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FOREWORD 

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

and experiments that led f i rst  t o  the choice of the circulating-fluoride-fuel reactor concept 

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

documents. These include a presentation by R .  C. Briant t o  the USAF Advisory Com- 

mittee, outl ining the objective and status of the ORNL-ANP Program (ORNL report 

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

ment (ARE) (ORNL-1234) and the operation of the ARE (ORNL-1845), and a compre- 

hensive summary of ORNL-ANP aircraft power plant designs up to  May 1954 (ORNL-1721). 
The preliminary layout of the ART and faci l i ty  was given in  the ART hazards report 

(ORNL-1875) and in  the A N P  Project Quarterly Progress  Kepart for the Period Ending 

December 10, 1954 (ORNL-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 as defined i n  th is report w i l l  be changed somewhat as information is  derived 

from component test experience, further analyt ical work, or fobricational problems. 
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DESIGN CRITERIA 





DESIGN CRITERIA 

M i L l T A R Y  REQUIREMENTS 

Studies made by Air  Force contractors have indi- 
cated that aircraft for missioris involving strategic 
bombing should be capable of operation a t  sea level 
and a speed of approximately Mach 0.9, or a t  
55,000 f t  (or higher) at  Mach 2.0 (or higher), or 
above 85,000 f t  a t  about Mach 0.9. An airplane of 
unlimited range that could f l y  any one orl even 
better, two or more o f  the possible strategic 
missions would be extremely valuable i f  i t  became 
avai lable in the 1965 to 1970 era. In addition to 
the strategic bomber appl icat ion there are require- 
ments for lower speed (Mach 0.4 to  0.9), manned, 
nuclear-powered airplanes, such as 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 unlimited range would 
also be of considerable value. The strategic- 
bombing missions for manned aircraft with shielded 
reactors have been deemed to be of such crucial 
importance as 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 would be able to 
take care of any of the other manned-airplane 
requirements. Design studies have indicated that 
nuclear power plants capable o f  producing from 
100 to 300 Mw w i l l  be required. The 60-Mw Aircraft 
Reactor Test (ART) i s  a logical and expeditious 
intermediate step i n  the production of the 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 ship, patrol bomber, or 
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 charac- 
ter ist ics to b expected of the higher powered 
reactors required for high-altitude supersonic 
strategic bombers. The s i r e  and weight of the 
reactor and shield w i l l  conform with aircraft re- 
quirements, and, insofar as was possible i n  the 
l imited time available, the design of the important 
components has been based on concepts satis- 
factory for airborne application. 

R E A C T O R  D E S I G N  C R I T E R I A  

The general requirements followed by the ORNL- 
ANP project personnel have been consistent w i th  
those for aircraft reactors set forth by the Technical 
Advisory Board.1 The Board stated that the re- 
actor must have a power output of several hundred 
megawatts, that it must heat air to temperatures 
i n  excess of llOO°F, and that the reactor core 
must occupy a space not exceeding a few feet in 
linear dimensions. The choice o f  materials must 
be limited, of course, to those with desirable 
nuclear properties. It was taken into consideration 
that the reactor structure must be able to  with- 
stand considerable accelerations or shocks without 
large misalignments or changes in reactivi ty re- 
sulting. A reactor with a mechanically 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  1000 hr. 

The uranium investment per reactor was expected 
to  be a 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 times 
was expected to be of maior value in lessening 
the uranium inventory required to maintain an air  
fleet. Overriding the xenon ef fect  after a prolonged 
shutdown or a radical  reduction in power level was 
expected to be d i f f i cu l t  for reactors wi th high 
specif ic power. However, for some reactors, such 
as the homogeneous reactor, the xenon would be 
removed shortly after formation and thus would 
present no problem. 

One major problem was considered to  be the con- 
struction of control mechanisms (and, t o  a lesser 
degree, sensing instruments) for rel iable operation 
that would respond rapidly and not require undue 
extension o f  the shielded volume. It was believed 
that a liquid-fuel reactor wi th a strong negative 
temperature coeff icient of react iv i ty would be 
self-stabi l izing and would thus require a minimum 
of contro 1. 

W i t h  regard to  the vulnerability and safety of the 
nuclear-powered airplane it was recommended that 
the reactor be isolated from engine fai lure by an 

' K e p o r t  of the Technical Advisory Board to the 
Technical Committee of tbe Aircraft Nwlear  Propulsion 
Program, ANP-52 (Aug. 4, 1950). 
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intermediate fluid system. For a h;gh-tcmperc+wre, 
high-power-dmsity reactor irr an airplott-, loss of 
the  coolant or loss of circulat ion of the coolant 
would causz rapid overhesting. Thus ii system ::I 

which the h r c t  of thc piitnary rozllant wigs trail+ 
mitted to the enginss through WI interrnzdiatc heat 
exthanper would bz advantageous. Also, by 
locating the ;ntermied:atc hect exchanger in a pro- 
tected position, probably in thc shield, it  wo,i/d be 
possible to  hove short, protcctcd f l o k t ,  l ines for 
the primary fluid, The s e ~ o ~ i d ~ l - y  lines tu the 
engines could then be independent of each other. 
Special pov is ions  would have to bs made :o toke 
care of afterheat f rom f ission products after shut- 
down. 

T H E  CZWCbrLATING-FUEL R K F L E C T B R -  
MOD E k.? f E B R E  A P T 0 R 

The circvlnting-fuel reflector-moderated reocbos 
was desiga-ed to meet ( 1 1 -  Laitc:;o described. Ihi. 
USE of circulat ing fused  fluoride salts for the fuel 
coisier and heat transfer niediurv has the important 
advantage of el iminating ths heat  f tunsfw stage 
required in solid-fuel-element reactors wi th in :he 
reactor cope and w th i t a complex, delicate Inattix 
of heat torrnsfer surfaces, 'fdrtti ihe fuel as thz 
primary heat transfer medium, i t  has been poss ib le  

to wrap the intermediate heat exchanger w w n d  the 
sphericul reflector-moderator atid thus to keep tho 
heat exchanger wi th in a rs lat ively small  shielded 
volume. '[he act;vatiart of hkli3 sccondory coolant, 
NsK, pose.; problelirs i n  ground hnndlinq and inuinte- 

vantages of thc crrculat ing-fm! rlesigbi. 
The primary control mcehanisrn of this t y p e  of 

reactor i s  the strong, ncgntive *cmpzrature coed!!- 
ciept, Since it will  be possiblc, by scrubbing the 
fuel with helium in the pump Fxpansion tank, i o  
remove the xenon that i s  produc~d, i t w i l l  not be 
necessary to rnuka piovision for overriding the 

xenon after a shutdown. 
Although the c;rculating-frPel r w c i u i  has o solfie- 

what IaTger urQiri;brn irivrstrrtsrrt in the opsa t ing  
reactor thurt 5ame proposprl 2ircraft reccfors have, 
i f  cl lowmces are made for thc inventory in spare 
fuel elements ~ n d  in the reprocessing plant, t h e  
total investmwt per arrplane can be lower for die 
circulating-fusI reactor ha11 for most othr: types of 
reoctoas. In addition, i t  w i l l  be much easier to 
r e p l a m  thc l iquid f e r c !  h i i  to change t l13 sol id 
f l iel  elements. E s p x i a l l y  s h i c l d d  or renofely 
controlled giound-handling foc i l i t l e r  $ % " I I  !X r r -  
quire4 only for thc fusE f i l l i ng  and drGirtirig ope:c- 

- 

nailce that UI'J: offset by rhe s izc  wnc! vvsigh: ad- 

tions. The reprocessing of +he l iquid fuel w i l l  be 
much simpl-r ursd faster than the reprocessing and 
refabrication of sol id fuel elements ,  and the 
shoatcr reprocessing time wi l l ,  of course, lower 
the csrm iurii investment. 

Operation of the Aircraft Reactor Experiment 
(b.F?c)2 demonstrated that a high-temperature 
circulnting-fuel reactor could be bu i l t  and operated 
and that tho rnote~ials and machinery which had 
beeil developed for operation at  elevated tempera- 
tures were satisfactary. It showed that the pre- 
dicted Iatge negative temperature coeff icient of 
racr t i v i t y  and the resultant self-regulatory charnc- 
ter ist ics of the reactor could $e achieved. The 
ARE ailid othc: S U C C B S S ~ U ~  experiments have thus 
indicated the high probabil i ty that aircraft nuclear 

p ! m t s  emp I oy in g circu I at ing-due I reactors 
can bc de?vc!oped for mil i tary application, 

A caredw! analysis of the multitubular core- 
moderated reactor configuration typif ied by the 
ARE disc!osed a number of serious problems. The 
high power dw-isities necessary in a ful l-scale 
aircruft reactor (1 to 5 kw per cubic centimeter of 
core) give severe gamma and neutron heating con- 
di t ions i n  the moderating inatevial and hence large 
thermal stcssses, It was fe l t  that crocking and 
spal l ing of a br i t t le material such as he beryllium 
oxide used os the ARE nroderutor could be expected 
and thet designing to al low far th is  would be 
exceedingly awkward, The waight and drag pariut- 
t ies associated with the use of a low-temperature 
moderator such as wate r  would be excessive. Ex- 
te-- :  . corrosion tests wi th  hydroxides a t  reason- 
able teiniperntures, that is, 1200°F, had shown that 
none of the hydroxidas would be satisfactory. Too 
l i t t l e  was known a b s u t  the hydrides for them to 
be used a s  the bcisis for a design. A secletor con- 
stiucted of graphite was too l a r p ,  and hence the 
shield was  too heavy. The only nioderator-region 
materiais combination that seemed bo be compatible 
wi:h the fluoride fuel-Iticonel system 'NOS sodium- 
coc?led beryllium. 

I he various detailed designs :hat were evolved 
in tho effort to  incorporate these materials i n  B 

multitubular core fa l l  into two groups. The f i rs t  
group of design5 w a s  bosed on the use of a heavy 
herder she@ across the outlet face o f  the core to  
carry the f lu id pressure loads associated with both 
the sodium mid the diael pressure drops. A light 
heaclei sheet was ta be used across the in let  face 

%'d. B. Cottrell et al., Operat ion o/ the A i ~ c r a j t  R e n c -  

.-. 

. ................... ~... ...... ......... .... 

t o r  Expcr imPnt ,  OR?Ji..- I845 (P.vg. 22, 1955). 
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that would be suaficiently f lexible to accommodate 
dif ferential thermoi expansion between the paral lel 
fuel tubes and between the core in let  and outlet 
passage shrou$s, The beryll ium wou!d be in the 
farm of hexagonal blocks, as i n  the ARE, and would 
be spaced relat ive to the t u k s  by spiral wire 
spacers i o  ensure the proper sodium-flow-passage 
thickness. The principal disadvantages of th is  
design apprr;ach were the severe thermal and pres- 
sure stresses in  he outlet header sheet (which 
would be at  a high temperattire) and the severe 
pressure stresses in the in let  header sheet under 
off-design conditions (e.g., one pump out) i f  the 
sheet were made thin enough to accommodate the 
requisite amount of dif ferential thermal expansion. 
POsSibly  less serious dssadvantages included n 
tendency of the fuel tubes to &e bent by he beryl- 
l ium under the lateral accelerations to be expected 
in  flight. 

In an effort to evolve an arrangement with greater 
promise, a second series of designs was prepared 
tho+ was based on large d i s k s  of beryll ium being 
placed normal to the tube gxes. These disks were 
designed to carry the loads induced tay die fue! 
and the sodium pressure drops, To ensure the 
proper sodium flow distribution, the spacing be- 
tween the fuel tubes and the beryll ium was again 
accomplished by spiral wire spacers. Moderately 
thick header sheets were employed, with provision 
for both transverse and axial  dif ferential thermal 
expansion at  the outlet end. This latter feature 
presented a major problem, and, to date, no real ly 
sound detai l  design has hpen worked aut to 
accommodate both the dif ferential expansion brs- 
tween the beryll ium and the header sheet and at  
the same time take the pressure loads imposed by 
off-design conditions. 

Mailtigroup calculations made concurrently wi th 
the QbOVe design studies indicated that it W Q S  

advantageous ta lump the fuel  heavi ly to minimize 
the amount of structural materia! in the reactor. 
Concurrent shielding stildres showed that about 
12 in. of good neutran shieiding fallowed by Q 

layer of boron was required between the core and 
the heat exchanger to keep the activation of a 
f lu id  such as tdaK frsni becoming excessive, 
Pursuance o f  these design precepts yielded a 
reflector-moderated configuration which gave not 
only a lower shield weight than had been obtoined 
with any configuration previously devised but also 

a lower fuel concentration than could be obtained 
from 0 multitubulor core having &e same core 
diameter, according to  n u l  ti group calcu! at ions 
made at  the time. Even more important, these 
calculations indicated that the reflector-moderafed 
core design gave both h e  lowest average and the 
iowest peak power density in  the fuel far a given 
core diameter o f  any care design studied. 

The volume heat source in the circulat ing fuel 
presents a set of problems having no previous 
technologicai parailel. The fuel temperature in 
stagnant regions tends to r i se  rapidly, and it can 
easi ly reach excessive values i f  the hydrodynamic 
design i s  not satisfactory. Analyt ical solutions 
for a few simple geometries, such as fu l l y  de- 
veloped flaw in  a straight tube, have been worked 
out, ond tests have validated the analyt ical solu- 
tions. More complex geometries, such as those 
represented by the ref lector-moderated reactor, 
can be analyzed with assurance only by means of 
experimental techniques. Thus a multitubulor 
reactor core design offers a malor advantage in 
that i t  is more amenable to analysis, although it 
would be l ikely to present header fiow passage 
design problems at the in let  and outlet. 

