power in the 
same sequence as that used for the ARE. W i t h  
the system isothermal at  F2Q05F and critical, the 
regulating rod wila be withdrawn unt i l  the reactor 
i s  on a pusit ive period of about 20 sec. For a 
whi le the log N recorder should trace Q straigkt 
line. The l ine w i l l  be straight as long as h e  
posit ive period i s  constant. As soon as h e  nuclear 
power i s  high enough to heat the fuel appreciably, 
the period w i l l  increase because of the negative 
fuel temperature coeff icient of reactivity. Cike- 
wise, the slope o f  the log N curve w i l l  decrease. 
At the time that the period starts increasing, the 
main and auxi i iary barrier doors w i l l  be opened. 
Opening these barrier doors w i l l  put-some load on 
the reactor. The log N curve should then level off, 
either at  a higher or lower level then that exist ing 
when the barrier doors started to open or at  the 

tained entirely opened or entirely closed, there 
w i l l  be no means for perturbing the load a t  this 
stage of the operation. in fact, it wi l t  be sdvisable 
not to attempt to keep the power a t  th is level too 
longp since there w i l l  be no means for adequately 
~ o n t r o l l i ~ g  the various temperatures. The moderator 
may overcoo1 or overheat. 

With the louvers closed, a main blower w i l l  be 
started. This wilE cause a flow of air across the 
radiators and w i l l  increase the power extracted 
from the reactor. Without any regulating rod adiust- 
ment, the Bog N should increase and level off a t  a 
new level. At the new level, as a resul t  of the 
negative fuel temperature coefficient, the system 
stabi l i ty  should be comparable to  that of the ARE 
with the heat-barrier doors open. For the ARE the 
load was about 288 kw. FOP the ART, comparable 
stabi l i ty  should exist  at  about 8.2 Mw. The 
product o f  the fuel heat eapacity in the reactor 
and the fuel temperature coeff icient for the ART 
shou[d be approximately six times the corresponding 
product for the ARE. These factors determine the 
power level a t  which eomporable stabi l i t ies may 
be expected. At 1.2 Mw the reactor power 5hOUld 
level out promptly without excessive "ringing" 
on small perturbations in load or rod position. 

It w i l l  be advisable to open h e  main louvers 
gradually unt i l  the nuclear power i s  from 15 to 10Mw. 
Perturbations in load and in  rod posit ion can be 
made a t  this power range, and the sodium tempera- 
ture control can be maintained. A power TUR ex- 
tending for several days can be made then with a 
mean fuel tempeiature of 1200OF and a maximum 
power output of just over 23 Mw. After this run 
the reactor w i l l  be shut down by s lowly closing 
the main NaK louvers and, finally, by inserting the 

The fuel w i l l  h e n  be dumped into the fill-and- 
drain tank, and o sample w i l l  be pressurized into 
one o f  the sample ce l l s  and sealed off with a 
bismuth freeze valve. The fuel w i l l  again be pres- 
surized into the system, and the reactor w i l l  be 
taken cr i t ical  while isothermal at  12BQOF. To 
maintain the system isothermal w i l l  require a 
greater air load than was needed for the clean 
system because sf the afterheat from f ission 
fragments. 

W i t h  the regulating rod on servo the fuel and 
sodium pumps w i l l  be slowly brought to design 
point, and xenon purging w i l l  be allowed to proceed 
untiE the rod posit ion has become constant for 
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several minutes. Then h e  helium bleed into the 
purging system w i l l  be decreased for several 
minutes to determine i t s  influence on h e  xenon 
purging. A decrease in purging should cause the 
regulating rod to withdraw slowly, T h i s  stage in  
theexperiment w i l l  be the most favorable for xenon- 
purging tests, since h e  system w i l l  be free from 
temperature coeff icient compensations on perturba- 
tions in xenon removal end since the iodine 
precursor of xenon can be evaluated accurately as 
a function of time. The only xenon r e t ~ o v ~ l  which 
can occur at large rates i s  that provided by the 
purging system. 

After experiments to determine h e  charactes- 
i s t i cs  of the xenon-purging system Rave been com- 
pleted, the reactor w i l l  be taken to i t s  maximum 
power with a l2Qh)'F mean fuel temperature (approx- 
imately 23 Mw). The regulating rod w i l l  then be 
withdrawn unt i l  the mean fuel temperature i n  the 
reactor i s  125Q'F. The louvers w i l l  be opened 
unt i l  the NaK temperatures at the radiator outlets 
are 1070OF. Phis w i l l  give the maximum power 
load available with a mean fuel temperature of 
1250OF. This power level w i l l  be rnaintained for 
several days und then lowered by insert ing he 
regulating rod unt i l  the mean fuel temperature i s  
120PF. Then the shutters w i l l  be closed, the 
fuel w i l l  $e dumped, and another s5mple w i l l  be 
taken. 

Procedures for operating the reactor at mean fuel 
temperatures of 11380, 1350, and 1468'F w i l l  be 
precisely the same as those described for operation 
a t  l25Q'F. Each power run w i l l  continue for 
several days, wi th the condition imposed h a t  the 
duration of a l l  power runs a t  or above 20 Mw shall  
not  exceed BQOQ hr. After each power run the fuel 
w i l l  be dumped an$ a samp$e w i l l  be taken. At 
the end of the last  power run the fuel w i l l  be 
dumped and w i l l  be cooled in the fill-and-drain 
tank unt i l  the afterheat has decreased to  such an 
extent that the fuel can be pressurized into the 
recovery tank. 

PLANS FOR BlSASSEMBbY 

It has been recognized from the inception of the 
ART project that the disassembly of the reactor 
would be a very d i f f i cu l t  operation. It is, of 
course, extremely important that Q fair ly complete 
disassembly and "post-mortem" be conducted on 
the reactor to determine how wel l  i t  withstood the 

'@ test  conditions. Information w i l l  be desired on 

< 

corrosion, deposits, plating-out of f ission products, 
structural stability, distortion, warping, cracking 
and local behavior in the v ic in i ty of welds, hazed 
joints, ete., compatibility of beryllium and Inconel, 
integrity of the boron-carbide layer and i t s  eltidding, 
and radiation damage effects on the v a r i o ~ s  ma- 
terials, part icularly these associated with the 
boron-carbide layer, etc. 

Enough information i s  now avai iable to  present a 
fa i r ly  comprehensive picture of the disassembly 
problem. It seems best that a rough disassembly 
be carried out in a hot ce l l  designed for the purpose. 
The heavy disassembly operations can be carried 
out in this cell, and the small samples can be 
removed in lead pigs and examined in s;rnaller 
specialized &st ce l l s  wel l  removed from the very 
large amounts of act iv i ty associated with the main 
reactor assembly. 

The f i rst  step in the analysis o f  the disassembly 
problem has been h e  determination of source 
strengths for the various activities. Basically, 
there wi l i  be, o f  course, the act iv i ty of droplets 
of fuel that w i l l  adhere to the surfaces of tkie fuel 
circuit. Similarly, these w i l l  be some act iv i iy  from 
sodium droplets that w i l l  adhere to surfaces o f  
the sodium circuit. The BnconeE w i l l  Eecome 
activated, primarily the cobalt constituent, :is w i l l  
the beryllium, both because of the preserree of 
cobalt impurities and scandium impuritierb. In 
addition, radioactive elements wi I I  be plated-out 
from h e  FueB, narneky, ruthenium, columbium, and 
~ ~ o l y b d e n ~ m .  Further, i t  can be expected that 
fission-fragment act iv i ty w i l l  be buried in the 
Inconel core shells. While both the adhering and 
the plated act iv i ty might be removed by a drastic 
cleaning operation, such as an acid etch, :such a 

cleaning operation i s  obviously undesirable b- 
cause i t  would destroy the valuable evidence 
wanted for corrosion analyses. While i t i s  d i f f i cu l t  
to estimate the amount of l iquid that w i l l  w h e r e  
to wetted surfaces, it  appear^ that roughly 2% of 
the l iquid in both the fuel and the sodium circui ts 
w i l l  remain in the reactor after i t i s  draintsd. A 
f lushing operation carried out with a non-urlmiurn- 
bearing fluoride mixture w i l l  remove probably 90% 
of th is  residual activity. However, such a fliJshing 
operation w i l l  not remove p la ted -o~ t  act iv i ty or the 
act iv i ty of the f ission fragments buried in the core 
shells. The principal advantages of the f lushing 
operation would be a reduction in air-borne con- 
tamination during disassembby, 5 probable reduction 
in the act iv i ty of parts wetted by fuel in the lower 
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temperature portions of the system, a marked re- 
duction in activity held up in the thermal sleeves 

at the south end, and a very marked reduction in 

activity in the drain valves and the drain line. 

The problems that would be posed by the activity 

in the drain line and valves during the removal of 

the reactor from the cell might alone justify a 

flushing operation. Unfortunately, this operation 

would have to be carried out after the fuel had 
been transferred from the fill-and-drain tank to the 

fuel recovery tank. 
Estimates of the activities associated with the 

various parts have been made for 100 and 300 days 

after shutdown and are tabulated in Table IO. The 

majority of the data are from decay curves prepared 

by Bertini.’ From the table it may be seen that 

the principal sources of activity are the fission 

products in the fuel, the plated-out activity (princi- 

pally ruthenium), the cobalt in the lnconel core 

‘l-l. W. Bertini, AMP Q I‘izT. f'rog. Rep. Mmch 10, 1955. 
OWNL-1864, p 24. 

shells, and the scandium and cobalt in the beryl- 

lium. Each one appears to give a source of the 
order of 1,OOO to 100,QOO curies 100 days after 

shutdown. All the other activities seem to be of 

the order of 10 curies or less; therefore if plating- 

out were not a problem, it should be possible to 
remove small specimens from the reactor and for 

each specimen to have an activity of less than 

;wh?kreli 

It is evident that, except for the fuel 

eta s y b y a factor of 10 in the period from 

100 to 300 days after shutdown) and the plated-out 

ruthenium, the activities are long lived and that 

very little advantage would be gained from waiting 

the 300 days, except for parts on which plated-out 

activity should be expected. While little informa- 

tion is available, it appears that the bulk of the 

plated-out activity will be fairly well distributed 

over the core shells, the heat exchanger, and 

other surfaces of the system wetted by the fuel. 