A careful appraisal of the many different factors 
involved led f inal ly to the choice of the refleetor- 
moderated type of core because i t  appeared to  
give the l ightest shield for a given power density 
and fuei concentration i n  the fuel, os wel l  as a 
configuration relat ively free of stress concentra- 
tions in the core structure. Although the actual 
fabrication and assembly of the concentric con- 
figuretion of the core of the reflector-moderated 
reactor present some exceedingly di f f icul t  prob- 
lems, it i s  fe 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 multitubular-core reactor. Thus, after 
reviewing all tila various considerations, it WQS 

ed in 1954 that the reflector-moderated core 
should be adopted as the basis for the ART design. 

The oblectives of bui lding and operating the ART 
are the investigation of the methods af construc- 
tion and the estimated performance characteristies 
of such a reflector-moderated circulating-fuel 
reactor. An operating life of 500 hr at  or near 
60 Mw IS considered to be a desirable goal, The 
information gained from the test w i l i  provide a 
sound basis for the design of ful l-scale aircraft 
reactors. 
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THE ART 

THE R E A C T O R  ASSEMBLY 

The reactor and shield assembly w i l l  consist 
of the core, the  beryl l ium island, the beryl l ium 
reflector-moderator, the pressure shell, the fuel 
system (including the fuel pumps and the xenon- 
removol system), the fuel-to-NaK heat exchanger, 
the reflector-moderator cool ing system, the COII~TOI 
system, and the aircraft-type shield. The reactor 
(Fig. 1) comprises a series QF concentric shells, 
each of which is a surface of revolution about the 
vert ical axis. The two inner shells surround the 
fuel region at the center (that is, the core of the 
reactor) nnd separate i t  from the beryl l ium is land 
and the outer beryl l ium re f lec tor .  The fuel circu- 
lates downward through the bulbous region where 
the f issioning takes place and then downward and 
outward to  the entrance of the spherical-shell fuel- 
to-NaK heat exchanger that l ies between the re- 
flector outer  shell and the main pressure shell. 
The fuel f lows upward between the tubes in the 
heat exchanger into two centrifugal sump-type fuel 
pumps at  the top, From the pumps it is discharged 
inward to the top of the annular passage leading to  
the reactor core. The fuel pumps are located in 
the expansion tank region at the top of the reactor. 
A horizontal section through this region i s  shown 
in  Fig. 2. 

The reflector-moderator i s  cooled by sodium 
which f lows downward through spaces between the 
core shel ls and the beryl l ium and through passages 
in the beryllium and back upward through the 
annular spaces between the beryl l ium and the en- 
closing shells and between the pressure shell and 
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 island 
and then through the small toroidal sodium-to-No# 
beat exchangers around the periphery of the pump- 
expansion tank region. A horizontal section through 
this region is shown in Fig. 3. 

The lnconel pressure shell constitutes both the 
main structure o f  the reactor and a compact con- 
tainer for the fuel circuit ,  The pressure shel l  
encloses a l iner composed of another lnconel sheil, 
a layer of boron carbide to remove thermal neutrons, 
and an inner lnconel can. Heat generated i n  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 island betweeri the 
outer surface of the l iner and the inner  surface of 
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the pressure shell. Passages at the top of the 
reactor w i l l  direct the sodium frdm the outer 
surface of the pressure shell to  the sodium-to-NaK 
heat exchanger inlets. The pressure shel l  i s  
separated by thermal insulat ion from the gamma-ray 
shield, which i s  a layer of lead. The lead, in turn, 
is surrounded by a region o f  borated water, A 
vert ical section through the lead-water shield i s  
shown in Fig. 4. 

Data that give materials ond operating charac- 
teristics of the ART are presented i n  Table 1, 
except for the system f low and pump data, which 
are given in  Table 2. Key data on dimensions are 
given in Table 3. 

REACTOR DUMENSIONS 

The dimensions of the reactor core were estab- 
l ished by calculations and by c r i t i ca l  experiments. 
A parametric study was made of a set of 48 related 
reactors i n  which fhe parameters o f  core diamefer, 
reflector thickness, and fuel thickness were varied 
over a wide range. In th is study the effects of the 
geometry of the reflector-moderated reactor on the 
physical quantities of interest, such as c r i t i ca l  
mass, required m o l e  per cent of uranium in  the fuel, 
and power distribution, were determined. Core radi i  
of 20, 30, 40, and 60 cm and extrapolated reflector 
thicknesses of 20, 30, and 40 cm were selected for 
the set of related reactors. Poison (sodium and 
Inconel) distributions in the reflector and island 
were obtained from a study by Bussard and others.2 
The fluoride fuel NaF-ZrF,-UF, was used for the 
entire set of calculations. From the set of 48 
reactors determined by the specif ied independent 
parameters, i t  was possible to select 30 reactors 
that would give results that could be used to cross- 
plot  and interpolate the properties of the 18 omitted 
reactors to an accuracy suff icient for this survey. 
The results obtained are summarized in  Figs.  5, 6, 
7, and 8. 

Physical property studies indicated the desir- 
ab i l i t y  of l imi t ing the uranium content o f  the fuel 
to 5 mole % UF, (see Part 1 1 1 ,  "Design and Devel- 
opment Studies"'), and therefore i t  is clear from 

'C. S. b r t n e t t e ,  M. E. LaVesne, and @. R, Mil ls ,  
RPfle@tor-iModernted-Reacfox D e s i g n  Paranzeter Study. 
Part I: B/ject  of Reactor Proportions, 0 RNL CF-54-9-5 
  NO^. 8, 1954). 

2 ~ ,  W. ~ u + s a r d  et  a[.. 7%e iMde+aator Cooling ~ y r t s n t  
for dw Kelkc~f~7-Maderaied 12t.uetor. ORFdL-1517 (Jan. 22, 
lasd). 
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10 



TABLE 1. ART DESIGN DATA I 

Power 

Design heat output (kw) 

Core heat f lux 

Core power densi ty  (max/avg) 

Power density, maximum (kw per l i te r  of core) 

Specif ic power (kw per k g  of  f iss ionable material in core) 

Power generated in ref lector (kw) 

Power generated in i s l and  (kw) 

Power generated in pressure shel l  (kw) 

Power generated i n  lead layer (kw) 

Power generated in water layer (kw) 

60,000 
Heat transported aut by c i rcu la t ing fuel 

2: 1 
1300 
94 0 
2040 
600 
210 
132 
4 

Fuel  

Rear  tor structure 

Moderator 

Reflector 

Shield 

Primury coolant 

Reflector coolant 

Secondary cool ant 

Uranium enrichment ( X  U235) 
Cr i t i ca l  mass (kg of U 
Tota l  uranium inventory (kg of U 
Consumption at maximum power (g/day) 

Design l i fe t ime (hr) 

Design t ime at  maximum power (hr) 

Burnup in 500 hr o t  maximum power (%) 
Fuel  volume in core ( f t  j 
Tota l  fue l  volume (ft3) 

235) 
235) 

3 

Mater ia ls  

NaF-Z rF4-UF4  (50-46-4 mole %) 
lnconel 

Bery l l ium 

Beryl1 ium 

Lead  and borated water 

The c i rcu lu t ing fuel 

Sodium 

NoK 

Fuel  System Propert ies 

93.4 
23 
64 
88 
1500 
500 
2.9 

3.2 

10 

Neutron Flux Density in Core 

104 ev < E: < 107 ev (neutrona.cm-2.sec-’) 3 x 10’5 
Thermal < E < lo4 ev (neu+rons.cm-2.sec-1) 1 1 0 ~ 5  

Shermul, maximum (neutrons.cm-’.sec-’) 2 x 1014 

5 x 1013 Thermal, average (neu+rons.cm-2.sec-’) 

Shim control 

Rate of withdrawl 

Temperature coef f ic ient  (over-a1 I) 
Temperature coef f ic ient  (fast) 

Thermal f iss ions (%) 
Neutron leakuge (%) 
Prompt neutron l i fe t ime ( p e c )  

k c f f  (clean, as loaded) 

h k  (temperature) 

i l k  (poisons) 

heft (hot and poisoned) 

Conversion rat io 

Contra1 

One rod of 5% h / k  

3.3 x Ak/k-sec 

-2.3 x loa5 (bWk)/OF 
-5 x ( A k / k ) / O F  

40 
32 
400 
1.04 
0.004 
0.036 
1 .OD 
0 



TABLE 1 (continued) 

eirculnting-Fuel-Coolant Sys tems  

Fuel  i n  core 

Outlet temperature (OF) 

Temperature r i se  (OF) 

Mean Flow ve loc i t y  (fps) 

Reynolds number (for mean ax ia l  ve loc i ty)  

Fuel-to-NoK heat exchanger 

Volume o f  fuel (ft3) 

Volume of NaK in Pubes (h3)  
Volume of lnconel i n  tubes (f t3) 

lnconel tube surface i n  contact w i th  fuel (ft2) 

Hen? exchanger th ickness (in.) 

1600 
3 50 
5 
85,000 

2.45 
2.97 
1.88 
903 
3.25 

Fuel  NaK Coolant 

Maximturn temperature (OF) 

Temperature drop (or r ise)  (OF) 
Pressure drop (ps i )  

FIOW rate (rt3/sec) 

Veloc i ty  through the tube matrix (fps) 

Reynolds number 

Heat tronsfer coef f ic ient  ( B t ~ / h r . f t ~ . ~ F )  

Cooling system for NaK-fuel coolant 

Maximum air temperature (OF) 

Ambient a i r f low through NaK radiators (cfm) 

Radiator air pressiire drop (in. H2Q) 
Blower power required ( to ta l  for four blowers) (hp) 

Tota l  radiator in le t  face area ( f t2)  

Coal ing system for moderator 

Maximum temperature o f  sodium ( O F )  

Sodium temperature drop in heat exchanger (OF) 
NaK temperature r i se  i n  heat exchanger (OF) 

Pressure drop of sodium in heat exchanger (ps i )  

Pressure drop of NaK in heat exchanger (psi) 

F low  rate of sodium ?tirough ref lector (f t3/sec) 

F low rate o f  sodium through is land and pressure shel l  ( f t3/sec) 

Flow veloc i ty  of sodium through ref lector and island (fps) 

Reynolds number of sodium i n  ref lector and is land 
__l___ .._I_......_ _... .-.... . 

1600 
350 
39 
2.96 
8.77 
3740 
2215 

1500 
430 
13 
10.45 
24 
120,000 
10,000 

750 
243.000 
9 
600 
100 

1250 
200 
250 
7 
7 
1.35 
0.53 
30 
170,000 

...._._.__I 

TABLE 2. SYSTEM FLOW AND PUMP DATA 

NaK 

( F i  I I-and- Drain Fuel  Sodium NaK Na K 
(Reflector Coolant) (Fuel  Coolant) (Sodium Coolant) Tank 

- - ~- __ 

Number of pumps 2 2 4 2 2 

Pumping head, fr 27-37 100 2 15-360 270-360 117 

Flow per pump, gpm 545 440 1 ZOO 130 300 

Puinp speed, rpm 2400-2600 3200 2690-3400 3025-3400 2050 

Pump powm per pump, hp 22-27 61-118 38-48 11 
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TABLE 3. REACTOR DlMENSlQNS 

REACTOR CROSS-SECTION EQUATORIAL R A D l l  (in.) 

Control rod thimble 
Inside 
Thickness 
Outside 

Sodium passage 

Inside 
Thickness 
Outside 

Beryl1 iuin 

l n s r d e  

Thickness 
Outside 

Sodium passage a t  land 
Inside 
Thickness 
Outside 

lnconel shell 
Inside 
Thickness 
Outside 

Fuel 
Inside 
Thickness 
Outside 

Outer care shell 
Inside 
Thickness 
Outside 

Sodium passage at land 
Inside 
Thickness 
Outside 

Beryll ium reflector 
Inside 
Thickness 
Outside 

Sodium passoge 

Inside 
T hi c kne ss 

Outside 

lnconel she l l  
Inside 
T hicknes 5 

Outside 

0.750 
0.062 
0.812 

0 t ’ 2  

0.130 
0.942 

0.942 
4.121 
5.063 

5.063 
0.188 
5.251 

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 
22.033 

Stainless-steel-clad copper-B4C cermet 

Inside 
S ta in less  steel  thickness 
Copper-B4C thickness 

Stainless steel  thickness 
Outside 

Stainless-steel-canned 6 C 4 
Can 

Inside 
Thickness 
Outside 

B4C t i l e  
Inside 
Thickness 
Outside 
Shim gap 

Can 
inside 
Thickness 
Outside 
Shim gap 

Outer reflector she1 I 
Inside 
Thicknes s 

Outside (max) 

Channel 

Tangent to first tube 

Tube radius 

Center line, first tube 

Twelve spaces a t  0.250 

Center line, thirteenth tube 

Tube radius 

Circle tangent to thirteenth tube 

Spacer 

Gap 

Channel 
Inside 
Thickness 
Outside 

Gap 
Inside 
Thickness 
Outside 

22.033 
0.010 
0.080 
0.010 
22.133 

22.133 
0.005 
22.138 

22.138 
0.240 
22.378 
0.029 

22.407 
0.005 
22.412 
0.02 1 

22.433 
0.062 
22.495 

22.500 

22.510 

0.115 

22.625 

3.000 

25.625 

0.115 

25.740 

0.008 

0.022 

25.770 
0.120 
25.890 

25.890 
0.030 
25.920 

13 



TABLE 3. REACTOR DIMENSIONS 

Boron iacket 

Ins ide 

Thickness 

Out s i  de 

B4C t i l e  

Inside 

Thickness 

Outside 

Pressure shel l  l iner 

Inside 

Thickness 

Outside 

Sodium gap 

Inside 

Thickness 

Outside 

Pressure shel l  

Inside 

Thickness 

Outside 

CORE 

Diameter ( inside of  outer shel l  a t  

equator), in. 