The only isotopes of the plated-out elements that 
need to be considered at times long after shutdown 
(greater than 100 days) are Nb95, Ru’ u3, and 

Activity (curies) 

SouFee 100 Days After 300 Days After 

Shutdown Shudown 

Complete charge of fuel 106 IO5 

2% cf fuel cherge IQ4 1000 

Plated-out activity (total activity of Ru, MO, and Nb in fission products) 2 x 105 8000 

Ploted-out activity new core outlet, per ~I-I.~ 1 0.05 

Complete charge of Na ‘10 7 

2% of No charge 0.2 0.14 

Complete charge of NaK 0.2 0.2 

2% of NeK charge 0.004 0.004 

lneonel core shells (not including adhering or ploted-out activity) 7000 5000 

Pressure shell (not including adhering or plated-out activity) Q 30 

Heat exchanges tubes (not including adhering or plated-out activity] 40 30 

Beryllium 900 700 

he.zd shield 0.1 

Speeifie activity of lnconel outside reflector boron layer new equator, per g 10-4 10-4 

Specific activity of lnconel outside reflector boron layer in north or south 10-3 10-3 

heads, per g 

Drein valves and line from reactor to dump tank, 2% of fuel volume 300 30 
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R u a o b e  Ail the sther isotopes have suff iciently 
short half l ives that they w i l l  have decayed 
appreciably in ’IO0 days and thus may be neglected. 
The only daughter products that w i l l  have large 
act iv i t ies at  shutdown times greater than IO0 days 
w i l l  be Rh103m and Rh”‘ (daughters of R L I ” ~  
and ~u~~~~ respectively). 

The activities, i n  curies, at  shutdown and at 100 
and 300 days after shutdown for reactor operating 
times sf 580 end IQOQ hr a i  68 Mw are given in 
Table 8 8 .  Also given are the average beta-ray 
energy and h e  average gamma-ray energy per dis- 
integration. It has been assumed that, at  shutdown, 
the fuel wi I I be dumped, and so no more plating-out 
i n  the reactor w i l l  take place. While the total 
plated-out act iv i ty i s  high when expressed in 
curies, the bulk of it, as can be seen in %able 11, 
i s  in relat ively soft. gamma rays and the con- 
tr ibution to  the radiation dose outside the pressure 
shel l  i s  reatly essential ly that from the MbBS (or 
less than 10% of the total act iv i ty i n  curies) and 
even h a t  gives only a 0.75-Nlev gamma ray, which 
is attenuated 2.5 times as rapidly as the herd 
fission-product decay gamma rays. 

In extrapolating experience that was gained in 
the disassembly sf the ARE, the differences i n  
proposed power level and operating time for the 
ART were taken into account. The AWE was 
operated for a total of 100 Mwhr, whereas the ART 
i s  scheduled to operate for a total of 30,800 Mwhr. 
Th is  difference w i l l  mean vastly increased dif- 
f icul ty i n  disassembly. Since the bulk of the 
ac t iv i t y  BOO days or more after shutdown w i l l  be 

from long-lived isotopes, the act iv i ty w i l l  k 
directly proportional to the number of megawatt- 
hours that the reactor i s  operated. 

The information in Table 12 was prepared on the 
basis sf that in Table 10 to show the ef iect ive 
source strength o f  h e  reactor at  various stages of 
disassembly. It i s  evident from Table 12 that  work 
can be carried out immediately adjacent to  the 
exterior surface of the water shield 168 days after 
shutdown without the need for auxi l iary shielding. 
Some work con s t i l l  be carried out immediately 
adjacent to the reactor after removal of &e water 
shield, but th is work w i l l  have to be l imited to a 

mbtter of 18 min or so. After removal of the lead 
shield, a l l  work w i l l  have to be done remotely. A 
possible exception might be removal of the lead 
shield from the hot cell. The thickness of the 
lead shield required for th is operation woulcl be of 
the order of 3 in. i t is not yet clear whether the 
space available i n  the hot ce l l  w i l l  make removal 
of this lead shield essential. 

The l imi ts on the source act iv i ty for ~ a r i o u s  
types o f  hot laboratory work are indicated i n  
Table 13. Standard l ab ra to ry  tolerance dose 
rates for operating personnel were presurned in 
preparation of this table. As a f i rs t  step in es- 
tabl ishing safe working conditions, an a%tem,st wi II 
be made to get a good separation distance between 
the operator and the source so that it w i l l  be 
possible ts work with sources which are on the 
order of 0.1 curie. The next step w i l l  be the use 
o f  a shadow shield barrier to cut out line-of-sic&t 
radiation and to employ mirrors for viewing hcndl ing 

TABLE 11. ACTIVITY OF PLATED-OUT MATERIALS IN THE ART AFTER 506 AND 1000 hr OF OPERATION AT 60 Mw 

Adivity a t  Shutdown Activity 106 Doya After 

After 500 hr After IO00 hr After 500 hr After 1030 hr After 500 hr  After 10% 
of operation of Operotion of operation of  operation of operation of  openition 

Activity 300 Bays Alter Average Average 
Beta-Ray Grnrna-Ray Gamma-Ray (photons per 163 (curies) - Shutdown (curies) Shutdown (curies) 
Energy Energy 
(Mev) (Mev) 

disintegrations) 
Nuclide 

Nb95 0.053 0.745 

R U ’ O 3  0.074 0.498 

Ru106 0.0131 0 

~ , , 1 0 3 m  0 0.04 

Rhlo6  1.05 0.513 

0.624 

0.89 

1.045 

1.55 

2.41 

100 1.29 x IO5 4.0% x los  1 . 8 2 ~  IO4 5 . 6 5 ~  lo4 3.36 x IO2 1 . 0 6 ~  lo3 

99 5.55 105 9.57 105 1.80 105 1.6% 105 3.06 103 5-16 103 

0 7.w 103 1.53 104 6.49 103 1.26 104 4.44 103 8.65 103 

100 0 0 9.20 x IO4 1.60 x IO5 2 . 9 2 ~  I O 3  4 . 9 2 ~  TO3 

25 0 0 6.49 x IO3 1.26 x IO4 4.44 x lo3 8 . 6 5 ~  IO3 

12 

1 

2 

0.5 

0.25 
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TABLE 12. EFFECTIVE SOURCE STRENGTH OF REACTOR AT VARIOUS STAGES OF DISASSEMBLY 

Equ i vo I ent* Source Sfren 9th 

Weight of (cur ies) 
Component or Assembly Component 

or Assembfv 
100 Days After 305 Days After 

Shutdown Shutdown 

Reactor w i th  complete lead and water shield 

(without No or fuel) 

Reactor wEth lead shield only 

Reactor and lead shield w i th  pump bodies removed 

Fue l  pump body assembly 

Na pump body assembly 

Reactor wi thout lead shield or pump bodies 

Total estimoted ac t iv i t y  in 50 I b  of chips from cut5 

(except core shel ls end heat exchanger outlet) 

ZrF4 vapor trap (1% of ac t i v i t y  in fuel) 

Control sod 

Total  estimated activEty in 5 Ib of chips from cuts 

through core shel ls on$ other region5 cantaining 

h igh  concentration of plated-out aet iv i ty 

85,000 

43,050 

41,400 

400 

405 

11,200 

50 

155 

20 

5 

1 

10 

25 

10 

1 

1000 

15 

5505 

70 

100 

0.1 

2 

40 

7 

1 

150 

7 

500 

50 

3 

L 

*The "equivalent source strength" is token to be o 2-Mev gamma-ray source emit t ing photons at  the some rate CIS 

The radiat ion dose thus would be roughly 1 a/hr curie at  1 meter from the center o f  such the ossembly in question. 

o source and would vary inverseby w i th  the distance from the center of th is  equivalent source. 

TABLE 13. LIMITS ON SOURCE ACTIVITY FOR HOT L A W R A T O R Y  WORK 

Operator-Source 

Seporation Distance* 
Ift) 

Maximum Ac t i v i t y  of Source 

(curies o f  2-Mev gomrna rays) 
Condition 

No shielding 

No shielding 

I5 

30 

Shadow shield for Eine-of-sight rediot ion 15 
(20 in. o f  special  concrete, densi ty = 3.0 g/cm3, 

or 4 in. of Bb) 

Shadow shield for l ine-of-sight radiat ion 

(20 in. of special  concrete, densi ty = 3.8 g/crn3, 

or 4 in. of Pb) 

Enclosed ho t  ce l l  (46) in. of special eoncrete or 

ZnBr2, density s 3.0 g/cm3, or 10 in. of  Pbl 

38 

15 

0.2 

0.8 

10 

40 

500.000 

* A  permissible dose ro te  for the operator of 8 mr/hr i s  presumed. 
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operations. If these steps are taken, a sowrce 
strength approximately 56 times greater &an would 
be acceptable without shielding can be tolerated. 
Finally, it i s  possible to use o completely en- 
closed, heavi ly shielded hot cell. If this i s  to be 
done, it appears that work on the ART would require 
a hot-cell wal l  thickness of 48 in. of special con- 
crete or zinc bromide having a density of 3 g/cm3, 
or the equivalent of 10 in. of lead. 

I t  i s  important h a t  a l l  the information provided in 
Tables 1% and 83 be considered to  b tentative. 
The act iv i t ies are based on the premises indicated, 
the most important being that 98% of the fuel w i l l  
drain. This analysis was prepared in order to give 
a fair ~ v e r - a l l  picture o f  the act iv i t ies with which 
it w i l l  be necessary to work. 