Island outside diameter, in. 

Core in le t  outside diameter, in. 

Core in le t  inside diameter, i n .  

Core i n  let orea, in.' 

25.920 
0,062 

25.982 

25.982 
0.328 

26.310 

26.310 
0.375 

26.685 

26.685 

26.810 
0.125 

26.810 
1 .ooo 

27.810 

21 

10.75 

11 

6.81 

58.7 

Core equatorial cross-sectional area, 256.2 
2 in. 

REFLECTOR-MODERATOR REGlON 

Volume of bery l l ium p lus  fuel, ft3 28.2 

Volume of bery l l ium only, ft3 24.99 

Cooling passage diameter, in. 0.187 

Number of  passages i n  is land 

Number of passages i n  ref lector 

120 

28 a 

FLJEL SYSTEM 

Fuel volume, f t3  

In  36-in.-long core 3.21 
In  in le t  and out le t  ducts 1.410 
In expansion tank when )' in. deep 0.08 2 
In heat exchanger 2. a4 

--__I 

In pump volutes 

Total in  moin c i rcu i t  

Fuel  expansion tank 

Volume (8%). ft3 
Width, in. 

Length, in. 

SODIUM SYSTEM 

Sodium volume, ft3 
I n  expansion tank 

I n  annular passage at pressure shel l  

I n  ref lector passages (total) 

In f i rs t  deck 

In  pump and heat exchonger 

In second deck 

I n  is land passages (total) 

Toto I i n  moin c i rcu i t  

Inside diameter of sodium transfer tube 

to reflector, in. 

Inside diameter of sodium transfer tube 

From reflector, in. 

Inside diameter of sodium transfer tube 

to  island, in. 

Areo of sodium passage to  reflector, 
2 in. 

Areo o f  sodium passage from reflector, 

Area o f  sodium passage to island, in.2 

2 in. 

0.84 
8.38 

0.5787 
13.625 
32.500 

0.16 
1.60 
0.90 
0.47 
0.35 
0.42 
0.44 
4.34 
2.375 

3.875 

1.437 

4.426 

5.847 

1.619 

FU EL-TO-NoK HEAT EXCHANC E R 

'rube center-l ine-to-center-l ine 

spacing, in. 

Tube outside diameter, in. 

Tube inside diameter, in. 

Tube wal l  thickness, in. 

Tube spacer thickness, in. 

Mean tube length, in. 

Equatorial crossing angle 

in le t  and out le t  pipe inside diameter, 

in. 

In le t  and out le t  pipe outside diameter, 

in. 

Number of tube bundles 

Number of pubes per bundle, 13 x 20 

Total number of tuber 

0.250 

0.229 to 0.231 

0. 180 

0.025 

0.020 

65.000 

26'20 

2.469 

2.875 

12 

260 

3120 
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TABLE 3 (continued) 

Center- l ine radius o f  NaK in le t  pipes 

Center- l ine radius of NuK out le t  pipes 

19,590 

19.590 

SODIUM- TO- NaK HEAT EXCHANGER 

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

Tube outside diameter, in. 0.1875 

Tube inaide diameter, in. 0.1375 

Tube wal l  thickness, in. 0.025 

Tube spacer thickness, in. 0.030 

Mean tube length, in. 28 

Number of bundles 2 

Number of tubes per bundle, 15 20 300 

Toto1 number of tubes 600 

In le t  and outle? p ipe ins ide diameter, 2.469 

in. 

In le t  and out le t  pipe outsrde diameter, 2.875 
in. 

PUMP-EXPANSION TANK REGION 

Vert ica l  distance above equator, in. 

Floor of fuel pump in le t  passage 

Bottom of lower deck 

Top of lower deck 

Bottom of upper deck 

Center line of fuel pump discharge 

Center l ine o f  sodium pump discharge 

Top inside of fuel expansion tunk 

Ins ide of dome 

Outside of dome 

Tap inside of sodium expansion tonk 

Top outside of sodiuiii expansion tunk 

Top of Fuel pump mounting flange 

Tap of sodiuiri pump mounting f lange 

Dome rodius, in. 

Ins ide 

Outside 

FUEL PUMPS 

Center-l ine-to-center- l ine 

spactng, in. 

Volute chamber height, in. 

Estimuted impeller weight, I b  

Cr i t i ca l  speed, rpm 

Shaft diameter, in. 

Shaft qverhang, in. 

17.625 
19.125 
19.656 
24.000 
21.437 
26.125 
29.25 
29.875 
30.875 
34.312 
34.812 
47.000 
50.243 

29.875 
30.875 

21 

4.375 

1 1  

6000 

2.250 

14.750 

Distance between bearings, in. 

Impeller diameter, in. 

Impeller discharge height, in. 

Impeller in le t  diameter, in. 

Shaft length (over-all), in. 

Shaft outside diameter between 

bearings, in. 

Lower bearing lournal outside 

diameter, in. 

Shaft outside diameter below seal, in. 

Thrust bearing height from equator, in. 

Number of vanes i n  impeller 

Diameter o f  top pos i t ion ing ring, in. 

Diameter of bottom posi t ion ing ring, in. 

Outer diameter of top flange, in. 

SODIUM PUMP 

Center-I ine-to-center-l ine 

spacing, in. 

Volute chamber height, in. 

Estimated impeller weight, Ib  

Cr i t ico l  speed, rpm 

Shaft diometer, in. 

Center- l ine lower 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. 

Shuft length (over-al I), in. 

Shaft outside diameter between 

bearings, in. 

Lower bearing iournal outside 

diameter, in. 

Shaft outside diameter below seal, in. 

Thrust beuring height above equator, in. 

Number of impeller vanes 

Diameter of top pos i t ion ing ring, in. 

Diameter of bottom posi t ion ing ring,, in. 

Outside diameter of top flange, in. 

12 

5.750 

1.000 

3.500 

31 1/2 
2% 

3.400 

2 4  

48.125 

5 

6.200 

6.190 

10.000 

23.000 

2.500 

10 

6000 + 
2.250 

13.3 

12 

5.750 

0.250 

3.500 

31.5 

2.375 

3.400 

2.25 

51.907 

10 

6.200 

6.190 

10.000 
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Fig. 2. Horizontal Section Through Farel Pump-Expansion Tank Region. 

Fig. 5 that considerable advantage i s  gained by 
increasing the reflector thickness from 20 to  30 cm 
but l i t t l e  advantage from a further increase to 
40 cm. Evan more important, the activation of the 
NaK in  the heat exchanger can be reduced markedly 
by increasing the reflector thickness. A 30-cm- 
thick reflector gave a good compromise between 
shielding, cr i t ical i ty,  and NaK activation consider- 
ations. The remaining analyses of the data were 
therefore restricted to a 30-cm reflector thickness. 

The effect on total uronium investment of the 
reactor dimensions and the external fuel volume, 
such as w i l l  exist  in the heat exchanger external 

to the core, is  shown in  Fig. 6. The surface shown 
for zero external volume is, of course, simply that 
for cr i t ica l  mass., A t  KI core radius of 30 cin the 
cr i t ical  mass i s  v i r tual ly independent of fuel thick- 
ness. In  the surfaces for both the 2- and 4-ft3 
external 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 is  shown i n  Fig. 7. 
The peak power density for the reflector-moderated 
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Fig. 3. Horizontal Section Through Sodium Pumps. 

. ..... . 

reactor occurs at  the outside shel l  of the fuel 
annulus. The effects of reactor dimensions on the 
rat io are small, as can be seen; an increase in core 
radius from 20 to 60 cm a t  a constant fuel thickness 
gives a decrease in  the rat io of about 20%, while 
an increase in the fuel thickness from 5 to 20 crn 
at  a constant core radius results in an increase in  
the rat io of about 33%. 

The percentage of f issions caused by thermal 
neutrons i s  shown as a function of reactor dimen- 
sions in Fig. 8. The least-thermal reactor (28%) 
has the thickest fuel layer and the smallest cwe, 

while the most-thermal reactor (45%) has the thin- 
nest fuel layer and the largest core. The reactor 
core dimensions established on the basis o f  this 
study are presented in Table 3. 

A series o f  room-temperature cr i t ical  experiments 
was set up for checking the ~ a i c u l a t i o n s . ~  These 
reflector-moderated assemblies were of simple ge- 
ometry, and materials variations were made to 

3D. Scott and B. 1.. Greenstreet ,  Rellrctor--Moderated 
Critzcnl Assembly  Exper'irnerttul Program, ORNL CF-54- 
4-53 (April 8, 4954). 
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Fig.  4. Vertical Section Through bead-Water Shield. 
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REFLECTOR THICKNESS = 20 CM REFLECTOR THICKNESS = 3 0  CM 

. .. . .. 

'c 
49 

REFLECTOR THICKNESS = 40 CM 

Fig. 5. Effect of Reoctor Dimensions an Concentration of U235 i n  Fuel. 

check consistency wi th  theory and the fvnda- 
mental constants, The f i rs t  assembly was a basic 
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 in the 
shape of a rhombocuboctahedron (essentially, a 
cube with the edges and corners cut away to give 

octagonal cross sections) to approximate a sphere 
wi th in the l imitations imposed by the shape of the 
available beryllium. The system was made cr i t ica l  
wi th 24.35 Ib of U235. 

The assembly was then modified to  include three 
regions wi th  a beryll ium island separated from the 
reflector by the fuel, The f i rst  of the three-region 
assemblies had no Inconel core shells, the second 
included inconel core shells without end ducts, and 
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EXTERNAL FUEL VOLUME = 0 FT3 

500 
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6% 
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/- 
e* 

EXTERNAL FUEL VOLUME = 8 FT3 

Fig.  6 .  Effect  of Reactor Dimensions and External Fuel  Volume on Total U235 Investment. 

the final one mocked up the reactor, including the 
end ducts, The results of these experiments are 
presented in  Table 4 and i n  reports on the indi- 
vidual experiments (see “Bib! iogiaphy”). 

A low-nuclear-power, high-temperature cr i t ica l  ex- 
periment was also performedZ4 I he reactor section 

- 

4A. 0. Callihan et al., ANP Qrrar. Prog .  R e p .  S e p t .  
IO, 1955, ORNL-1947, p 58. 

of the assembly c losely resembled the current de- 
sign of the ART in  that i t  included the annular fuel 
region separated from the beryll ium island and 
reflector by &-in.-thick lnconel core shells of the 
proper shape, Photographs of the assembly are 
shown in  Figs. 9, 10, and 11. The mockup differed 
from the ART principally in  that the fuel was not 
circulated and there was no sodium in  the reflector- 
moderator regions. The system wus f i l led in i t ia l ly ,  
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Fig. 7. Effect  of Reactor Dimensions on Outside 
Peak-to-Average Power-Density Ratio in  Core o f  
Reflector-Moderated Reactor. 
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Fig. 8. Effect  of Reactor Dimensions on Per- 
centage of F iss ions Caused by Thermal Neutrons. 

Fig. 9. Part ia l ly  Assembled Island Showing the 
Lower Hal f  of the Inconel Core Shell and the Upper 
Half of the Beryl l ium Reflector for the High- 
Temperature Cr i t ical  Assembly. 

of the beryll ium island. The rod was a cyl indrical 
annulus of a neutron-absorber compact with a den- 
s i ty  of 6.5 g/cm3. The principal constituents of 
the compact were Sm?O, (63.8 wt %) and Gd,O, 
(26.3 wt %); the outslde diameter of the absorber 
section was 1.28 in., and the annulus was 3/8 in. 
wide. The system operated isothermally at  12OO0F, 
normally, but wi th the electr ical heaters avai lable 
the temperature could be raised to 135OOF. 

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 Na2UF,, the 
mixture was pressurized into the core and then 
drained. This procedure was continued un t i l  the 
c r i t i ca l  concentration was attained. 

The control safety rod was located within a 
1.50-in.-ID lnconel thimble along the vert ical axis 

The cr i t ical  fuel concentration was found to be 
6.30 wt % (2.87 mole %) uranium, and the excess 
react iv i ty was about 0.13% A k / k .  The over-all 
temperature coeff icient of reactivi ty between 1150 
and 135OOF was shown to be negative and to have 
a value of 2 x (Ak /k ) /OF.  An increase i n  the 
uranium concentration of the fuel from 6.30 to 
6.88 w t  % resulted in  an increase i n  react iv i ty o f  
1.3% A k / k .  The control rod had a value of 1.7% 
A k / k  when inserted to  a point 4 in. above the 
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TABLE 4. COMPOSITIONS AND DIMENSIONS O F  REFLECTOR-MODERATEDREACTOR CRITICAL ASSEMBLIES 

Three-Region Assembly with Core Shells of 

Fl 6- i n.- T h i c k 
Three-Region Assembly with k-in.-Thick 

lnconel Core Shells and End Ducts ?’, 6- i n.-Th i c k k- in.- Th i c k 
Aluminum lnconel lnconel 

CA-200 

0.37 

5.18 

19.4 

CA-20b 

0.37 

5.18 

19.4 

CA-20c 

0.37 

5.18 

19.4 

CA-21- 1 

1.27 

5.18 

3.86 

67.0 

CA-21-2 

1.27 

5.18 

3.86 

67.0 

CA-22 

1.27 

5.18 

3.86 

67.0 

CA-23 

1.75 

7.19 

3.86 

92.2 

Assembly number 

Beryllium island 
3 Volume, f t  

Average radius, in. 

Spherical section 

End ducts 

Moss, kg 

Fuel region (excluding shells and 

interface plates) 
3 

l i ters 

Volume, ft 

Average radius, in. 

Spherical section 

Inside 

Outside 

End ducts 

Inside 

Outside 

Distance between fuel sheets, in. 

Mass of components 

Teflon, kg 

Uranium loading, kg 

U235 loading, kg 

Uranium density,b g/cm3 

U235 density,b g/cm3 

Uranium coating material, kg  

Scotch tape, kg 

Core shells and interface plates 

Mass ot components, kg 

Aluminum 

lnconel 

Reflector 
3 Volume, f t  

Minimum thickness, in. 

Moss of components, kg 

Beryl1 ium 

Aluminum 

Excess reactivity as loaded, 76 

Experimental crit ical mass,= kg 

of $35 

1.78 

50.4 

1.78 

50.4 

1.72 

48.8 

2.06 

58.3 

2.06 2.47 1.56 

58.3 70.0 44.3 

5.24 

9.5 1 

5.24 

9.51 

5.31 

9.44 

5.3 1 

9.44 

5.3 1 

9.44 

5.3 1 
9.44 

7.32 

9.44 

3.99 

5.28 

0.142 

3.99 

5.28 

0.173 

3.99 

13.79~ 

0.142 

3.99 

5.28 

0.142 0.639 0.284 0.142 

99.38 

5.00 

4.66 

99.27 

11.74 

10.94 

94.37 

22.07 

20.56 

108.88 

26.02 

24.24 

0.446 

0.416 

0.25 

0.15 

108.18 

21.57 

20.07 

0.370 

0.345 

0.21 

0.15 

126.77 

30.45 

28.35 

0.435 

0.405 

0.30 

0.15 

81.54 

19.97 

18.62 

0.451 

0.420 

0.19 

0.15 

0.092 

0.05 

0.11 

0.217 

0.11 
0.11 

0.421 

0.20 

0.11 

1.10 

54.62 

1.10 

58.26 

5.85 

0 

1.10 

13.68 

1. 10 

27.73 

1.10 
53.02 

1.10 

53.02 

22.22 

11.5 

22.22 

11.5 

22.22 

11.5 

20.88 

11.5 

20.88 

11.5 

20.45 

11.5 

20.88 

11.5 

1094.1 

29.2 

0.14 

19.9 

1077.1 

29.2 

-3 

24 * 2 

1094.1 

29.2 

0.19 

18.4 

1155.0 

29.2 

0.9 

4.35 

1 155.0 

29.2 

0.3 

10.8 

1155.0 

29.2 

0.4 

19.8 

1094.1 

29.2 

-3 

19 5 2  

‘Only one end duct was enlarged. 

bMass per unit volume of fuel region. 

CMoss required for a crit ical system with the poison rods removed. 
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mid-plane. An analysis5 of the experimental re- 
sults and the differences between the c r i t i ca l  as- 
sembly and the ART indicates that the c r i t i ca l  
concentration of the ART w i l l  be between 4.6 and 
5.4 mole % uronium, thot is, wel l  wi th in the l imi ts 
of solubi l i ty  in the fuel mixture to  be used in the 
ART. 

R E  FL ECTOR-MO D E R A T O R  

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 rays w i l l  also result from parasit ic capture 
of neutrons i n  the structural material and the cool- 
ant. One part icularly strong source of hard gamma 
rays w i l l  be the lnconel shel l  that separates the 
fuel annulus from the outer reflector. These gamma 
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  also result from the generation of 
gamma rays by neutron capture i n  the beryllium. - The heat generated by radiation i n  the various 
regions of the reactor and the heat transfer from the 
fuel system to  the reflector ond island cool ing 
c i rcui ts are given in Table 5. 

5A. M. Perry, A N P  Quar. Prog.  Rep .  S e p t .  10, 1955,  
ORNL-1947, p 33. 

The cool ing system designed for removing the 
heat from the beryllium in  both the island and the 
reflector and from the lnconel shel ls is i l lustrated 
i n  Fig. 1. There are 120 cooling passages in  the 
island and 288 i n  the reflector; these possoges ore 
0.187 in. i n  diameter. The dimensions of the 
cooling system and the f low characteristics of the 
coolant, sodium, are given in Tables 1-3. Sodium 
was chosen as the coolant because of i ts  excel lent 
heat tronsfer properties and reasonably low neutron- 
capture cross section. 

Experimental evidence has established the fea- 
s ib i l i t y  of operation of a sodium-beryllium-lnconel 
system i f  the temperature of the system is main- 
tained below 1250°F. Cycl ing tests huvs also 
shown that the thermal stresses that w i l l  be set up 
i n  the beryllium should not give serious trouble. 

F U E L  SYSTEMS 

Core Hydrodynamics 

The hydrodynamic characteristics o f  the r e a c t x  
core are intimately related to those of the pumps, 
because the pumps must be placed in  the lowest 
temperature portion of the circuit, that is, 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 i n  the fol lowing section on “Pumps 

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

Heat to Reflector Heat to Island 
Cooling Circuit Cooling Circuit 

(Mw) (Mw) 

Radiation heating 
Beryl I ium 

Reflector B4C t i l e  

Pressure-shell B C t i l e  4 
Control rod 
Filler plates, south head 
Pressure shell 
Reflector outer lnconel shell 
North-head l iner  

Transfer heating 

Through island core shel l  
Through reflector core shell 
From fuel-to-NaK heat exchanger 

Total 

1.52 
0.48 

0.15 

1.73 
0.16 

4.04 

0.82 

0.01 
0.18 
0.03 
0.12 

0.03 

0.87 

0.10 

2.16 
- 
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and Expansion Tank.” Al l  the in i t ia l  layouts em- 
ployed axial-f low pumps coaxial wi th the island, 
but because the structural problems associated 
with the long impeller overhang proved to  be diff i- 
cult, the hydrodynamically less desirable arrange- 
ment employing centrifugal pumps was chosen 
as the more practicable solution. Further i t seemed 
l i ke ly  that two pumps either in series or paral lel 
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- 
velocity streams from the pump impeller would be 
l i ke l y  to  change completely the flow pattern ob- 
tained within the core, High-velocity streams are 
disincl ined to dif fuse once they have become 
separated from the walls of the pump volute, and 
their momentum can carry them a l l  the way from the 
impeller through the plenum chamber, through the 
vanes a t  the core inlet, and even through the core 
i t se l f  to  such an extent that flow separation and, 
sometimes, f low reversal in the core would tend to 
occur. The most promising configuration appears 
to be that i n  which the pump volutes discharge 
tangentially into a cyl indrical extension of the core 
inlet, as in Fig. 2. The high swir l  velocity induced 
in this region gives a system relat ively insensit ive 
to  the stoppage of one pump. 

From the shielding standpoint an ideal circu- 
lat ing-fuel reactor would have very t iny in let  and 
outlet ducts to minimize both neutron leakage 
through these ducts and f issioning i n  regions close 
to  the outer surface of the reflector. While the 
relations between end-duct size and shield weight 
are very complex, there is a strong incentive to 
minimize the end-duct size. This, coupled with 
hydrodynamic considerations associated with the 
pumD design, part icularly the volute-discharge area, 
and reactor physics studies, led to  the choice of 
the core in let  proportions and hence the basic core 
layout of Fig. 12. 

The core of the reactor consists of a divergent- 
convergent annular passage that i s  symmetrical 
about the equatorial plane; that is, the converging 
and diverging sections have the same shape. The 
area perpendicular to the flow path a t  the equator 
i s  aoproximately four times the area dt the in let  or 
discharge ends. The equivalent cone angle of the 
divergent and convergent sections i s  aporoximately 
28 deg (included angle). 

I n  the design of the core it has been considered 
necessary, in order to  avoid local regions of ex- 
cessive temperature, to effect a uniform circum- 
ferential distr ibution o f  the f low 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, i t i s  desired that the required f low 
conditions obtain wi th only one pump in operation 
SO that the reactor can be run a t  some appreciable 
fraction of rated power wi th one o f  the two fuel 
pumps inoperable. 

It is wel l  known that the f low of f luids i n  diver- 
gent channels is subject to the growth and the 
eventual separation and reversal of boundary layers. 
The arobability 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 
distr ibution either circumferentially or radial ly a t  
the inlet. Coinmon industrial practice cal 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 velocity prof i le wi th 
thin boundary layers at  the inlet, nonreversed f low 
has been obtained in divergent channels having a 
20-deg equivalent cone angle wi th an area rat io of 
2:l. Both the degree and the rate of divergence 
of the ART fuel annulus are greater than those 
previously encountered, even under special test  
conditions. In addition, the necessity for com- 
pactness of the reactor rules out the possibi l i ty  of 
achieving even distr ibution and thin boundary 
layers at  the inlet by the most common method, 
namely, a convergence of the channel immediately 
ahead of the inlet preceded by several diameters 
straight run of pipe. 

Fortunately, it is not necessarily essential that 
the axial velocity distr ibution across the fuel 
annulus be uniform; the essential requirement i s  
freedom from hot spots, part icularly at  the walls. 
The wal l  hot spot, or boundary layer heating effect, 
is  very much a function of the intensity of eddy 
dif fusivi ty, or turbulence, i n  the core. Thus, from 
the standpoint of boundary layer heating, a non- 
uniform velocity distr ibution might actual ly be 
more desirable i f  the turbulence level were high 
than would a more uniform velocity distr ibution i f  
the turbulence level were low. 
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The practice of interposing screens across a flow 
channel to  achieve symmetry of the velocity prof i le 

to be a criterion for boundary layer separation, 
where 

a, 6, c, and d are constonts, 
H i s  the shape parameter, 
q i s  the local velocity pressure outside the 

x is  the distance along the axis of the channel, 
8 i s  the boundary layer momentum thickness, 

boundary layer, 

70 is  the wal l  friction. 

If H ,  8, and the term 2q/*ib are assumed to  be con- 
stant wi th x, the shape parameter can be written 

i s  widely followed. It i s  also wel l  known that 
screens across the discharge of a divergent chan- 
nel 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  overcome the added resistance to  
f low and since they would, i f  used in  the f issioning 
zone, increase the c r i t i ca l  fuel concentration be- 
cause of their poisoning effect. 

The core flow problem was therefore twofold. 
Good 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; ond f low through 
the core was to be without stagnation or other 
effects that would give local hot spots i n  the fluid. 
Also, these conditions were to  be achieved with a 
minimum of pressure loss and, preferably, without 
insertion of lnconel bodies into the f issioning zone 
o f  the core. 

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

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 low 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  at  the in let  and 
equator was therefore used as the passage mean 
line. The shape of the annulus was then deter- 
mined by superimposing on the mean l ine a sched- 
ule o f  cross-sectional areas such that the result ing 
stat ic pressure gradient at  any point would be a 
function of the local dynamic pressure. 

Von Doenhoff and Tetervin6 found the function 
H I  i n  the expression 

6A. E. von Doenhoff and N. Tetervin, Deterniinution 
of General Relations for b e  Behavior of Turbulent 
Boundary Layers ,  NACA-772 (1943).  

where A and N are constants, P i s  stat ic pressure, 
and (1/q) d P / d x  can be used as a cri terion of 
separation. Obviously ( 1 / q )  dP/dx i s  minimized i f  
it is constant throughout the divergence. However, 
i f  th is were the case, the passage would s t i l l  be 
diverging at  the equator, and an undesirable dis- 
continuity would result in the shape of the core 
shel ls at  this point. The divergence i s  therefore 
modified so that i t  i s  higher at  the inlet than would 
be the case for 

1 dP 

4 dx 
a constant, - - _  

and it is zero at the equator. 

The core shape thus obtained was tested for f low 
profiles, with water as the working f lu id  and with a 
simulated swirl-type header. The results showed 
that the tangential velocit ies were high throughout 
the core but that a small upward velocity component 
prevailed along the inner wall  of the diverging 
section. At  a l l  other points the axial velocity was 
downward. The reason for th is f low pattern i s  
obvious. Rototion of the f lu id about the axis of the 
core creates a radial pressure gradient. Decay of 
the rotational velocify component as a result o f  
f r ic t ion as the f lu id moves oxial ly creates an axial 
pressure gradient that is  posit ive along the inner 
wall  and negative along the outer. These gradients 
are algebraically addit ive to  the posit ive gradient 
result ing from the divergence of the passage. The 
net effect favors flow reversal on the inner wall. 

It was determined by test that i f  a solid-body- 
rotation pattern (rotational velocity component di- 
rect ly proportional to  radius) were used the natural 
tendency for separation to occur on the outer wall, 
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as exhibited by irrotational flow, would be over- 
come when the absolute veloci ty vectors s t  the 
outside diameter of the in let  were between 15 arid 
20 deg o f 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 dI’/dx = a q  along a 
2/1 e l l ip i t i ca l  mean line, The result ing blades had 
blunt t ra i l ing 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 o f  the in let  area at  the blade trai l ing 
edges. The size and location of the r ing were 
determined by experiment, This combination o f  
header, core shape, and in let  guide vane 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 thon that obtained with no 
guide vanes. In other words, the in let  guide vanes 
recovered part of the in let  veloci ty head, The re- 
lations between the in let  headers, in let  guide 
vanes, and core are shown i n  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 experimentol 
tests. Varioiis techniques, including p i to t  trav- 
erses, f low visual izat ion through the use of dye 
injections, and conductivi ty probe measurements on 
sal t  injections, ure being used. Tests that are fe l t  
to  be def in i t ive are being carried out on the most 
promising designs, both wi th and without vanes, i n  
Q one-half-scale model. The volume heat source 
of the reactor core is simulated with electr ical ly 
heated sulfuric 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 he resolved, i t  does appear 
that the system performs better without the in let  
guide vanes thon with them, The principal problem 
either wi th or without the vanes appears to  be that 
of temperature fluctuations a t  the wai l  caused by 
eddying of the fuel. An experimental evaluation of 
the amplitude that can be tolerated for such f luc- 
tuations i s  under way, 
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Fig. 13. Diegram of Core F low System Shawing 
Relat ions Between the Inlet Headers, In let  Guide 
Vanes, and Core. 