L is ted  below are the major steps that w i l l  be 
involved in removing the reactor from the reactor 
cel l  end moving it to the hot cell, as well  as dis- 
assembly operations that can be carried out in the 
hot cel l  prior to  closing he top i f  it i s  essential 
to remove the lead shield from the hot cell: 

I .  disconnecting instrument, water, gas, ete., 
lines to reactor and shield, 

2. removing pump drive motors and adaptors, 
3. removing conf~ol-rod drive assembly (but not 

ro4, 
4. cutt ing NaK pipes just outsidethe water shield, 
5. removing a l l  but two of he capscrews that 

retain each fuei rand sodium pump body in i t s  
pump barrel, 

6, removing most of the bol ts  that attack he 
reactor and shield support bridge to coiumns, 

7. draining and removing lower portion of water 
shield, 

8. cutt ing fuel drain l ines above valves, 
9. draining and removing balance 04 water shield, 

10, attaching reactor support bridge to crane, 
11. removing lest bolts attaching reactor support 

112. moving reactor and lead shield assembly to 
hot cel l  and attaching to disassembly fixture, 

13. cut t ing of f  NaK manifolds /us& a b v e  lead 
shield and removing from cell, 

14. removing No pump bodies and removing from 
cel I, 

15. removing fuel pump bodies and removing from 
cell, 

16. removing top, hattom, and side sections of 
Bead shield, 

17. removing ZrF4-vapor trap. 

bridge tQ COlumnS, 

It i s  evident that care should be taken in the 
detai led design of the attachment of the t~eactor 
support bridge to he columns to facisitate the 
removal of the f inal attachments prior to l i f t ing  out 
the reactor shield assembly. It i s  also imaortant 
that the water shield $e designed to permit rapid 
disassembly by the mechanics who must enter the 
cell to remove eapscrews, etc. Similarlys it  i s  
important that the lead shield be designed so that 
i t  can be disassembled readily, with remole han- 
d l ing  equipment, in the hot cell. Ph is  w i l l  ppobably 
require special design features. 

Throughout the disassembly o f  the reactor 
pressure-she81 assembly, dimensiona! data must 
be taken a t  frequent intervals. For example, the 
f i rs t  step after removal of h e  shield w i l l  be the 
determination of the key dimensions of the ppessure 
shell, The o v e r a l l  height w i l l  be meesuaed from 

north and south heads. A cut can then be S W J ~ ~  at 
he equator through both the pressure shel l  (2nd the 

through the thermal sleeves around the heat ex- 
changes outEet tubes a t  the south end, cind the 
sleeve h a t  attaches the island assembly to the 
north head w i l l  b severed. This w i l l  permit the 
removal of the islend assembly and the ssuthern 
hal f  of he pressure shell. The eore shells, 
pressure shell, and heat exchanger can then be 
examined. The most important of the dimeisioncII 
data wi l t  show the tendency of parts t 2  warp, 
shrink, QP otherwise distort during he original 
weEding and assembly process and during jesting. 
For example, distort ion m i k t  cause an interference 
between he impellers and he stationary elements 
of the pump, \which, in turn, might ceuse mal- 
functioning of the pump. Since changes in the 
thickness of cool ing annuli might lead to poor 
flow distr ibution a d  hot spots, dimensional data 

pressure shel ls should also be recorded, This 
w i l l  require measurement of the diameters of the 
beryI!ium hemispheres and the various shells, and, 
of course, i t  i s  presumed h a t  a comparison with 
dimensional checks w i l l  be made during inspection 

The welds that attach the pressure-she t dome 
to the north head around he roots of the fuel pump 
barrels can be mil led out, and cuts can be made 
through the transfer tubes that attach the reflector 

the level of the pump mounting fianges to both the 

pressure-shell liner. A cast will also B x b  taken 

on the CQQliflg annuli (Or the Core, rt?fleCtOP, and 

prior to and during assembly. 

assemb8y to the north head, as wel l  0s through the 
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thermal sleeves and heat exchanger outlet tubes 
a t  the north head. The two regions can h e n  be 
separated for inspection. The reflector she11 can 
be cut out and the b r y l l i u m  can be removed so 
that both can be inspected for corrosion, spacer 
%settingp and thermal eracking. After visual and 
dimensional inspection, representative sections 
o f  key etemwts of the various assemblies can be 
cut  out, placed in Bead pigs, and removed to smaller 
hot  cells for metallurgical examination, chemical 
analysis QF deposits, efc. Many areas should be 
careful ly dye-ckecked for thermal cracks that 
might have been induced during he operation. 
When plated-out activity i s  evident, the relat ively 
short half f i fe of the act iv i ty may make it desirable 
to  defer work on that part and to work m other less 
v i ta l  but much less active parts having long ha l f  
I '  lves. 

The equipment in the hot ce l l  must include strong 
manipulators for handling segments of the reaetor 
assembly, heavy cutt ing equipment For sectioning 
the reactor into major subassembEies, and e q u i p  
ment for cutt ing various samples from the s u b  
assemblies. An lncone! cutt ing torch might be 
useful for some of this work. However, the cutting 
torch should not be used where there i s  a large 
amount of act ivi ty, because dispersal of the 
act iv i ty into the atmosphere of the hot ce l l  would 
make decontamination of the ce l l  after cornp8etion 
of the disassembly operations exceedingly di f f i -  

loading samples into lead pigs for removal from 
the cell. In general, it seems h a t  no torch cut 
should be made where the material in the cut would 
have a total act iv i ty En excess of 0.001 curie, 
whi le the total amount of act iv i ty i n  a l l  cuts con- 
templated with the lnconel torch should not exceed 
0.01 curie. Cuts with a mi l l ing  cutter or an abrasive 
saw should be made in such a way that the ma- 
terial removed by the wheel or cutter w i l l  either 
be washed into a sump with a stream of l iquid 
coolant or w i l l  be drawn into a suitable dust 
collector by a vacuum-cleaner type  of  system- 

The air-borne eontarnination can probably be 
reduced markedly by the use of saw and mil l ing- 
cutter type 06 equipment, which remove relat ively 
coarse chips, rather than tufting torches or hi&- 
speed grinding OF abrasive types of cutting-wheel 
equipment, which y ie ld a f ine dust.. This means 
that it may welE prove worth while to adopt, as a 
basic premise, he requirement that a i l  cutting 
operations be made with relat ively l~w-speecf saws 

C u l t  and Would greatly QggPClvate the ~~Ob~eFTl of 

or mi l l ing cutters in zones in which the specif ic 
act iv i ty is fair ly high. An important zone from 
this standpoint is  the region around the pump 
barrels in the north head. It must be expected that 
the specific act iv i ty of the material in the north 
head w i l l  be about ten times as great as that of 
material close to the equator. Hence much of the 
total act iv i ty anticipated in chips formed during 
the separation of he major subassemblies wi l l  be 
in those formed during disassembly ad the north 
heed. 

Another measure that might Ise taken to reduce 
air-borne c~ntaminat ion would be to f i l l  the r e a c t ~ r  
with a thin solution o f  strippable varnish. A f o r e  
removal of the reactor fromthe test  cell, the varnish 
could be drained and the reactor f lu id  c i rcui ts 
could be dried wi th air that could be discharged 
through the regular off-gas system. Such step 
may $e essential to reduce the air-bane contami- 
nation to acceptable l imi ts for the period between 
the severing o f  the lioe to the dump tank and the 
closing of the hot cell. 

It i s  quite evident hat space inside the hot ce l l  
w i l l  be a t  a premium, because the various sub 
assemblies of the reactor w i l l  take u p  much more 
space than the assembly. in th is connection it 
should be noted that the geetest act iv i ty w i l l  b 
in  the beryllium, the core shells, and the various 
parts that w i l l  be wetted by he fuel. If these parts 
can be separated from the others and placed under 
a portion of the lead shield, the act iv i ty of the 
unshielded items in the cel l  w i l l  be much lower, 
and i t  w i l l  be much easier to open the cell for 
insertion or removal of lead pigs for sample re- 
~ O V C 3 l .  

I t  is evident that a few quite special handling 
fixtures w i l l  be required in order to posit ion the 
reactor and the various major components during 
the disassembly operation. It w i l l  probably be 
necessary, before cutt ing into he surfaces that 
have been wetted by fue9, to close the hot cell, 
since the air-borne act iv i ty from the reactor i s  
l i ke ly  to be substantial. Similarly, it may be 
desirable to coat the inside of the reactor dis-  
assembly cel l  with a plast ic sheet to faci l i tate 
decontamination after the disassembly operations. 
A similar sfrippable coating on the major items of 
equipment in the hot ce l l  might  ais0 prove to be 
advantageous. 

window to permit observation of the disassembly 
operations. i t would seem desirable TO design the 

I f  W i l l  !E necessaf'y t0 install Zinc bromide 
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cel l  so that the major items of equipment used i n  
the disassembly operation tan be removed for 
servicing. Possibly these large items may be 
differentiated into two groups. The first group 
would include a l l  pasts that wiE[ actual ly come in 
contact with the reactor surfaces wh ich have 
large amounts sf act iv i tyd and the other group 
would include the balance of the mechanisms. The 
f i rs t  group might be considered to be expendable 
and t h u s  might be lef t  in the cell, The remaining 
equipment, which should include the heavy and 
expensive mechanisms, might be designed so that 
i t  could be removed fair ly ~ e a d i l y  from the ce l l  

and serviced outside. This w i l l  be possible i f  the 
air-borne contamination can be kept to a total of 
abowt 0.1 curie during the course of the disassembly 
Operation. 

I t  i s  evident that once h e  hot cel l  i s  equipped it 

disassembly work on such items Q S  in-pite &oops, 
and therefore it might be worth while to make this 
hot ce l l  as wet! suited to other types sf work as 
t e n  conveniently be done. This WQU/$ i m ~ l y  that 
manipulator and cutt ing equipment might be de- 
s igned for more general-purpose operations than 
necessari iy required by the ART disassembly. 

could serve as Q general-purpose hot cell for rough 
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STA'fUS OF DEStON AND DEVELOPMENT 
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STATUS OF DESIGN AND DEVELOPMENT 

The fol lowing outline of the key design problems of the circulating-fuel reflector- 
moderated reactor and 04 the present status of he problems serves as a summary of he 
work that has been done and of the work that remains to be done to provide a sound basis 
for the design of a ful l-scale aircraft power plant. 

DEVELOPMENT PROBLEM 

F U E L  CHEMlSTRY AND CBRRBSlBN 

Coaros ion 

darp tests and simple thermal- 
convection loops 

High-temperature-d ifferential, high- 
veloeity Boops 

Radiation Damage and Corrosion 

In-pile capsule tes ts  

In-pile loop tests 

Physical Properties 

NaF-KF-LiF, NaF-BeF2, NaZrFSd 
etc. 