Pumps and Expansion Tank 
Various types of pumps were considered for use 

i n  the high-temperature-liquid systems. Those seri- 
ously considered included conventional centrifugal 
and axial-f low pumps and electromagnetic and 
canned-rotor pumps. Many of these pumps were 
tested at QRNL, and some performed quite suc- 
c e ~ s f u l l y . ~  Each type was found to  have advan- 
tages and disadvantages that had to be evaluated 

7E. S. Farris, Summary o/ High Temperature, Ltquzd 
Metal, Fuscd Yalt Pump Deve lopment  Wark zn the 
OKNL-ANP Prolect /or  thc Period J u l y  1950-Jan. 
1954. ORNL CF-54-8-234 (Aug. 1954)- 
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according to the operating requirements of high- 
temperature-liquid systems for aircroft installations. 

A most important requirement o f  an aircraft type 
of pump i s  that i t s  weight be reasonable. From the 
standpoint of the aircraft designer the weight 
should include a l l  the equipment required to drive 
the pump; that is, i f  an electr ic motor were used, 
the weight of the electr ical generator should also 
be included, The importance of the weight of the 
drive equipment makes the eff iciency of the pump 
also an important consideration. The combination 
of these two factors eliminates electromagnetic 
pumps from consideration for aircraft applications, 
because the weight of an electromagnetic pump i s  
inherently from 100 to  1000 times greater than that 
of a centrifugal pump driven by a hydraulic motor 
or an air  turbine. It appears that a centrifugal-pump 
drive-system weight of about 1 I b h p  can be ob- 
tained with an air bleed-off turbine type of system. 
A further disadvantage of electromagnetic pumps is 
that they are not suitable for operation wi th molten 
salts. 

Canned-rotor pumps were also considered, but 
they have the same disadvantage that the electro- 
magnetic pump has of requiring heavy electr ical 
generators. A further disadvantage i s  that the thin 
shel l  required between the rotor and the f ie ld 
magnets constitutes a frangible diaphragm in the 
system. A very large jet of f lu id may be ejected 
when such a rupture occurs, and a serious f i re 
would result. Pumps that do not require frangible 
diaphragms in the system may give trouble by 
producing small leaks which would be annoying and 
troublesome, but such di f f icul t ies are relat ively 
t r i v ia l  when compared with major abrupt ruptures. 
Even though the canned-rotor type of pump i s  suit- 
able for operation wi th molten salts and even 
though failure of a canned-rotor pump diaphragm 
should not lead to a serious f i re wi th molten salts, 
the large amounts of radioactivi ty that would be 
expected i n  the molten salts in a ful l-scale reactor 
would constitute a far more serious hazard than the 
f i re 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 application. 

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

sary to make use o f  rather high pressure drops 
through these components. Th is  in turn means that 
the pump heads must be between 30 and 300 ft. 
Therefore i f  an axial-f low type of pump were em- 
ployed, it would be necessary to use mult iple 
stages. F low rates of 500 to  5000 gpm w i l l  be 
required, and thus relat ively high shaft speeds are 
essential i f  the impeller diameter i s  to be kept to 
6 to  12 in. Impellers of this small s ize are es- 
sential i f  the instal lat ion i s  to be kept reasonably 
compact. 

The principal problem in  the design and develop- 
ment of a centrifugal pump for high-temperature 
l iquids i s  the shaft sed, and quite a number of 
seals were considered.* 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 being pumped or in the gas space above the 
fluid in 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 is substantial. It works tolerably 
wel l  when used above the gas space in the sump 
pump; but, i f  the seal i s  placed in the pumped fluid 
so that there i s  seepage through it, oxidation of the 
f lu id takes place a t  the outboard end of the seal, 
and high shaft wear and corrosion rates are l i ke ly  
to result. 

An unusual type of seal that has received a con- 
siderable amount of attention i s  the frozen seal.' 
This type o f  seal was f i rs t  developed for use with 
sodium. It depends on the use of a cooled gland 
around the shaft that i s  flooded with the fluid being 
pumped. Fr ict ion between the pump shaft and the 
frozen f lu id in the gland i s  suff icient to  melt a 
very thin f i lm at  the shaft surface. A seal of th is  
type works well  wi th sodium, because the shear 
strength of the sodium i s  only of the order o f  50 to  
100 psi  a t  room temperature, and also well  wi th 
leod, which has a shear strength of several hundred 
pounds per square inch at a temperature of around 
200°F. The freezing temperatures of sodium and 
lead can be readi ly obtained with a water-cooled 
gland. Efforts to make th is  type o f  seal work wi th 
NaK have been unsuccessful because o f  the seal 
gland having to be cooled to  well  below the eu- 
tet ic temperature (about -15'F). Unfortunately, 
the hardness values o f  the fluoride fuels are much 
higher in the temperature range immediately below 

*C. E. Schmitz, Trans. A m  SOC. Mech. Engrs. 71, 
635 (1949).  
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their melting points than the hardness value for 
sodium. Frozen seal experiments have been made 
with many fluoride mixtures, including many glassy 
m e l t s  with large percentages of beryl l ium fluoride, 
but in a l l  instances serious cutt ing of the shaft 
occurred within a few hundred hours. In addition, 
large 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 startup of the pump; pumps normally re- 
quir ing only 3. to 5-hp motors were found to require 
30- to  50-hp motors to  be started. 

The face type of seal used widely in 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  flooded 
with the pumped f lu id during operation. I ts very 
low leakage rate and long l i f e  depend on the mating 
faces of the seal being f inished to essential ly 
optical ly f la t  surfaces. 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 faces on 
the gas side. The surface tension i n  the meniscus 
across th is 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 apart. Therefore the surfaces do 
not contact each other, but, rather, they shear the 
fluid f i lm between them, Thus the seal surfaces 
operate under ideal lubrication conditions. Seals 
of th is type have operated for years wi th 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 is important that they be adequately cooled 
and that the product of the pressure in pounds per 
square inch on the seal face and the rubbing ve- 
loci ty i n  feet per minute not be excessive, Values 
as high as lOO,OOO 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 in 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 
moirnted on a shaft that runs true, wi th a minimum 
of vibration. This means that the shaft must be 
wel l  balanced with the impeller and bearing as- 
sembly, that the radial looseness i n  the beorings 
must be small, and that the seal must be mounted 
in such a way that it i s  both concentric and square 
wi th the axis o f  the shaft. Also essential i s  
f lex ib i l i t y  in the seal mounting, which can be 
readi l y  obtained either wi th a corrugated diaphragm 

or a bellows, the latter being the more commonly 
used, Since graphite is a porous materia!, the 
graphite washers used in seals o f  this type are 
ordinari ly impregnated with materials such as a 
plastic, lead, babbit, silver, etc. For high-ternper- 
ature use i n  the ART fuel pumps the seal w i l l  
operate wi th inert gas on one side and a flood of 
o i l  on the other, rather than fuel, to prevent con- 
tamination of the fuel. 

The bearing problem has much in  common with 
the seal problem for high-temperature-fluid pumps. 
In a l l  instances the f luids are very corrosive to  
most materials, and therefore only a few materia!s, 
such as graphite, certain iron-chrominum-nickel al- 
loys, and cemented carbides, can be used. Further, 
the f lu ids pumped w i l l  remove any adsorbed f i lms 
such as sulfides, phosphides, etc., that would 
tend to  al leviate boundary-layer lubrication con- 
ditions. The viscosi ty of sodium i s  about one- 
f i f t ie th  that of water, while the v iscosi ty of 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 o f  wetting the surfaces of iron-chromium-nickel 
a l loys very effectively, they tend to str ip off  the 
protective films that ore formed under ordinary con- 
dit ions in most types of petroleum- or other hydro- 
carbon-lubricated bearings. It i s  evident that 
bearings designed to  operate in molten metal or 
molten sa l t  must be l ight ly loaded and careful ly 
aligned. 

The investigations have indicated that the bear- 
ing and seal should be placed in a cool zone above 
the pump impeller wi th a heat dam between them 
and the f lu id being pumped. Th is  arrangement 
makes i t  possible to use conventional bearings 
and seals, Pumps of this type have proved to be 
quite satisfactory and have the advantage of being 
relat ively insensit ive to the type of f lu id being 
pumped; that is, the same type of pump can be used 
for sadium, NaK, the fluoride fuel mixture, lead, 
sodium hydroxide, or other fluids. 

Two fuel pumps and two sodium pumps w i l l  be 
located a t  the top of the reactor. These pumps w i l l  
be similar, but the fuel putnps w i l l  have the larger 
f 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 gaseous 
fission-product poisons w i l l  be removed from the 
fluoride fuel mixture by scrubbing with helium. The 
fuel w i l l  enter the xenon-removal system from the 
eye of the pump and w i l l  pass up the 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 and impinge on the wall  o f  the chamber. 
The result ing mixture w i l l  be very foamy and w i l l  
have a 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 vanes, 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 removed via the off-gas system. The circui t  
w i l l  be completed when the fuel leaves the expan- 
sion volume by gravity flow 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 fuel system on the discharge side 
of the fuel pump. The system is i l lustrated in 
Fig. 14. 

Experimental results obtained with a single pump 
operating i n  a test loop showed that the fuel level 
i n  the expansion chamber and the rate o f  bleed f low 
affect the abi l i ty  of the centrifuge to prevent helium 
bubbles from entering the main fuel system, The 
system operates very wel l  wi th a fuel level of Y in. 
i n  the expansion chamber and a bleed f low of up to 
13 gpm. With a fuel level of 3 in. in the expansion 
chamber the system can be operated with a bleed 
f low of 25 gpm. The design valye 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. 

2 

A number of other special features have been in- 
cluded in the pump design for adaptation to the 
ful l-scale reactor shield, The pump has been de- 
signed so that it 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 \- in. 
layer of zirconium oxide around the lower part of 
the impeller shaft w i l l  be at  the same level as the 
reactor gamma-ray shield just outside the pressure 
shell. The space between the bearings w i l l  be 
f i l l ed  wi th o i l  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. 

Fi I I-and-Drain System (Including Enricher) 

The system designed for f i l l i ng  the reactor wi th 
the barren fuel-carrier sal t  NaZrF,, for adding the 
enriched uranium-bearing fuel component Na,UF,, 
and for draining the reactor is described schemnt- 
ical ly i n  Fig. 15. For the i n 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 reactor and the f i l l -and- 
drain tank will  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 melt pot by gas 
pressure transfer. The remaining urani urn- beari ng 
material required to  achieve cr i t ical i ty w i l l  be 
added i n  small increments by using the enricher 
device shown in Fig. 15. 

fuel fil l-and-drain system i s  designed t o  

permit the transfer of fuel t o  and from the reactor 
after the reactor system has been completely 
assembled. A heating system i s  included to  
maintain the fuel a t  a temperature above i t s  
melting point. Th is  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 fil l-and-drain tank through a f i l l  nozzle 
provided a t  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 at  the fill-nnd-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 wil 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 m i x i i g  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 l  be by displacement 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 of the 
reactor. 

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

The 
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Fig.  14. Section Through Fue l  Pump-Expansion Tank Region Showing Xenon-Removal System of 
the F u e l  Pump. 
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Fig.  15. Schematic Diagram of Fuel Fill-ond- 
Drain System, Including Enricher. 

the operation when an emergency requires that 
the fuel be drained. Under these conditions, heat 
w i l l  have to be removed from the fuel at  a rate 
equal to  the fission-product-decay heat-l iberation 
rate. 

Finally, the fuel fil l-and-drain system w i l l  
receive the fuel from the reactor at  the completion 
of the test and w i l l  hold it as long as decay heat 
requires cooling of the fuel. It w i l l  then be dis-  
placed by helium pressure into the fuel recovery 
tank for removal. No provision has been made for 
transferring the fuel back from the recovery tank 
to the fill-and-drain tank or for cooling 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. This  arrahgernent w i l l  
permit the tank to be cooled even though some 
component of one of the two cooling systems, such 
as a pump, radiator, or pipe, should fa i l .  The 

design heat load on the tank i s  1.75 Mw. The 
theoretical decoy heat at the instant of shutdown 
in  a 60-Mw reactor is  given as about 3.6 Mw, but 
only a 1.7S-Mw cooling system i s  required, because 
the fuel w i l l  not be drained into the drain tank 
unt i l  the f iss ion heat i s  negl igible and unt i l  the 
fuel has been cooled to below 1200°F. The drain 
valves w i l l  not be opened un t i l  at  least 8 sec 
after the control rod has been fu l l y  inserted. The 
design i s  based upon the assumption thut such 
emergency fuel drainage would occur after contin- 
uous operation at 60 Mw for one month. The heat 
capacities of the fuel and mechanical equipment 
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 i s  designed to drain a l l  the 
fuel from the reactor under gravity f low 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 cooling 
system seems to be met by the use of bundles of 
cool ing tubes inserted into the tank. In order to  
provide cool ing for a l l  metal surfaces in  contact 
wi th the fuel, the tank and the standpipe to the 
reactor are both iacketed. The coolant to  be used 
for this service w i l l  be NaK (56-44 wt %). To 
provide two independent sets of cooling passages, 
each of which permeates the entire fuel volume, a 
horizontal, cyl indrical tank was selected, wi th 
each end serving as a tube sheet. Horizontal 
decks of U-tubes arranged on each tube sheet i n  
a square-hole pattern provide alternate layers 
that originate at opposite ends of the rank (Fig. 
15). Design calculations indicate that fol lowing 
an emergency drainage of the fuel, the cooling 
system wil l ,  even with only one circui t  functioning, 
l i m i t  the fuel temperature in  the tank to 1800°F. 
When both coolant c i rcui ts function, the maximum 
temperature at  any point in the fill-and-drain tank 
w i l l  be l imited to  1609°F. 

The iackets around the cyl indrical shel l  of the 
tank and around the drain line, however, are not 
served by two separate systems. Coolant f low 
through the tank jacket w i l l  be in  paral lel with 
coolant f low in  one set of U-tubes. The NaK w i l l  
enter the jacket around one half of the tank 
circumference and w i l l  return to  the coolant 
channel around the other hal f  of the tube sheet 
periphery. F low guides are placed along the 
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Fig. 16. Fuel Fill-and-Prain Tank Cooling 
System. 

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 cy l in -  
drical tank wal l  more thoroughly than the alternate 
set, and the coolant supply to  the jacket i s  from 
the alternate system, which i s  least effect ive in 
cool ing the tank wall .  A t  one end of the tank, 
where the fuel shel l  and tube sheet intersect, a 
triangular f i l l e r  r ing i s  placed to  displace fuel 
from this corner zone, where cool ing would be 
poor if one of the two coolant c i rcui ts failed. A t  
th is end o f  the tank, fa i lure of the coolant c i rcui t  
would interrupt cool ing behind the tube sheet and 
in the iacket. A i  the other end of the tank, cool ing 
would continue either i n  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 ”Operation of the ART” 
and on the flowsheets in Appendix A. 

Sampling System 

Samples of the barren molten sal t  w i l l  be taken 
immediately after “shakedown” operotion of the 

ART by pressurization of the molten salt  through 
a heated Inconel 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 
same manner to  determine the homogeneity o f  
mixing and the concentration of uranium in  the 
mixture. 

Samples of the molten fuel mixture w i l l  a lso be 
taken after nuclear power operation, These samples 
will  also be transferred through heated lnconel 
lines into sample receivers, but, because of the 
high level of radioact iv i ty i n  the fuel, the operation 
i s  to be accomplished by remote control, and the 
lines and receivers must be shielded. To prevent 
premature activation of the sampling volve, a 
frangible disk valve w i l l  be included i n  each 
sample transfer line. 

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

Fuel Recovery System 

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

The fuel recovery tank w i l l  consist of four, 
interconnected, approximately 9-ft lengths of $-in.- 
IPS Inconel pipe furnished with electr ical heaters, 
The assembly i s  designed for cooling by radiat ion 
and natural convection to the atmosphere. It w i l l  
be shielded w i th  approximately 10 in. of lead, 
The molten fuel w i l l  be transferred to  the tank 
through a heated Intone! l ine containing a frangible 
disk valve and an open bismuth valve. When the 
transfer i s  completed, the bismuth valve w i l l  be 
closed and both the transfer l ine and the helium 
l ine 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 ce l l  and loaded on a truck for del ivery 
to the recovery faci l i ty .  The assembly w i l l  
include a transfer l ine and the other necessary 
service connections for use i n  the course of 
recovery operations. 

HEAT E X C H A N G E R S A N D  HEAT DUMPS 

The spherical-shell fuel-to-NaK heat exchanger, 
which makes possible the compact layout of the 
reactor heat exchanger assembly, i s  based on the 
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use of tube bundles curved in such a way that the 
tube spcacirag w i l l  be uniform, irrespective of 
latitude.' The individual tube bundles terminnbe 
in header drums, Th is  arrangement foei l i tates 
assembly because smal l  tube-to-header bundles 
can be assernbled, made leoktight, and inspected 
much more easi ly t1wn can one lwge unit. Fur- 
thermore, these tube bundles give u rugged, 
f lexible construction that i s  admirably suited to  
service in which large amounts of dif ferential 
thermal expansim must he expected. The config- 
urrjitioii o f  the heat exchanges tube bundles i s  
i l lustrated in Fig. 17. 

The heat retnoved from the fuel by the MaK w i l l  
be transferred to  air  in the NaK-to-air radiators, 
whish w i l l  be instal led i n  a heat-dump system 
designed +o simulate the turbojet engines of the 
ful l-scale aircraft in a number of important respects, 
such G S  thermal inertia, NaK holdup, and basic 
fabriuationnl methods. The round-tube and plate- 
fin radiator cores are fabricated o f  type 310 
steinless-stee!-clad capper f ins spaced 15 per 
incl i  mid mounted on 3/,,-in.-OD inconel tubes 
placed on %-in. square centers. The tubes are 
welded and brazed into round header drums. The 
individual radiator cores consist of two halves 
15 by 30 in. The din matrix depth i n  the a i r  flow 
direct ion i s  5.33 in. A typical  radiator i s  i l lustrated 
in Fig. 18. 

The basic requirement ob the heat-dump system 
i s  to provide heat-dump capacity eqtiivolent t o  
60 Mw of heat wi th a mean temperature level o f  
1300°F in the NaK system. The NaK w i l l  be 
circulated through eight separate systems, Four 
will  coi ist i tute the main heat-dump system, two 
w i l l  serve the reflector-moderator cool ing system, 
and two w i l l  serve the fuel fil l-and-drain tank. 

In the nmin system a group of four NaK fi l l -ond- 
drain tanks w i l l  be used. The tanks w i l l  be pres- 
surizad to force the NaK into the main cool ing 
circuit .  The 12 tube bundles o f  the fuel-to-NaK 
heat exchanger a ~ i l l  be manifolded in four groups 
of three each. The MaK w i l l  f low from t h e w  tube 
bundles out to  the radiators, which w i l l  be arranged 
in four vert ical banks with four radiators i n  each 
bank. ' ihe NRK w i l l  flow upward through the 
radiator bank to  the pumps. A small NaK bypass 
f low around the radiators wil l  pass through o 
cold trap in order to  maintain a low o i y g e n  concen- 

'A. P. Fraas and M. E. LaVerna, Heat Frchnnger 
D e s i g n  Charts, ORNL-1330 (Dec. 7, 1952). 

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

The two independent reflector-moderator heat- 
dump systems (referred 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 their combined capacity will  be about one- 
third that of one of the four c i rcui ts of the main 
heat-dump system. The NaK w i l l  be circulated to  
both the Na-to-NaK heat exchangers in the top o f  
the renetor, where the two NaK streams w i l l  pick 
up from the sodium the heat generated in the island 
and the reflector. The two NaK streams w i l l  pass 
to srnall NoK-to-air radiators, where they will  be 
cooled and returned to  their respective pump 
suctions. A bypass cold trap w i l l  be included in 
each system, as in the main NaK systems, whi le 
a single fill-and-drain tank w i l l  serve both systems. 

Four exial-f low blowers w i l l  force 300,000 cfm 
of air  (which expands to 6.7 x IO5 cfm when heated 
to 750OF) through the radiators and out through 
a lo-ft-dia discharge stack 78 ft high. Since the 
axial-f low blowers w i l l  s ta l l  and surge if throttled, 
control w i l l  be accomplished through bypassing a 
portiori of the air around the radiators. 'The heat- 
dump rate w i l l  be modulated by varying the amount 
of air  bypassed through a set of control lable 
louvers mounted in  such a way os to  bleed air 
from the plenum chamber between the blowers and 
the rudiators. The arrangement w i l l  include louvers 
to  block of f  the air pass0ge to  the radiators and 
louvers in the bypass duct; one set w i l l  be 
opening whi le the other is closing. This urrange- 
ment should give goad control of the heat load 
from zero to  110% of the design load. Since each 
blower w i l l  be driven with an a-c motor independ- 
ently o f  the others, the heat-dump capacity can 
also be increased in increments of 2.5% from zero 
to  fu l l  load by changing the number of blowers 
used. 

Heat barriers mounted on both sides of the ra- 
diators w i l l  be required in order to  minimize heat 
losses duting warmup operations. Warmup w i l l  be 
accomplished by energizing the NaK pumps and 
driving them at part or fu l l  speed. A s  a result of 
f lu id fr ict ional losses approximately 400 hp must 
be put into the pumps in the NaK circui ts and w i l l  
appear as heat in the f lu id pumped. A mechanical 
power input of 480 hp to the NaK puiiips w i l l  
produce n 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 
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Fig. , Model OC Main Fuel-to-NoK 
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Fig. 18. Prototype ART NaK-to-Air Radiator. 

cores are blanketed to prevent excessive heat 
losses. However, electr ical heaters w i l l  be avail- 
able on the NaK lines so that the NaK pumps can 
be run a t  one-half speed to reduce stresses and 
wear during zero- and low-power operation. Rela- 
t ively simple sheet stainless steel doors wi th 
3.0 in. of thermal insulation wil l ,  when closed 
over both faces of a radiator (100-ft2 inlet-face 
area) f i l l ed  wi th 1100°F NaK, reduce the heat loss 
there to  about 30 kw. 

The heat appearing i n  the reflector-moderator 
w i l l  be about 3.5% of the reactor power output. 
The cool ing c i rcui t  w i l l  also remove heat from the 
core shells and the pressure shell, and therefore 
the total amount of heat to  be removed from th is  
cooling c i rcui t  w i l l  be about 10% of the reactor 
output. Th is  must be removed at a mean NaK 
circui t  temperature of about 1050°F. Four ra- 
diators that have in let  faces 2 x 2.5 ft each and 
the same basic geometry as that used for the main 
heat dumps w i l l  be employed. These radiators 
w i l l  be equipped with louvers and heaf-barrier 
doors l i ke  those used on the main NaK radiators 
and w i l l  be supplied wi th air from the same air 
duct (see F low Diagram 6, Appendix A). 

The two independent heat-dump systems for 
heating and cooling the fuel fil l-and-drain tank 
(referred to  on F low Diagram 6, Appendix A, as 
the Special Systems) w i l l  also be essential ly 
similar to the main NaK tern. 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  be capable of heating the tank to 125OOF. 
The systems w i l l  also be ready at  any time to 
remove fission-product-decay heat from the fuel. 

OFF-GAS SYSTEM 

The fission-product gases which w i l l  be purged 
from the fuel in  the fuel expansion tank are to  be 
continuously removed from the fuel system to  a 
water-cooled charcoal adsorber, i n  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 5000 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 i n  a water-fi l led tank. The empty pipe 
was provided t o  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 led pipe. There w i l l  be suff icient 
charcoal t o  assure a 48-hr holdup of Kr88, which 
w i l l  be the only gaseous f ission product wi th  
signif icant act iv i ty after passage through the 
charcoal. Experimental work has indicated that 
64 ft3 o f  charcoal w i l l  be required. Two paral lel 
charcoal adsorber systems are provided. 

Provisions have a lso been made for bleeding 
the ce l l  atmosphere through an auxi l iary charcoal 
bed i n  the event that a leak occurs i n  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 o f  instrument 
bleed gases. 

Four bypass loops w i l l  be provided in the two 
off-gas systems, one before and one after the 
charcoal section of each system, so that the 
act iv i ty in the isolated gas samples can be counted. 
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. The system w i l l  operate at  a pres- 
sure s l ight ly above atmospheric and w i l l  not 
require pumps. 

Except for the equipment wi th in the reactor cel l  
and i n  the water tank (containing the empty and 
the charcoal-f i l led pipes), which w i l l  be buried 
in  the ground, a l l  components of the off-gas system 
are to  be housed i n  a special bui lding provided 
for that purpose a t  the southwest corner of the 
A R T  building. A fundamental design cri terion 
is  that access to  th is "off-gas shack" should not 
be l imited by radioactivi ty from any other part 
of the system but that the shack 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- 
lations that were madelo- 12 were str ict ly theoret- 
ical, but they were strengthened by the operating 
experience which had been obtained on a similar 
adsorber system used with the HRE. In  particular, 
f low vs pressure-drop data and f low vs breakthrough 
times i n  charcoal adsorbers were obtained from 
HRE experience. l 3  Experimental da ta l4  on the 
adsorptivity of charcoal indicate that the design 
of the ART adsorber i s  conservative. Detai ls of 
the system are presented on F low Diagram 3 in  
Appendix A. 

A I R C R A F T - T Y P E  S H I E L D  

The most promising of the several shielding 
arrangements that were considered for the ART 
seems t o  be the one which i s  functionally the same 
as the arrangement for an aircraft requiring a unit 
shield - a shield designed to  give -10 r/hr dt 
50 f t  from the center of the reactor. Such a shield 
is  not far from being both the lightest and the most 
compact that has been devised. It w i l l  make use 
of noncrit ical materials that are in  good supply, 
and it w i l l  provide useful performance data on the 
effects on the radiation dose levels of the release 
of delayed neutrons and decay gammas in  the heat 
exchanger, the generation of secondary gammas 
throughout the shield, etc. While the complication 

of detailed instrumentation wi th in the shield does 
not appear to  be warranted, it w i l l  be extremely 
worth while to  obtain radiation-dose-level data at 
representative points around the periphery of the 
shield, part icularly in  the v ic in i ty  of the ducts 
and of the pump and the expansion tank region. 