NaF-RbF-LiF 

Other fuels and fuei carriers 

Setubility of UF4 and UF3 

Methods of Preparation 

Xenon Removal 

Reprocessing Techniques 

STATUS MAY 1956 

Many favorable resul ts 

Many favorable results 

Many favoruble resul ts 

Many favorabie resu l ts  

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Some data 

Adequate data 

H IGH-PERFORMANCE HIGH-TEMPERATURE HEAT EXCHANGERS 

N a-to-Na K 

Pressure losses for flattened-wire Adequate data 

tube-spacer arrangement 

Heat transfer and endurance test  Adequate data 

NaK-to-Air 

Fabricability, performance, and More tests needed 
endurance tests (inelud ing study 
of character of failure) 

RE POR TS 

ORN L-1515, - 1609, 
-1649, -1692 

0 RNL-1896, -1947, 
-2012 

ORNb- 1896, -1947, 
-20 12, -206 1 

O RNL-1896, -1  947, 
-201 2, -206 1 

ORNL CF-53-3-261 

ORNL-2012 

ORNL-1896, -1947, 
-2012 

0 RN L- 1896, -1 947, 
-2012 

0 RNL- 1896, - 1947, 
-2012 
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DEVELOPMENT PROBLEM 

FI woride-to-NaK 

Tu be-to-header welding, endurance, 

and performance tests 

Ef fects  of trace leaks and fabrica- 

b i l i t y  of spherical shel l  type 

SHIELDING 

Piel irninary Desi gns 

L i d  Tank Tests of Basic Corsfigwra- 

t ions 

Ef fects  of thickness of reflector, 

pressure shell, lead, and boron 

layers 

Estimated Full-Scale Shieid Weights 

Effects of power, p e w e ~  density. 

degree of d iv is ion 

Act ivat ion of Lcondary  Coolant 

Estimated ac ti vot i on 

Measurements for neutrons from 

core 

Measurements for neutrons from 

heat exchanger 

Mea surernents of Short-Ha BCL i ved 

Decay Gamma Rays 

Experiments on Air Scattering 

c 

Effects  of Shield Penetrations 

STATSC PHYSICS 

Multigrewp CaEculations 

Ef feets  of core diameter, fwel- 
region thickness, ref lector thick- 

ness, reflector poisons, and 

special  materiels 

Ef fects  of end ducts 

C r i t i c a l  Experiments 

CriticaB mass with various fuel 

regions - No, fluoride, Bluoride- 
grophite 

STATUS MAY 1956 

More tests needed 

Some data avai lable 

Many designs avoi labie 

RE PORTS 

0 WNL-1896, - 1  947, 
-2012 

ANP-53, Y- F IC1 0, 
ORNL-1575 

Adequate data for preliminary QRNL-1616, -2012 
design 

Adequate date for preliminary ORNL-1575, -1947 
design 

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Test In progress 

0 RN L- 1 575, -20 1 2 

ORNL-1616, -2012 

ORNL-8947, -2012 

ORNL-1896, -1947, 
- 201 2, - 1  729 

Adequate data 

Calculatiens in progress 

Adequate data 

QRNL-1515, -1729, 
c F-54-7-5, 

O WNL-1 515, -1896, 
-2012 
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DEVE LOPMENT PROBLEM STATUS MAY 19% RE POW TS 

ORNL-2012 Control rod effects (rough) 

End duc t  leakage 

Danger coeff ic ients for Pb, Bi, 
Rb, bi7# Ne, Ni, etc. 

Adequate data 

Test  data needed 

Adequate data 

MODERATOR COO LING 

Estimation of Heat Source Distr i -  

bution 

ORNL-1517, -2061 Good estimotes completed 

Be-Na- lncone l COPPO s i on Te sts 

Harp tests 

H i &-tempera ture-d i fferen t ie  I, high- 

veloci ty loop 

Be di f fusion into Inconel and 

embsittlement 

Effects of  temperature, AT, 
surface-volume ratio, etc. 

Adequate data 

Some date 

OF"-1692, -8816 

0 RNL-1692 

Further tests under way O RNL-1864 

Some data 

Thermal Stress and Distort ion Test 

w i th  High-Power Density 

Adequate data 0 RNL- 9771 

PUMPS 

Shakedown of Pumps w i th  Faee- 

Type Gas Seals 

Madel Tests  of Full-Scale Pump 

Prel iminary tests completed; ORNL-1947 
more required 

Tests  completed sat is-  ORNL-I 947 
tactor i I y 

Tests under way ORNL-2012 

Tests  completed satis- 

factor i l y  

Endurance Tests of Full-Sca!e Pump 

Fabr icab i l i t y  of Full-Scale Pump 
Impeller 

BOWER P L A N T  SYSTEM 

Prel iminary Designs Adequate data ANP-57,ORNL-1255, 
-1215, -1330, 
-1509, -1515, 
-1609, -1648 

Performonce and Weight Estimates Adequate data for pre- 

l iminary design 

ANP-57, ORNL-1255, 
-1215, -1330, 
-1509, -1,515, 
-1609, -1648 

Effects of Temperature, Power Adequate data for pre- 

Densi ty ,  Shield Division, ete. lirninary design 

QRNL CF-54-2-185 
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DEVELOPMENT PROBLEM 

REACTOR KENETlCS 

Theoretical Ane I yses 

ARE Temperature Coeff ic ieht  

Measurements 

Xenon Effects 

STATUS kur 8956 REPORTS 

Preliminary analysis 0 R N h 6 Fa 53-9-23 I,  
c o mp I e A d 8 RNL-I 835 

Tests completed sa t is -  0 W N  L- 18 16 
factor i B y 

ARE a n d  analyt ical  resul ts OWNh-1816, -1924 
favorable 

HYD ROD YbJAMIC TESTS 

Flow Separation UP Core In le t  Many tes ts  completed; work Y-F15-11, 
cont inu ing  ORNL-1692, -1947 

E f fec ts  of Heat Generation in the Theoretical analyses corn- QRNL-1701, -2061 
Roundary buye r  pie$@$ for ideal case; tests 

in progress 

Magnitude end Effects of Wall Tam- Analyses and Tests in 

p e ~ ~ t u ~ e  Fluctuat ions Caused by progress 

Nonuniformities in  Fuel Tempera- 

t U F &  SfPUCttJre 

F I L L  -AND-DR AlN SYS TEM 

Preliminary Design 

High-Temperature Tests 

HAZARD ANALYSIS  

FACIbl TY D E S I G N  

REACTOR DESEGM 

Detoi ied Preliminary Layout 

Detai  led Drawings 

Tests planned fer latter part 

of  1956 

Completed ORML-1835 

Comp l e d  

To be completed latter part 

Q f  1956 

Comp I e ~ e d  

To be completed summer 

of 1956 

A R T  Design Memo 

Book 

A R T  Design Memo 

Book 

Reactor Stress Analysis 

Creep-rupture properties of lncenei Some dete; tests under way 5 RNk-1947 
under severe thermal cyc l ing  

Creepbuckling properties of  Some dota; tests under wey OWNL-1947 
Ineonel under severe thermal 

cyc l i ng  



DEVE LQPMENT PRBBL EM 

Analy t ica l  and experimental stress 

C?na!y§i§ 

Fa br i e e t  i on 

Instrumentation and Control Re- 

qu irements 

Test Program 

Operating Procedure 

DEASSEIUBLY PROBLEMS 

Ac t i v i t y  of Maior Components 

Beryl l ium 

Disassembly Procedure 

Tool design 

Hot ce l l  design 

STATUS MAY 1956 

Work in progress 

REPORTS 

ART Design Memo 

Bosk 

To be completed summer 

~f 1957 

Del ineaticn completed A R T  Design Memo 

Bosk 

Program being prepared 

Procedure Being pepared 

Adequate data 

Adequate data 

Work planned 

Work planned 

ORNL-1864 

ORNL-1947 
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FLOW DIAGRAMS 

Flow diagrams for the ART systems are 

1. Fuel  Fill-and-Drain, Enriching, Sampling, 

2. Sodium System 
3. Off-Gas System 
4. Cell Pumps Hydraulic Drive Systems 
5. Reactor Pumps Tube Oi l  System 
Q. Main, Auxiliary, and Special NaK Systems 
7. NaK Pumps Tube Oi l  System 

9. Helium System 
I O m  Nitrogen System 
1 1  Compressed A i r  System 
12. Process Water System 
The fol lowing system of nomenclature has been 

used in the flow diagrams. The designation of 0 

component consists of three letters followed by a 
numeral. The f i r s t  letter identi t ies the f lu id  
system; the second letter identi f ies the particular 
component in that system; and the third letter 
identi f ies the power source with whieh the com- 
ponent may be associated. Occasionally the 
component i s  not associated with a particular 
power source, and the third letter is omitted. 
#hen there i s  more than one component wi th the 
same set of fetters, the letters are fsl lowed by a 
number to  differentiate between components. 