The shield for the reactor w i l l  have some charac- 
ter ist ics that w i l l  be peculiar to th is  particular 
reactor configuration. The thick reflector was 
selected on the basis of shielding considerations. 
Use of a th ick reflector i s  based on two major 
reasons: a reflector about 11 in. thick followed 
by a layer of boron-bearing material w i l l  attenuate 
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 reflector 
into the heat exchanger to about the level of that 
from the delayed neutrons which w i l l  appear i n  
the heat exchanger from the circulat ing fuel. An 
additional advantage of the thick reflector i s  that 
99.8% of the energy developed in  the core w i l l  
appear as heat in  the high-temperature zone within 
the pressure shell. Th is  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 low-temperature level. The material i n  the 
spherical-shell intermediate heat exchanger i s  
about 70% as effect ive as water for the removal 
of fast neutrons; so it too i s  of value from the 
shielding standpoint. The delayed neutrons from 
the circulat ing fuel in the heat exchanger region 
might appear to  pose a serious handicap. However, 
they w i l l  have an attenuation length much shorter 
than the corresponding attenuation length for 
radiation from the core. Thus, from the outer 
surface of the shield, the intermediate heat ex- 
changer w i l l  appear as a much less intense source 
of neutrons than the more deeply buried reactor 
core. The fission-product-decay gammas from the 
heat exchanger w i l l  be about equally as important 
as the secondary gammos from the beryll ium and . -  

the reflector shel l .  
Thermal insulation 0.5 in. thick .,,ill separate 

Summay Report,  ORNL-1835, p 24 (Jan. 19, 1955). 
the hot reactor pressure shell from the gamma 

system the ART, ORNL CF-55-3-19] (March 28, shield, which w i l l  be a layer of lead 4.3 in. thick. 
1955). The lead, in  turn, w i l l  be surrounded by a 32-in.- 

12L. 6. Andersen, Adsorpt ion Holdup o/  Radioact ive  thick region of borated water. The sl ight ly pres- 
Krypton and Xenon, ORNL CF-55-8-103 (Aug. 16, 1955). _ _  surized water shield w i l l  be contained in  an 

'OW. B. CottreI I  e t  a~. ,  Aircraft Reactor  Test  Hazards 

'C. S. Burtnette, F i s s i o n  Product Heating in O f / - G a s  

"I .  Spiewak, U s e  o/ HRE Charcoal Adsorbers  in the 

14W. E. Browning and C. C. Bolta,  ANP Q u a .  Prog. 

aluminum tank. Cooling of +he lead shield will 
be effected by circulat ion of water through co i l s  
embedded i n  the lead. The borated water shield 

HRT, ORNL CF-54-7-26 (July 8, 1954). 

R e p .  March 10. 1956, ORNL-2061, p 193. 
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w i l l  also be cooled by water circulated i n  co i l s  
submerged i n  the borated water and by thermal 
convection of the atmosphere i n  the reactor as- 
sembly cell. 

An opening w i l l  be made at the bottom of the 
shield for f i l l ing and draining of the reactor. The 
fuel fil l-and-drain tank w i l l  be shielded with 10 in. 
of lead to reduce the dose to  1 r/hr at the shield 
surface one week after full-power operation. The 
result ing shield weight for a 13-ft3 capacity tank 
w i l l  be about 30 tons. 

C O N T R O L S  AND I N S T R U M E N T A T I O N  

The early effort by ORNL 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 of the 
reactor at design point that results from the neg- 
at ive fuel and over-all temperature coefficients 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 relation between 
the load and the power source was veri f ied by the 
ARE. Work wi th an electronic simulator indicates 
that the ART should behave i n  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 changing the 
load (i.e., the heat dump from the NaK radiators). 

For the ART at 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  cause the regulating rod to  insert, 
and therefore the fuel outlet temperature should 
not appreciably exceed 1600°F, even in transients. 
Th is  l imi t  w i l l  override any normal demand for 
rod withdrawal. Furthermore a low NaK outlet 
temperature from the heat-dump radiators wi II 
automatically decrease the heat load to keep the 
lowest NaK temperature of the system at no less 
than 1070°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 in  th'ree different 
categories of operation: startup, operation be- 
tween startup and appreciable power (about 10% 
of design point), and operation in  the range from 

10% to fu l l  power. For the second and third of 
these categories the nature of the reactor and 
power plant i s  so different from that of conven- 
t ional high-flux reactors that control must be 
based on inherent characteristics of the reactor 
to  a large extent rather than on conventional 
reactor-control practice. Control at startup ut i l izes, 
in  principle, o ld reactor-control practice w i th  
short-period "scrams" that are conventional. 
Experimentation w i l l  take place primarily i n  the 
startup and design-point regions. In the inter- 
mediate region between these two, l i t t l e  test ing 
w i I I be done. 

F iss ion  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 
material 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 sensit ivi 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 interlocks 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 of emergencies 
have been provided for. 

Class 1. - Any of the fol lowing events wi II cause 
the rod t o  be automatically and completely inserted 
at  a rate of 1% A k / k  in 8 set: 
1. stoppage of either sodium pump, 
2. stoppage o f  either fuel pump, 
3. drop i n  fuel or sodium l iquid levels i n  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 
pumps, 

5. leakage of fuel into NaK or NaK into fuel, 
6. 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 to  reduce the heat load. The load w i l l  then 
be further reduced by the radiator shutter auto- 
matical ly closing in response to  a 1070°F low- 
l i m i 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 
operator. 
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vacuum pump to  a maximiurn of 0.74 psia and the 
cel l  being repressurized with dry nitrogen to 
atmospheric pressure. The dry nitrogen bleed from 
the pneumatic instruments w i l l  act as a continuous 
purge, whish w i l l  keep the oxygen content of the 
nitrogen low. The bleed flow is estimated to  be 
a maximum of 7 scfm. (For details of this system 
see Flow Diagram 10, Appendix A.) 

A permanent storage tank with a capacity of 
10,900 scf a t  1000 ps i  and a pressure-reducing 
station with two reducing valves that are avai lable 
a t  the s i te  w i l l  comprise an adequate system for 
supplying the instruments wi th the 7 cfm required 
during the test. A trai ler w i l l  be used to f i l l  the 
reactor cel l  in i t ia l ly .  

Electrica! Power System, Distribution, 
and A u ~ ~ ~ ~ ~ ~ ~  Equipment 

The electr ical power for the ART w i l l  be SUP- 

pl ied by two separate sources, One w i l l  be a 
commercial (TVA) source and the other w i l l  be 
Q set of diesel-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 reactor a t  power; that 
is, a power failure or an equipment fai lure w i l l  
lead to an orderly shutdown of the reactor, The 
main power loads are: 

1. the two fuel pumps, 
2. the two sodium pumps, 
3, the two NaK pumps in the reflector-moderator 

cooling system, 
4. the four NaK pumps in  the fuel cooling system, 
5. the two NnK pumps in the fill-and-drain tank 

cooling system, 
6. the four radiator blowers in the main duct, 
7. the two radiator blowers in the special duct, 
8. the battery for control and instrument circuits, 
9. the pump lube oi l  systems, 

10. the heater and auxi l iary loads. 
The relation between the various pumps i s  such 

that one fuel pump, one sodium pump, one NaK 
pump i n  the reflector-moderator cool ing system, 
tw0 NaM pumps in the duel cooling system, and 
two radiator blowers should be connected to  one 
power source. These maior pieces of equipment 
w i l l  pot have alternate power sources. 

A station-type battery w i l l  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 t  a l l  times to keep a full charge. 
The battery w i l l  be used to  supply the necessary 
control and instrument c i rcui ts in case of a power 
outage, Some emergency l ighting w i l l  also be fed 
off the battery. 

Fuel and Sodium Pump Lubricating 
and Cooling Oil Systems 

The lubricating and cool ing o i l  systems for the 
fuel and sodium pumps ate to  be sealed so that 
they w i l l  serve as secondary, or backup, containers 
for the gaseous radioactive products which might 
leak 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 
oil 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 a direction to  cause 
leakage of o i l  into the system rather than gases 
into the ail. The o i l  leakage w i l l  be trapped and 
then removed by a separate system. A l l  parts of 
the system external t o  the test  ce l l  must be 
capable o f  withstanding pressures as high as 
200 psig for periods of up to  1 hr without failure. 

Process Wafer System 

The ART process water i s  t o  be supplied by an 
open," once-through system with two para1 le l  

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 cel l  wall. The process circui ts w i l l  join these 
headers wi th in the ce l l  to  minimize the number of 
ce l l  penetrations. The f low through each circui t  
will  be preset before the ce l l  is  sealed, and thus 
there w i l l  be no need for remote control or remote 
flow measurement. The use of the open cycle 
eliminates the need for additional water pumps, 
heat exchangers, etc,, and the consequent neces- 
s i ty of canning the pumps to withstand the cell 
disaster pressure. Check valves, backed up by 
motor-driven cutoff valves, w i l l  be provided in  the 
inlet lines through the cel l .  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 wi th in the cell i f  a 
reactor catastrophe caused the water lines wi th in 
the ce l l  to  rupture. Provisians w i l l  be made to  
assure uninterrupted flow, since water f low to the 
lead shielding must 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. 

Woter wi l l  be required within the ce l l  for f i l l i ng  
the reactor water shield and for cooling the reactor 
and fuel-dump-tank lead shields, the two instrument 
pods, and the reactor and fuel-dump-tank vapor 
traps. Outside the cell, water cooling w i l l  be 
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provided for the lubrication and hydraulic systems, 
the charcoal adsorber, the penthotise space cooler, 
aiid the NaK cold traps and for f i l l i ng  the water 
annulus of the ce!!. 

THE F A C I L I T Y  

The ~~~1~~~~ 
The building constructed in  1952 to  house the 

A R E  i s  being modified to provide the space and 
faci l i t ies required for the ART. An addition has 
beerr constructed at the south end of the ARE 
building BO effect a 64-ft extension sf the original 
106-ft-long building. The shielded reactor assembly 
w i l l  be instal led in the containing cell that has 
been provided in  the addition ‘lor this purpose. 
Such an nrrangementwilll permit the use of services 
and faci l i t ies that were provided for the original 
installotion. Items such as the control room, of- 
fices, change rooms, toilets, storage area, woter 
supply, power supply, portions of exper irnental 
test pits, access roods, 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. 19 and 20. The floor level a? 
the addition i s  at  the ARE basement-floor grade 
(ground level at  t h i s  end of the building), and the 
ce l l  far housing the reactor assembly i s  sunk in 
the floor. The reactor ce l l  i s  located in approx- 
imately the southwest quarter of a 42-ft-wide by 
64-dt-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 of the 
shield will  be below buiilding floor elevation. 

The south wall  of the ARE experimental bay 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 p i ts for instal lat ion 
of auxi l iary equipment orid possibly for underwater 
reactor disassewnbly work after reactor operation. 
Also, the truck door in the north wall of the building 
has been enlarged to provide a large entry door 
to  the ART area, F ie ld  maintenance and laboratory 
faci l i t ies have been instal led in the area east ~f 
the new bay and south of the low bay of the older 
part of the building. 

The Reactor Arscrr1bly cess 
The ce l l  designed for hous ing  the reactar as- 

The ce l l  consists of 
The heat-dump equip- 

sembly i s  shown in Fig. 21. 
an inner and an outer tank, 

ment w i l l  be located outside the cell, but nearby. 
The space between the two tanks i s  36 in. and 
w i l l  be f i l l ed  with water. The inner tank w i l l  be 
sealed so that it can contain the reactor in  an 
inert atmosphere of nitrogen at 5 psig. The tank 
has been bui l t  to meet ASME code requirements 
for unfired pressure vessels designed for a 200- 
psig operating pressure. The outer tank S ~ T Y F S  

merely as a water container. 
The inner tank will be approximately 24 f t  in  

diameter with a straight section 12 ft long and 
a hemispherical bottom and top. The outer tank, 
which i s  cylindrical, i s  30 f t  in diameter and about 

47.5 ft in  height. When the reactor i s  to 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 water for 
carrying off the heot given off by decay gamma 
act iv i ty in the event of on accident 50 severe as 
to cause a meltdown of the reactor. 

About 13 ft of the outer tank w i l l  be above floor 
grade. This portion of the tank, as well as the 
top hemisphere of the inner tank, w i l l  not be 
attached unti I campletion of the reactor instal lot ion 
and preliminary shakedown tes t ing.  Since the 
shielding at the reactor and for other radioactive 
components w i l l  be quite effective, it w i l l  be 
possible far a man PO enter the inner tank through 
a manhole for inspection or 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 unshiclded reactor assembly w i l l  weigh 
opproxirnately 11,560 Ita, the lead gamma shield 
w i l l  weigh approxirnately 26,000 Ib, and the water 
in the shield w i l l  weigh approximately 38,500 Ib. 
The shielded reactor assembly w i l l  be tnnunted in 
the inner tank on vert ical columns with >tie reactor 
off  center 3 f t  froirl the vessel axis wad about 7 f t  
above an open-grated floor, This positioning pro- 
vides the space that w i l l  be needed for the location 
of the fuel fil l-and-drain tank, prepower and post- 
power sampling systems, fuel recovery tank, nilclear 
instrumentation, and enriching equipment. The 
off-center location also serves to minimize the 
length of the NaK piping. 