The letter abbreviations are as follows: 

appended in the fol lowing order: 

and Recovery Systems 

8. Process A i r  System 

F l R S V  LETTER 

F lu id  gystems 
Fuel  F 
Sodium N 
Na K K 
Process air A 
Hydraulic fluid H 
oil lubrication 0 

Helium 6 
Process water w 
Compressed dry air c 
Nitrogen M 
Off-gas system (to absorbers) X 
Vent system (to ducts) 

SECOND LETTER 

Components 
B I ower 
Oi l  catch basin 
Heat barrier doors 
L ine  
Heat ec onom i zer 
F i her 
Plug indicator 
A i r  control louvers 
Motor 
Pump 
Radiator 
Tank or sump 
Package unit 
Heat exchanger 

THIRD LETTER 

Power Source 
TVA power 
Diesel power 

v 

B 
6 
Q 
c 
E 
F 
I 
S 
M 
P 
R 
T 
u 
X 

A 
B 

Where appropriate the fol lowing designations have 
been added: 

SuPdY S 

Return r 
Breather b 
Hot h 
Cold C 

Upstream u 
Downstream d 
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ORNL-LR-DWG - 15051 

STACK r" 
LEGEND 

SCV SWING CHECK VALVE 
HS HAND-ACTUATED SWITCH 
MAR MULTIPOINT ACTIVITY RECORDER 
MTI MULTIPOINT TEMPERATURE INDICATOR 
HC HAND-ACTUATED CONTROL 
HV HANO-ACTUATED BLOCK VALVE 
PI PRESSURE INDICATOR 
PT PRESSURE TRANSMITTER 
PV PRESSURE-ACTUATED BLOCK VALVE 
RA RADIATION ALARM 
XV DISASTER-ACTUATED BLOCK VALVE 

w VALVE OPEN 

M VALVE CLOSED 

M THROTTLING VALVE 

A SOLENOID VALVE 

CHECK VALVE 

EQUIPMENT IDENTIFICATION 

PRESSURE (prig) 

1 

I 
I 

L t 

SEE PROCESS AIR FLC 

I 

MONITOR MONITOR 

T I 

FLOW ( d m l  

0 TEMPERATURE,*F 

ELECTRKAL CIRCUIT __-__ 
I 

3 ACTIVITY 

MONITOR SEE WATER SYSTEM 
DIAGRAM NO. (2 

w 
. 
9 

I 
SEE SODIUM SYSTEM 
FLOW DIAGRAM NO. 2 

I UPSTREAM SAMPLE I 
STATION -CELL 

P I  1 [ P T I  VENT SYSTEM 

I 

I 
t HY Y-4R x-51 I 

I I  I 

9 r- 

-& 
wx-3 

SEE DIAGRAM WATER SYSTEM NO.12 

ADSORBER 

-+ Flow Diagram 3. Off-Gas System. 
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TUNNEL 

1 

AUXILIARY EQUIPMENT ROOM 

c 
OUTSIDE BUILDING 

c 
.1 

C E L L  

-c--- n v U o ~ - 4 ?  OIL RETURN LINE 

HV-OR-31 OIL RETURN LINE 

HVLAOR-2? OIL RETURN L lNE 

I(VIAOR- I? OIL RETURN IE 

r 7  

I r _  

I r7 - 
7 -  

-- 

I c 

4 

I I 
OR- I6  

"V 
O R - 3 6  

;AMMA SHIELD MASHIELD 

unon 
IELO 

-92 
V 

NEUTRON 
s n i E L o  

VO-90 $+ OR-93 

HV . 

VEI 
C 

r--J I rz$ OR-43 p$ 
I 

TVPLCAL FOR MOTORS 
3+ 440" e 5 0 m p A T  

KT s i  MANUF~CTURER 
FORMAXIMUM OPERATING 
TEMPERATURE (ALL MOTOi 
TEMPERATURE ALARMS1 

TO CELL VENT SVSTE 
(SEE OIAGR4M 3) J TQRELOR'OFF-W VETEM 

(SEE OIAGRbM 31 
SUPPLV L lNE 

SUPPLY LINE 

EOUIPMEWT IDENTIFICATION 

r CFI CONTINUOUS FLOW INDICATOR 

CLI CONTINUOUS LEVEL INOICATOR 

cs CONTROL STATION 

CV FA CHECK FLOW ~ L A R M l ~ B O % O E S l G N F L O W  VALVE 

4 3 S X  DESIGN FLOW WITH 
90-sac OELAY~ 

FE FLOW ELEMENT 

HCV HmO-ACTUATED CONTROL VALVE 
HV HAND-ACTUATED BLOCK VaLVE 

LI LEVEL INOICATOR 

LT LEVEL TRANSMITTER 

MTR MULTIPOINT TEMPERATURE RECOROER 

PI PRESSURE INOICATOR 

TA TEMPERATURE ALARM 

TCV TEMPERATURE CONTROL VALVE 

RFE pcv RESTRICTEO PRESSURE CONTROL FLOW VALVE 

nS HIND-ACTUATED SWITCH 

L E  LEVEL ELEMENT 

F I  FLOW INOICATOR 
AFM ACCUMULATIVE FLOWMETER 

0 FLW,aPm 

0 TEMPERATURE. O F  

A PRESSURE. Psi0 

X THERMOCOUPLE 

--3 BIMETAL STRIP 

, I \  I 
,Q ,O, ON-OFF LiGnTs 

--- ELECTRICAL CIRCUIT 

# PRESSURE RELIEF VALVE 

VALVE OPEN 

VALVE CLOSED 

SOLENOIO VALVE 

THROTTLING VALVE 

SWING CHECIVLLVE-NORMAL 
VALVE POSITION 

I I I I I - -  a L A  HV OR-24 

W FlLTER ncv 

L 1  r- 
SUPPLV LlNE 

I L A  v L A  J 
Bg -,I 7 

OR-44  OR-45 9 7 FfLTER 
Hc:35 

HV OR-34 

SUPPLV LINE 
r. rV e 

- u 
FILTER 

"V HCV 

Flow Diagram 5. Reactor Pumps Lube Oil  System. 
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zccrer 
W I N L - L R - W  I W M C  

I 
i -0" -0"" 

-€Em 

c 
* 

CfR - C W T l N W  F W  RECORMR 
JCV u - - C W T K X  WING CWECK ST4TDW V4LVC 

FI - FLOW WMC4TOR 
FL - FLOW ELEMENT 
21- L I  -LEVEL PO3lTIW lNDuT00  INOUITOR 

YAM- u I L r i m m t  b c r i n r v  REMROER 
RFf-RLSTRICTO(I FLW ELLYLNT 

WV - WINO-ACTUITEO BLOCK n L V E  
PI - PRESSURE INWITCM 

M - IEm(l0lNG WITTYCTER 
CII - W N T I N W M  SPEW lNOlWTOR 

FA - FLW I L I R Y  
LA - LEVEL CL IRY 

LYO -LIVEL-UEbWRlNO MVlCL  
C L I  - C O N T I N W  LEVEL RECOIDLR 

PT- K - PREISUlL WINO-bCTU4TEO TRINSYITTEI CONTROL 

Wl- I S  - Y4NO-4CTU4TEO YULTIPUNT Tu1 SWITCH IWWCITOI 

K V  - WNO- IOUITEO WNTMK V4LVL 
CLI - C W T I N W M  LEVEL INOIC4TOR 
EV- LLLCTRICLLLV UTUITEO BLOCK VUVL 
G t  - H E L W  FILTER 

L 

I' WITER WILL  

E 
E 

I 
RFE 

C 

.* 

c 

, 4 a  

P LlYC RLWCCR 00 E X H N M R  

r\l CHeCR VILVE 

VK-6I 

E-i 

€9- 
I 

I I 1 WELlUY SUPPLV TU T4NM¶ 

I A PUMP VENT TO WCT 

I) PUMP VENT TO WCT 
L 

8 . L  - 
l r  I 

J - - l  
- 

\ W d  RETURN TO OR4lN 
COOLING WITEM m U U G  lNOlC4TORS IN0 FILTERS 

COYPRESSED I I R  TO P L W  yU"S 4ND FILTERS 

'C 
Flow Diagram 6 (continued) I 123 
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ORNL-La-OWG 35055 

I I 

I 

HVf[ 

HV G-33  

H V  0-30 

I 
(SEE DIAGRAM NO. 

(SEE DIAGRAM NO 

I SEE DIAGRAM NO I 

EOUIPMENT IDENTIFICATION 

SCV FE SWING FLOW ELEMENT CHECK VALVE 

F I  FLOW INDICATOR 

F M  FLOWMETER 

HS HAND-ACTUATED SWITCH 

HV HAND-ACTUATED BLOCK VALVE 

PA PRESSURE ALARM 
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Flow Diagram 9. Helium System. 
i 

V E H I C U L A R  E N T R A N C E  

129 



\ 

cs 
. -- 



--1 -- 

LOSE BLOCK VALVE 

EXISTING RELIEF VALVE; 
SET POINT It00 psig E 

E 
HV 

EOUIPMENT IDENTIFICATION 

HV HAND-ACTUATED BLOCK VALVE 

PI PRESSURE INDICATOR 

RV PS RELIEF PRESSURE VALVE SWITCH 

PA PRESSURE ALARM 

I 
I 
I 
I 
I "I HV M-30 

EXISTING RUPTURE DISK; 

STATIONARV NITROGEN CYLINDERS; 
WILL HOLD 10,500 s e i  AT 1000 psig 

HV 

IOOO& 

HV M-4 

PCV 

HV 
GAS TRAILER ~~~ so,ooo sei  

f q M - 2  AT I800 pslg SCV M - 6  

V E L  FILL-AND-DRAIN 
UMATIC SUPPORT (SEE FUEL 
TEMS FLOW DIAGRAM NO.() 

HC HANO-ACTUATED CONTROL 

XV DISASTER-ACTUATED BLOCK VALVE 
F E  FLOW ELEMENT 

PI FLOW INDICATOR 

SV SOLENOID VALVE 

PDT PRESSURE -DIFFERENTIAL TRANSMITTER 
SCV SWING CHECK VALVE 

HC HANDCONTROLLER 

PCV PRESSURE-ACTUATED CONTROL VALVE 

ns HAND SWITCH 

RF FLOW RESTRICTOR 

FLOW, cfm 0 a PRESSURE, psi9 

?OGEN SUPPLY FOR 
L INSTRUMENTATION 

446 MAX 

I # 
ROGEN SUPPLY FOR 
LING CELL sv SV FI  

C E L L  
.---. ---- ELECTRICAL CIRCUIT ---I PRESSURE-RELIEF VALVE I 

---- 
TO HYDRAULIC SYSTEM JUNCTION 
PANEL BULKHEADS 
(SEE DIAGRAM NO. 41 

TO HYDRAULIC SYSTEM CONTAINERS 
(SEE PUMP DRIVE HYDRAULIC 

PCV H-V I SYSTEM PROCESS FLOW 

I SWING CHECKVALVE 

OPEN VALVE 

* CLOSED VALVE 

-&- SOLENOID VALVE 

-0- LINE REDUCER OR EXPANDER 

E9 
PCV 

OIAGRAM NO. 4) 

....... .......... ........... @ ............. FILTER 
I M,--8.-48 1 TO MAIN, AUXILIARY, AND SPECIAL 

NaK PUMP SUMP LEVEL INDICATORS 
(SEE Nah SYSTEMS FLOW DIAGRAM N0.6)  

............ ...... 
I i 

I M-B 

HVXM-I I I I I HV 

M - 4 4  I 
-sdARE 

AUXILIARY E~UIPMENT ROOM I ------- i ----I ------ -- I GAS TRAILER, 

AT I800 psi9 VEHICULAR ENTRANCE 

30,000 sei 

RADIATOR PIT 

U 
VENT- 

EXTED.!IL ARE" %?DIHYVLB? 
CORNER OF BUILDING 

1 

Flow Diagram 10. Nitrogen System. 
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Appendix B 

PHOTOGRAPHS O F  REACTOR MODELS AND STAGES IN THE 

CONSTRUCTION OF THE A R T  FACILITY 





I "  

B-1. Preliminary Model of A R T  Reactor, Heat Exchanger, end Pressure She[[ Assernloly. 
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8-2. Section Through the Cere, Reflector, and Island of the A R T  Model. 
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B-7. View looking north showing the rear wall  of he ~ ~ i g i n a E  Building 7503 and the eariy stage5 of excavation 

Bstlind i t  for the extension PO accommodate the ART. 
can b seen the excavation for the instrument and cora+~cl tunnel. (Confidential with caption) 

In the foreground is the deep excavation hop t h e  reaetor cell. 
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8-13. View Booking southeast showing the spectesmeter room a t  Pke lower left end the spectrometer tunnel in the 

center, both of  which are located under the Bow-bay extension PO the buildingo 



al 

a 
a
 

2
 C
 

Q
 

-u 3
 

0
 

b
 

2 

r, 
Y

 

Q
 

e
 

- K V
I 
C
 0
 

X
 

.- +
 

"..&& 



t
 

.- E i 3
 

0
 
I
 

6
 

.- + V
 

2 b VI 
C

 

0
 153 



B-16. View [coking north token born the south end of &e high-bay extension and shewing a n  init ial  stage in the 

erection of the reactor eel1 wafer tank. The curved stee! panels containing nozzles, in the upper left, w i l l  b ioirped 

into a ring and iocated on the anchor beits shewn a t  the bottom cenvar and thus become the support ring for the inner 

vessel of the reactor cel l ,  (Confidential with caption) 
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8-25. View showing the southwest corner of the auxiliary equipment room. This room, which was used during ARE operation as the heat exchanger 
pit, i s  being modified to serve as the auxiliary equipment morn and will house the lubricating oil pumping system and the hydraulic drive equipment. 
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B. L. Greenstreet, Reflcctur Modcrczted Critical Assembly Experimental PTQgTam - 

8 .  M. Spencer, T h e  First Assembly of the Three Region Reflector Moderated Reactor, 

R. Ad. Spencer, Preliminary Critical Asseriihlies oj the ReJlector-Moderated Reactor, 

B .  L. Greenstreet and 8.  M. Spencer, The Second Assembly of the Three Region Re-  

8. M. Spencer, 7 h r e e  Region Reflector Moderated Critical Assernbly (Experimental 

Program, BRNL CF-54-4-53 (Apri l  8, 1954). 

BRNL CF-54-7-159 (July 26, 1954). 

ORNL CF-54-8-186 (Aus. 26, 1854). 

Moderated Reactiir (Par t  [I), QRNL CF-54-9-185 (Sept. 27, 1954). 

Par t  11, ORNL CF-54-10-119 (Bct. 19, 1954). 

QRNL CF-54-11-33 (Nov. 5, 1954). 

OWNL-1770 jN0.v. 22, 1954). 

flector ~ o d e r a t e d  Reactor, OWNb CF-54-II-15O (NOPI. 24, 1954). 

Resu l t s ) ,  OWNk CF-54-12-189 (Dec. 28, 1954). 
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8. Id\. Spencer, Three Region Reflector Moderated Critical Assembly with <$ 6-in. Inconel 

J .  W. Noaks, Preliminary Evaluation of Possible Poisons for i lse in the ART Control 

W. M. Spencer, T h e e  Region Reflector Moderated Critical Assembly with '4-in. Incoriel 

J. W. Noaks, Evaluation of Reactivity Characteristics of Control Rods and Materials 

J. W. Noaks, Evaluafiwn of A R T  Control Rod Materials, Part 111. T h e  E f f ec t s  of Neutron 

J. W. Noaks, Evalukltion of ART Control Rod hqaterials, Part IV. T h e  Variation of 

J. W. N o ~ k s ,  Eiiaiuation of ART Control Rod Materiak,  Part V .  Addendum to Parts 

E. V. Sandin, Reflector Moderated Critical Assembly Experimental Program - Part [II, 
ORNL CF-55-5-181 (May 27, 1955). 

D. Scott, J. J. Lynn, and E. V. Sandin, Reflector hfoderated Critical Assembly with 
End Ducts - Experimental Program (Experimental Resul ts) ,  ORNL CF-55-6-96 (June 

S. Snyder et ai., Three Region Reflector Moderated Critical Assembly with End Ducts 
CA-21-1 Neutron Flux i!ieasurement, O8ML CF- 

B. Scott et a]., Three Region Reflector Moderated Critical Assembly with End Ducts. 
Experimental Resul ts  with CA-22, Enlarged End Duct Modificcition, ORNL CF-54-1-96 
(Jan - 36, 1956). 

5. Scott e t ' a l . ,  Three Region Reflector Moderated Critical Assembly with End Ducts - 
Experimental Resul ts  with CA-23, Enlarged Island Modification, BRNL CF-54-1-97 

Core Shells,  ORNL CF-55-1-123 (Jan. 21, 1955). 

Rod, ORNL CF-55-2-16 (Feb. 2, 1955). 

Core Shells,  ORNL CF-55-2-93 (Feb. 14, 1955). 

Potentially Suitable for h e  in the ART.  Part 11, ORNL CF-55-4-$4 (April 13, 1955). 

Irradiation on Some Rare Earth Samples, ORNL CF-55-4-137 (April 25, 1955). 

Reactivity with Control Rod Diameter, ORNL CF-55-4-178 (Apri I 29, 1955). 

u v ,  ORNL CF-55-5-147 (May 20, 1955). 

16, 1955). 

55-10-142 (Oct. 28, 1955). 
and %-in. Inconel Core S b e h .  

(Jan. 36, 1956). 

CORR 0s ION 

L. S. Richardson, 5. 6. Vreetand, and W. D. Manly, Corrosion by  Molten Fluorides, 

G.  M. A ~ Q ~ s o ~ I ,  Emminat ion of Dt-Fluid Loop No. 1,  ORNL CF-53-7-199 (July 29, 

H. Inouye, Scaling of Columbium in A i r ,  ORNL-1565 (Sept. 1, 1953). 
G. M. Adamson and R. S. Crouse, Examination of L F  Pump Loop, ORNL CF-53-10-117 

G. M. Adamson and R. S. Crouse, Metallographic Examination of Second Heat Exchanger 

G.  M. Adamson, iMetallographic Examination of Forced Circulation Loop No. 2 ,  ORNL 

W. B. ManEy, High EIow Veloci ty  and High Temperature Gradient LOOPS, ORNL CF- 

W. D. Manly, Interim Report on Static Liquid Metal Corrosion, ORNL-1674 (May 1 1 ,  

G. M. Adamson and E. Long, Examination of Sodium, Beryllium, Ineonel Pump Loops 

6"(. K. Stair, T h e  Design of a Small Forced Circulation Corrosion Loop, OWNL CF- 

e. M. Adamson and R. s. Crouse, Examination of First  Three Large Fluoride Pump 

6 .  M. Adamson, Re S. Grouse, and P. 6 .  Smith, Examination of Inconel-Fluoride 3 0 4  

ORNL-1491 (March 17, 1953). 

1 953). 

(Oet. 6 ,  1953). 

from Bi-Fluid Pump Loop, ORNL e%-53-113-228 (Oct. 27, 1953). 

CF-54-3-15 (March 3, 1954). 

54-3-1 93 (Rlareh 18, 1954). 

1 954). 

Numbers 1 and 2,  ORNL CF-54-9-98 (Sept. 13, 1954). 

54-1 Q-97 (Oct. 1 1  I 1954). 

Loops,  ORNL CF-55-3-157 (March 24, 1955). 

Pump Loop Number 4695-1 , ORNk CF-55-3-17? (Mod1 28, 195%). 

179 



6 .  M. Adamson and R. S. Crouse, Examination of Sodium-lnconel Pump P,oop 4689-4, 

G. M. Adamson and R. s. Crouoe, Examination of Fluoride Pump L>oops 4 9 3 0 4  and 

e. M. Adamson and 8 .  S. crsuse, Examination of Fluoride Pump Loops Numbers 4695-2 

R .  S .  Crouse, E. Long, end A. Toboada, Examination of Sodium inconel Beryllium 

G. M. Adamson and 8. S. Grouse, Examination o/ I ~ ~ o n e l - 3 1 6  Stainless S t eeLSod ium 

G. M. Adamson and w. s. erouse, Effect  r j f  Heating Method an Fluoride Corrosion. 
Examination o/ Fluoride Pum? Loops 493.5-2, 4950-1, 4350-2, ORNL &F-55-6-89 

R. J. Gray, Evidences of ;\lass ‘Franslerrcci ;\kiterial in Inconel and 316 Stainless Steel  

G .  M. Adamson and I?. S. Crouse, Exanzination vf Short-Operating Time Loops Xuumbers 

G.  M. Adamson and 8 .  S. Gouse, Examination u/ Loup 49 j0-3- Incvne l  with a LlF3 and 

G. M. Adamson and R. S, Grouse, Examinutiols of Inconel-Fluoride Pump Loops 4935-3 

e .  Id. Adamson and 8. s. Grouse, Examination of Final Loops in Time  Series Numbers 

ORNL CF-55-4-167 (Aprii 21, 1955). 

49.3-5-1, OWNC CF-55-4-181 (April 26, 1955). 

and 4695-3, OWN& CF-55-5-97 (Ma), 11, 8955). 

Loops 4667-3 and 4907-7, BRNL CF-55-5-123 (May 12, 1955). 

Pump LOOPS 4689-5 u ~ ~ d  4684-6, 8WKL CF-55-4-24 (June 2, 1955). 

(June 14, 1955). 

Sodium-to-Air Radiator, ORNL CF-55-6-89 (dune 15, 1855). 

4695-4 (2nd 4635-5, ORNL CF-55-9-66 (July 8, 1955). 

C’F, Mixture in  Zirconium Fluoride, ORNL CF-55-8-76 (AUCJ. 9, 1955). 

and 4935-4, OWNL CF-55-8-96 (Aug. 12, 1955). 

4695-4D(2) (2nd 4695-5C(?j, QRNL CF-55-8-151 ( A u ~ .  19, 1955). 
W. S. Grouse, J. H. DeVan, and E. A. Kovacevish, Examination of Fluoride Pump Loops 

R. S. Crouss, J. H. DeVan, and E. A. Ksvaeeviek, E x a m i r ~ t i o n  of Miscellaneous Pump 

R. J. Gray and P. Patriarca, ;\ktallograpkic Examination of ORN& Radiator NO. I and 

H. Inouye, M. D’Amore, and J. H. Coobs, Boron Containing Materials - inconel Com- 

J. V. Catheart and w. B. hbniy, The i\lass-~~ransfer Properties of Various Metals and 

J. H, BeVan, Examination a/ SfiE’-c Resistance l fea ter ,  OR&L CF-56-5-145 (May 31, 

J. V. Catkcart, L. L. Eall, crnd G. P. Smith, Oxidation Characteristics of the Alka l i  
L%fe tak ;  I. Oxidation Rate of Sudiztm f3etwee71 -?9 and 4S0C, ORNL-2054 (May 22, 

R.  J. Gray, &ktaliographic Exanination of t i igh Velocity Heat Exchanger (SfiE No. I ) ,  

T. Hikido, T h e  Role of Chromium in the ;2ilnss Transfer Attack of Alloys  by Fluorides, 

J. H. DeVan and R. S. Csouse, Exaniination of I i n s t e lhy  N Pump Loops 9425-12 and 

9. H. BeVan and R. S. Crouse, Examination of Pump Loops 742j-14 and 7425-15 W’hich 

J .  K .  DeVan, E f f e c t  uf Temperufzire on Depth of Attack in Inconel-Fuel 30 Pump Loops,  

W. B. Manly, Fundamentals o/ Liquid-Metal Corrosion, 8RNL-2855 ( Ju ly  12, 1956). 
$. E. Van C lew,  !\!etallugraphz‘c- Examination o,/ l s ! f o E e  No. 3, ORNL 6F-56-7-82 (July 

4935-5 and 4915-7, BWNL CF-55-10-31 (Oet. 5 ,  1955). 

LOOPS 4~1j0-4 and 4917, QWKL CF-55-10-32 (&e.  5, 195%). 

YorL Radiator No. I Fai lures ,  ORNL CF-gg-IO-129 (Oet. 31, 1955). 

patibiiity, BRNL CF-55-12-119 (Bee. 22, 1955). 

A l l o y s  in Liquid Lead,  ORNL-2OQ8 (Jan. 10, 1956). 

1956). 

1 956) D 

ORNL CF-56-5-148 (May 24, 19563. 

ORNL CF-56-6-58 (June 18, 1956). 

-13, ORNL CF-56-6-79 (June 1 I ,  1956). 

Circulated Fuel 70, BRNb CF-56-6-161 ( J u n e  29, 1956). 

OWNL CF-56-74 ( Ju ly  5, 1956). 

12, 1956). 



'W J. H. DeVan and Is. S o  Crsusa, Examination of QRNk I and 2 Infermediafe Heat E x -  

d .  E. Van CBeve, Metallographic Examination of S.H.E. IVo. 2 (ORhiL No. 1 )  Heat E x -  
chcingt.rs, Type  [HE-3,  OaNL CF-56-7-135 (duly 20, 1956). 

changer, BRNL CF-56-7-130 (July 27, 1956). 

CHEMlSPRY 

T. N. McVay, Petrographic Examination of Fluoride Fuels ,  ORNL 6F-52-6-127 (dune 20, 

C. J. Barton, Fused Salt Compositions, ORNL CF-53-1-129 (Jan. 15, 8953). 
C. J. Barton, Fused Salt Compositions, ORNb CF-53-18-78 (Oct. 9, 1853). 
E. Orban, Data on the BeFZ-NaE Sys tem,  ORNL CF-54-4-49 (April 27, 1954). 
R. F. Newton, E f f e c t s  o f  Fission Products on Performance of a Reactor Using Fluorides 

F. F. Blankenship, Analysis of SaIt  Mixtures, ORNL CF-54-5-889 (May 25, 1954). 
E, Orban, Measurement of the Stability of Lithium Hydride, BRNC CF-54-5-47 (May 26, 

6. J. Bartan, Fused Salt  Compositions, ORNL CF-54-6-6 (June 2, 1954). 
J. C. White, Solubility of Composition 40 in Water, QRNL CF-55-4-18 (April 4, '1955). 
d .  C. White, A. S. Meyer, h., and 19. L. Manning, Differentiul Spectrophotometric De- 

4. C. White, Determination ~f Iron(ll1) in Mixtures of Alkali  Metal Fluoride Sult, BRNL 

C .  J. Barton, Fused Suit Compositions, ORNL CF-55-9-98 (Sept. 16, 1955). 
$. 6. White, Determination of Traces of Iron(lE[) in NaE-LiF-KF-UF4 with Thiocyanate, 

ORNL CF-55-9-96 (Sept. 20, 1955). 
D. h. Manning, A. S. Meyer, Jr., and J. C. White, The Compleximetric Titration of 

Zirconium Based on the Use of Ferric Iron as  the Titrant and Disodium-1, 2-Dihy- 
droxybenze-3, 5-Disulfonate a s  the Indicator, QRNL-I 950 (Sept. 28, 1955). 
W. d. Ross, A. S. Meyerl dr., and d. C. White, neterminution of Trivalent Uranium with 

Methylene 131ue, OWNk-1986 ( N w .  7, 19551, 
d.  6. White, Chemical Exurnination o/ Cold Trap from Intermediate Neat Exchanger T e s t  

J. C. Whits, Determination of Small  Amounts of Tantalum in NaE-LiF-KE and in NaP- 

J. W .  Smalen, Physical  Propert ies  o/ f3orul [,'.sed in Lid Tank Mockups, QRNk CF- 

J. C. White et al., Determination of Trivalent Uranium in Fluoride Salt Mixtures by the 

J. C. White end A. s. Meyer, Determination of Traces of Aluminzim in NaF-ZrF4-UF4 ,  

J .  C. White, A. S. Meyer, and B. L. McBoweII, Determination of Dissolved Oxygen in 

J. C. White, Procedure for the Determination of Oxygen in Sodium and M u K  by the 

P. A. Agron, B. S. Borie, Jr., and W. M. SteeSe, b 3 - N u , U ~ 6 ,  BRNL CF-56-4-199 (April 

R. E. Thoma, X-ray Diffraction Resul t s ,  BRNL CF-56-6-25 (dune 4, 1956). 
J. 6. White, Determination of ,Microgram Amounts of Titanium in the Presence of NaF- 

W. J. ROSS,  A. S. Meyer, JP., and J. C .  White, Determination of Boron in Fluoride Salts,  

1 952). 

a s  Soben t  for Fuel,  8RNL CF-54-5-40 (May 7, 1954). 

1 954). 

termination of Beryllium, QRNb-1969 (June 24, 1955). 

CF-55-9-103 (July 22, 1855). 

S t u d  N o .  I ,  ORNL CF-55-18-102 (Nov. 17, 1955). 

LiF-KF-UF,, ORNL CF-56-1-49 (Jan. 10, 1956). 

56-1 -94 (Jan. 23, 1956). 

Modified Hydrogen Evolution Method, ORNh-2043 (Feb. 10, 1956). 

ORNL CF-56-3-10 (March 1, 1956). 

Lubricating Fluids,  8RNb-2859 (March 9,  1956). 

Distillation Method, BRNL CF-56-4-31 (April 5, 1956). 

30, 19569. 

ZrF4-IIF,, BRNL CF-56-6-11] (June 28, 1956). 

ORPIL-2135 (Awg. 7, 1956). 



METALLURGY 

A. Des. Bassunas, A Simplified Apparatus for Making Thermal Gradient Dynamic Cor- 

W. D. Manly, Status of Columbium, Beryllium, and Lithium, ORNL CF-54-4-142 (April 6 ,  

E. E. Hoffman and P. Patriarca, Heat Exchanger Fabrication, QRNL CIF-54-5-88 (May 

e. P. Smith, M. E. Steidlitm, and L. L. Hail, Flammability of Sodium Alloys at High 

H. Inouye, Neutron ShieId !OF A R T ,  ORNL CF-55-7-94 ( h l y  18, 1955). 
R. J. Gray and &. Patriarea, Akta/lographic Examination of OWNI,  HCF Radiator No. f 

H. Inouye, U s e  01 Boron / O F  Neutron Shielding, QRNh CF-55-12-3 (Dee. 1 ,  1955). 
R .  S. Crouse, ,Vetallographic E x a ~ ~ i n n t i t ~  of Thermal Convection Loops and Capsule 

J. H. DeVan, Prel iminmy inuestigrttion of lnconel Cast ings,  ORNL CF-56-2-56 (Feb. 13, 

R.  J. Gray and P. Patriasea, .%fetallographic Examination of PWA HCF Radiator No. 2, 

R .  Carlander and E. E. Hoffman, Transfer u/ Carbon Between Dissimi!ar Metals in 

H. Inouye, M. BDAmore, and T. K. Roche, h'ickel Base Alloys for f i igh Temperarure 

W,. R .  D'Amore and #. Inouye, T h e  Extrusion o/' Composite Tubes ,  QRNL CF-56-4-123 

R .  J. Grey, A4etallvgmphic Examination of High Veloci ty  Heat Exchanger (SHE No. I), 

p. Petriarca et al., Fabrication of Heat Exchangers and Radiators for Nigh Temperature 

T. Hi kido, Screening Er.:uluation of Experimental Nickel-Molybdenum Alloys ,  QRNL 

rosion T e s t s  (Seesaw T e s t s ) ,  QRNL CF-52-3-123 (March 13, 1952). 

1 654). 

17, 1954). 

? .  I emperatures, QRNh-1799 (June 15, 1955). 

Failures, BRNL CF-55-10-129 (Ost. 31, 1955). 

T e s t s  Performed by WADC, QRNL CF-56-2-26 (Feb. 6 ,  1956). 

1 956) 0 

ORNL CF-56-3-47 (March 12, 1956). 

Contact with Molten Sodium, ORNL CF-56-4-73 (April 2, 1956). 

Service, ORNL CF-56-4-121 (Apri l  16, 1956). 

(Apr i l  18, 1956). 

O F "  CF-56-5-148 (May 24, 8956). 

Reactor Applications, O F " - 1  955 (June 14, 1956). 

CF-56-7-35 (July IO, 1956). 

HEAT TRANSFER 

H. 6. Claiboane, rZ eri t icai  Review of the Literatwe on Pressure Drop in Nuncircular 

H. F. Psppendiek and L. 0. Palmer, Forced-Convection € f e a t  Transler in Therlr i l  

W. S .  Farmer, Cooling Hole Distribution for Reactor Reflectors,  QRNL CF-52-9-201 

W .  S. Farmer, Heat Generation in a §lab for  a &'on-C'rLifornz Source of Radiation, ORNL 

H. F. Psppendiek, Estimates of Neat and Momentum Transfer Characteristics of the 
(LiF-48 M %, BeP2-.52 M %) and (NaF-€0 M %, KF-$6 M 75, 

H. F. Poppndiek and Lo D. Palmer, Forced-Convection Heat Transfer in Pipes with 

W. B. Harrison, J. 0. Bradfute, and f?. v. k i i l e y ,  Generalized Veloci ty  Distribution for 

W. B. Harrison, Forced Convection hieat Transfer in Thermal Entrunce Regions,  Part 111, 

He W. Hoffnion, Preliminary Resul ts  of Flinak Heat Transfer, ORNL CF-53-8-184 ( A u ~ .  

Di ic t s  and Annuli, QRNL-1248 (May 6 ,  1952). 

Entrance Regions - Part I!, ORNL-914 (May 26, 1952). 

(Septa 3, 1952). 

CF-52-9-202 (Sept. 4 ,  1952). 

TWO Fluoride Coolants: 
ZrF4-44 M a), QRNL CF-52-11-265 (Nov. 29, 1952). 

VoEume Heat Sources, OREdL-13% (Dec. 2,  1952). 

Turbulent Plow in Annuli, OWNL CF-52-12-124 (Bee. 19, 1952). 

QRNL-915 (Aug. 6, 1953). 

18, 1953). 
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H. F. Poppendiek and G. M. Winn, Some Preliminary Forced-Convection Heat Transfer 

Experiments in Pipes with Volume tleat Sources Within the Fluids, ORNL c~-54-2-1  

J. 0. Bradfute, The  Measurement of Fluid Velocity by a Photographic Technique, ORNL 
CF-54-2-37 (Feb. 4, 1954). 

D. C. Hamilton, F. E. Lynch, and b. B. Palmer, The Nature of the Flow of Ordinary 
Fluids in a Thermal-Convection Harp, ORNL-1624 (Feb. 23, 1954). 

L. D. Palmer and 6 .  M. Winn, A Feasibility Study of F l m  Visualization [ k i n g  a Phos- 
phorescent Particle Method, ORNL CF-544-205 (Apri I 30, 1954). 

H. F. Poppendiek and Lo D. Palmer, Forced Conzection Heat Transfer Between Parallel 
Plates and in Annuli with Volume Heat Sources Within the Fluids, ORNL-1701 (May 1 1  , 

M. W. Wosenthal, ti. F. Poppendiek, and M. R. Busnett, A Method for Evaluating the 
Heat Transfer Effectiveness of Reactor Coolants, ORNL CF-54-11-83 (Nov. 4, 1954). 

H. F. Poppendiek, A Laminar Forced-Convection Solution for Pipes Ducting Liquids 
Having Volume Heat Sources and Large Radial Differences in Viscos i ty ,  ORNL 
CF-54-11-37 (Hove 5, 1954). 

D. 6. Hamilton et al., Free Convection in Fluids [laving a Volume Heat Source, OWNL- 
1769 (Nov. 15, 1954). 

J. 0. Bradfute, QzraIitative Veloc i ty  Information Regarding the  ART  Core: Status 
Report No. 4 ,  BWNL CF-54-12-110 (Dee. 14, 1954), 

H. W. Hoffman and J. Longs, Fused Salt Pleat Transfer - Part g r  Forced Convection 
Heat Transfer in Circular Tubes  Containing NaF-KP-LiF Eutectic,  oRNb-1777 (Feb. 
I ,  1955). 

H. W. Hoffman, L. B. Palmer, and N. D. Greene, Electrical Heating and Flow in Tube 
Bends,  ORNL CF-55-2-148 (Feb. 22, 1955). 

G. L. Muller and J. 8. Bradfute, Qualitative Velocity Profiles with Rotation in 18-inch 
A R T  Core, ORNL CF-55-3-15 (March I ,  1955). 

H. F. Poppendiek, Status Report on Forced Convection Experimental Work in Converging 
and Diverging Channels with Volume tieat Sources in the Fluids, ORNL CF-55-3-174 

F. E. Lynch and J. 0. Bmdfute, Qualitative Veloc i ty  Profiles in 1 8 - h c h  ART Core 
with Increased Turbulence at Its Inlet, ORNL CF-55-5-132 (May 10, 1955). 

J. 6. Bradfute, F. E. Lynch, and G. L. Muller, Fluid Veloc i ty  Measured in the  I8-lnch 
ART Core by a Particle-Photogr~phic Technique, ORNL CF-55-6-13? (June 21, 1955). 

F. E. Lynch, Qualitative Velocity Information Regarding the 18-lnch ART Core with 
Vane  Set No. 2 in Entrance, ORNL CF-55-6-173 (June 27, 19551, 

G. C. Muller, Qualitative Veloc i ty  Information Regarding the 18-lnch ART Core with 
Turbulator Vane  Set No. I at Entrance, OWNL CF-55-6-174 (dune 27, 1955). 

h. D, Palmer, G. M. Winn, and H. F. Poppendiek, Investigation of Fluid F l w  in Helical 
Bends of the ANP In-Pile Loop, ORNL CF-55-6-1%3 (June 27, 1955). 

G. L. Muller, Qualitative Estimates of the Veloc i ty  Profiles in the 2I-lnch ART Core, 
ORNL CF-55-7-92 (July 20, 19559. 

Q. C. Hamilton and F. E. Lynch, Free Convection Theory and Experiment in Fluids 
Having a Volume Neat Source, ORNL-1888 ( A u ~ .  3, 1955). 

H. F. Poppendiek and L. D. Palmer, Application of Temperature Solutions for Forced 
Convection Systems with Volume Beat Sources to  General Convection Problems, 
ORNL-I933 (Sept. 29, 1955). 

Feb .  I ,  1954). 

1 954). 

(March 24, 1955). 

G. L. Muller and F. E. Lynch, Qualitative Velocity Information Regarding the Quarter 
Scale Model of the 18-lnch ART Core and the 5.22 Scale Model of the 2l-Inch A R T  
Core with the P and W Swirl Nozz les  at the Inlet ,  ORNL CF-55-10-48 @st. 3, 1955). 



G. C. Muller and F. E .  Lynch, Qualitative Velocity in formt ion  Regarding Two Constant 
Cap Cose Models, O F "  CF-55-10-49 (CW. 3, 195%). 

F. E. Lynch and G. 6. Muller, Qualitative Veloc i ty  Profiles with a Rotational Corn- 
punent ut the Inlet o/ thc Zi-lnch Core Model, G. F. Wislicenus Design, BRNL CF- 
55-10-58 (Oct. 3, 1955). 

J. C. Wantland, Thermal Characteristics of the  ART Fuel-to-NaK Meat Exchanger, 
ORNL CF-55-12-120 (Be&. 22, 1955). 

J. e. Wantl~nd,  A Method of Conelating Experimental Fluid Friction Data for Tube  
Bundles of Difjerent Stze and Tube  Bundle to Shell Wad1 Spacing, ORNL CF-56-4-162 
(April 5, 1956). 

H. W. HofBman, Therrnal Structure for the Region Beyond the  ART  Reflector - Supple- 
ment I ,  ORNL CF-56-4-12'9 (April 19, 1956). 

H. W. Haffman, Fused Salt  Neat Transfer, ORNL CF-56-7-85 (July 20, 1956). 

PHYSICAL PROPERTIES 

M. Tobias, S. I .  Kaplon, and S .  J .  Claibarne, Densities of Certain Salt Mixtures at 

d. bh. Cissr, Densities of Fuel Mixtures Nos. 25 and 2 j a ,  ORNL CF-52-5-209 (May 28, 

R. F. Wedmond and T. N. Jones, Viscos i ty  of Fulinak, BRNL CF-52-6-148 (June 19, 

8. F. Re$mon$ and t. N. Jones, Viscos i ty  o f  Fuel Suit Mixtures N o .  27 and No.  30, 

L. Cooper and S. $. Claibarne, Measurement of the Thermal Conductivity of Flinak, 

W. B. Harrison, Transient Methods for Determining Thermal Conductivities of Liquids, 

%. J. Claibrme, h!easuremePat C$ the Thermal Conductivity C J ~  Fluoride Mixture No. 35, 

W. B. Powers and G. C. BIaIoek, Heat Capacity Q/ Fused Salt Mixture No. 21, ORNL 

W. $. Redmsnd and T. N .  Jones, Density L%feasurernents of Fuel Salts Nos. 31 and 3 3 ,  

8.  F. Wedmoncl and T. N. Jones, Viscusit);  Measurements of Fuel Salts Nos. 31 and 3 3 ,  

S. J. Claiborna, Afeasurement uf the Thermai Conductivity uf Fluoride Mixtures No. 30 

R .  F. Re$msnd and S. t .  Kaplan, R e m r k s  on the Falling-Ball Viscometer,  ORNL CF- 
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