The NaK and off-gas piping cow~er ted  to the 
reactor w i l l  pass through a thimble-type passage 
or bulkhead with u bellows-type expansion joint 
in ihe double-walled call, The opening w i l l  be 
covered with a Conical thermal sleeve which wil!  
be welded to ihc p r e ~ ~ u r e  c d !  w ~ ~ S I .  The piping 
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w i l l  be anchored to  the thermal sleeve. The 
annular space between the NQK and the off-gas 
piping and the thimble-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 s t i f f  
plates which w i l l  be welded to the pressure-cell 
wall. The bulkhead between the double-walled 
ce l l  i s  a bellows-type seal, 

F i v e  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., 
required 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 a t  a pressure of 
200 psig to  prevent outleakage from the inner 
tank, even i n  the event of a disaster. The various 
thermocouples, power wiring, etc., w i l l  be instol 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 in Q short period of time after the 
reactor assembly has been lowered into posit ion 
in the test faci l i ty .  Th is  w i l l  minimize the amount 
of assembly work required i n  the field. 

Manholes 5 %t i n  diameter have been instal led 
in the upper portion of the containers. The manhole 
in the water tank i s  located just above the fiange 
on the inner tank to al low passage through both 

- 

container wal ls and thus provide an 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 wi th in the inner tank to 
provide easy access for servicing a1 I equipment, 

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

The Shielding Experiment Faci l i ty  

Tests made a t  the Tower Shielding Fac i l i t y  
indicated that provision should be made for the 
measurement of the gamma-ray spectrum of the 
ART as a function of the angle of emission from 
the reactor shield. Therefore f ive collimator tubes 
have been provided to  col l imate four beams ra- 
diat ing from an equatorial point at  the surface of 
the water shield a t  angles of from 0 to 70 deg from 
the radial direction and one beam from an equatorial 
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 t o  the 
faci l i t ies shown in Fig. 22, a gamma-ray dosimeter 
w i l l  be located on the roof above the reactor, 

47 



n 0 8 16 -c 24 32 40 *--- ~ J 

SCALE IN FE:T 

PAR r BASEMENT PLAN 

Fig. 22. ART Shielding Experiment Fac i l i ty .  

UNCILASSI FIE0 
O W L - L R - O W G  17\25 



Part 111 

DESlGN AND DEVELOPMENT STUDIES 





DEVELOPMENT STUDIES 

F U E L  D E V E L O P  

A thorough survey of rnatesials that appeared i o  
be prsinising as heat transfer f luids was presented 
i n  ORNL-360,' The f i rst  requirement i s  that the 
fluid must he liquid and thcrmaIIy stable over the 
tempmature range from 1000 to 1800'F. A rrielting 
point considerably below 1080°F would be prefer- 
able for ease in handling, but a substance that 
would be l iquid a t  room temperature wouId be zven 
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 iqu id  in a good structnsrul material a t  high tcmpera- 
tures withowt serious corrosion or moss transfer o f  
the structural material, If the heat transfer f luid 
i s  t o  serve a i s 0  as Q circulat ing fuel, it must be a 
suitable vehicle for uranium; that is, h e  salubi l i ty  
o f  uranium and i t s  effect on the properties o f  the 
fluid m u s t  be considered. 
To be suitable for a high-temperature, l iquid- 

fueled, epifhernnal reactor, a fuel system must meet 
several stringent requisen?ents. The I iquid must 
eontoin a suff icient concentration of a uranium 
compound for a c r i t i ca l  mass to be provided in  the 
core voluitae and must melt a t  a temperature sub- 
stantial ly below the heat exchanger outlet tern- 
perature. It rnirst consist of elements of low ab- 
serptioq cross section for thermal neutrms and 
must consist solely of compounds which w e  
therrnaEly stable a t  temperatures in excess o f  the 
core out let  temperature. A high thermal coeff icient 
o f  expcri~sion i s  desirable as a id  to self-regulation 
of the power level. In addition it must be stable 
to the intense radiation f ie ld and must tolerate 
the f ission process and the accumulation of f iss ion 
products wi thou t  serious adverse effect on i t s  
physical, heat transfer, and chemical properties. 
Of the many fluid materials which have k e n  cnn- 
sidered, molten fluorides are the only f luids whicll 
seem to be generally suitable as aircraft reactor 
fuels;2 a number of fluorides of low cross-section 
ejernents appear to he part icularly proinising.2 

'A. S. Ki tzes ,  A Dzrcurrzon oj Lzquzd hfutal~ a s  
Pzle Coolants, ORNL-369 (Aug. 10, 1949). 

2W. R. Grimes ond D. G. H i l l ,  f j zgb  Termwmtmrre Fuel 
S y s t e m ,  A Litemtiii-e Survey, Y-657 (h{y 20, 1950), 
W. R. Grimes et nL. p 915 in The Reactor Handbook. 
vole 2, sec. 6 (1953). 

A mixture of NaF, ZrF,, and UF,, essential ly a 
solut ion of Na,UF, in NaZrF,, containing 5.5 
mole !% of uf,, proved to be adequate os fuel for 
the ARE, Mixtures o f  this general composition 
are relat ively noncorrosive to low-chromium nickel-  
base alloys and would appear to be adequate for 
use i n  the ART, but the melt ing point, vapor 
pressure, and heat iraiisfer properties are inferior 
to those obtainable from some other fluorides. 

An improvement in melting point and a s l igh t  
improvement i n  vapor pressure and viscosity coin 
be obtained by the addition o f  RbF to the NaF- 
ZrF,-UF, system, However, the benefits obtained 
wswld seem PO be marginal, considering the h i&  
cost o f  RbF and the added complexity of the 
system, U I l l e 5 5  very high uranium concentrations 
(above 6.5 niole %) are required for cr i t ical i ty. 

Substantially lower melting points  and vapor 
pressures can he obtained at  some lo55 in heat 
transfer properties and at a sl ight increase in  
corrosion and mass transfer rates with mixtures of 
N Q F - ~ F ~ * U F ,  as fuel. Some improvement over 
th is  mixture results i f  LiF-BeF2-UF, i s  used. In 
view of the diminished heat transfer performance, 
the toxic i ty of bF,, and h e  cost o f  the required 
Li7, neither mixture appears to offer any real 
advantage over the NaF-ZrF,.UF, system for air- 
craft rcnctnrs, as presently conceived. 

A sl ight  improvement in melt ing point and a very 
real advantage in vapor pressure and heat transfer 
performance resul t  from a solution of UF, in the 
ternary eutectic of NaF-KF-LiF. Although such 
mixtures ore quite incompatible wi th lnconel and 
s i mi I QI comrnerc i al chromium- bear in g nickel  a l  loy s 
because of rapid ~ Q S S  transfer of chromium, the 
advantuyes w i l l  almost certainly just i fy the cost of 
the required Li7F i f  an adequate structural and 
container material can be found. 

While information on the radiation behavior of 
several of these generQl classes of  fluoride fuels 
i s  meager, apparently there i s  no substantial dif- 
ference among them in their stabi l i ty  to the radia- 
t ion fields and no one of them w i l l  show Q pro- 
nounced advantage in response to f ission or 
f ission-product hui ldup during reactor operation. 

I f  an adequate container material b c o m e s  avai l -  
able, i t  i s  very l i ke ly  that the NaF-KF-LiF-UF, 
fuel system w i l l  be chosen for use in aircraft 
reactors. As long, however, as lnconel or some 
similar chromium-bearing alloy of n icke l  has to  be 
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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 
preferred. 

The physical properties of the NaF-ZrF,-UF, 
(50-46-4 mole 76) fuel are as follows: 

M e  I t i  ng te mperature 

Boi l ing temperature 

525OC (977'F) 

123OoC (2246OF) 

bleat capacity' (cal/g*OC) 

L iqu id  (550 < f < 850°C) 

Solid (350 < t < 5OO0C) 
0.26 kO.03 

0.21 3_0.03 

57 t 10 H e a t  of fusion (cal/g) 

Thcrrna I conductivity * 
[ Btu/hr*Ft 2( F/ ft)] 

1.3 + 0.2 

Viscosity' (centipoiscs) 
A t  60Q°C 8.5 
A t  700'C 5.4 
At  8OO0C 3.7 

Density' (g/cm') 

A t  530 < t < 9OO0C 3.93 - 0.00093t 
A t  room temperoture 4.09 

Elect r ica l  conductivity7 (ohm-crn)-' 
A t  1000°F 0.72 

At 1400°F 1.30 

A t  1200°F 1.02 

A t  160OoF 1.56 

Surface tension* (dynedcrn)  
A t  53OoC 158 

A t  733'C 115 

A i  6OO0C 139 

3W. D. Powers and e. C. Blolock, Enthalp ies  and 
Heat Capac i t i e s  of Solid and Molten Fluoride Mixtures. 
ORNL- 1956 (Jan. 1 1 ,  1956). 

,S. J. Claiborne, Measurement of the Thermal Con- 
drtctiuity o/ Fluoride Mixtures No. 14 and 30, ORNL 
CF-53-1-233 (Jan. 8, 1953). 

5S. I. Cahcn and 1. N. Jones, The  Ef fec t  of Chemical 
Puriey on the V i s c o s i t  of a hlolkn Fluoride Mixture 
ORNL CF-56-4-148 (ApriY 17, 1956). 

6 T h i s  equotion should y ie ld  l iquid densit ies that are 
goad to within 5% (S. I. Cohen and 1. N. Jones ,  A 
Summary of D e n s i t y  Measurements on Molten Fluoride 
Mixtures and a Cone la t ion  Useful f o r  Predicting Densi -  
t i e s  of Fluoride Mixtrrres of Known Composition, ORNL- 
1702, M o y  14, 1954). T h e  value measured a t  room tem- 
perature checks with the predictPd va lue  t o  within 1% 
(S. I. Cohen and T. N. Jones, Measurements of the 
Solid D e n s i t i e s  o/ Fluoride Mixture No. 30, BeFT and 
NaReP3.  ORNL CF-53-7-126, July 23, 1953). 

'Accurate to within 10% (N. 0. Greene, Measurements 
of the Elec tr ica l  conduc t i v i t y  of Molten Fluorides.  
0 R NL CF- 54- 8- 64). 

STRUCTURAL M A T E R I A L  

In selecting the structural materials for the fuel 
and coolant systems (which specify the structural 
material for the entire reactor), the key considera- 
t ions were nuclear properties, high-temperature 
performance, fabricability, availability, and cor- 
rosion resistance to fuel and coolant. The material 
WQS required to have both high creep strength at 
high temperatures and a duct i l i ty  of at  least 10% 
throughout the operating temperature range so that 
high local thermal stresses would be relieved by 
plast ic 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 10% throughout 
the temperature range from the melt ing point to 
room temperatwe. The avai labi l i ty  of the material 
was a prime consideration, because a good assort- 
ment of bar stock, tubing, and sheet i s  essential i n  
a development program. These considerations led 
to the use of lnconel for the structural material of 
the ARE, and it ha5 been selected for the ART 
because extensive research and development work 
has not yet produced a superior material in sub- 
stpntial quantities. 

The most promising of the other materials being 
considered are the nickel  m o  lybdenum a I I oy s. 
These al loys are vastly superior in corrosion rk- 
sistance to the fluoride mixtures and in strength 
at  the temperatures of interest; however, the 
commercia I n ic ke I-mo ly bdenurii al Joys Ha stel I oys 
E3 and W exhibit  brittleness in the temperature 
range 1100 to 1500°F as a result of age-hardening. 
Present indications are that th is embrittlement 
can be overcome by reducing the molybdenum con- 
tent to 15 to  20% and controlling the amounts of 
strengthening additions, such as AI, Ti, W, Nb, 
Cr, and C, If the age-hardening tendencies can be 
eliminated without excessive compromise of 
strength and corrosion properties, structural ma- 
terial w i l l  become available h a t  w i l l  be satis- 
factory a t  operating temperatures up to 1700'F. 

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

Extensive studies of the corrosion of lnconel by 
molten fluorides, especial ly NaF-ZrF,-UF, mix- 
tures, have been conducted, For these studies, 
stat ic and dynamic tests were performed both out 
of and in  radiation fields. The tests have been 

'Accuracy bel ieved to be to within about *20% [ S .  I. 

Measurements of the A R E  Fuel ( F l u o n d ~  Mixture N o .  

made with lnconel thermal-convection loops oper- 
Cahan and T. N. Jones. Prelzmznary Surface Tenszon a tap te.n,perature of 1 9 0  to 
30), ORNL CF-53-3-259 (Mar. 27, 1953)l. 165OoF, wal l  temperatures up to 17500F, and 

ated (out.,of-pile) 
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temperature gradients of 225 to 250°F, which in- 
duce f low rates o f  2 to 6 fpm in.the f luoride mix- 
ture. The effects of time, temperature, purity, 
rat io of surface area to  volume, various additives, 
valence state of the uranium, and concentration of 
the uranium have been investigated. In general, 
data from the thermal-convection loops have 
agreed wel l  wi th the data from the forced-circulation, 
high-temperclture-differential loops that have been 
operated out o f  and in radiation fields. The 
veloci ty and Reynolds nuniher o f  itie circulated 
fluid apparently have a very minor ef fect  on cor- 
rosion and mass transfer. It has also b e n  demon- 
strated in in-pi le forced-circulation loops that 
radiat ion has l i t t l e  effect on these Inconel-fluoride 
mixture systems at power densities up to 1 kw/cm3. 
In the most recently operated in-pi le loop, the fuel 
buirnup reached a level essential ly the same as the 
design value for the ART. This loop i s  being 
c! i sassembled for analysis. 

Inconel, a solid-solution al loy of Ni, Cr, and 
Fe, when exposed to fluoride metals i s  subject to 
preferential leaching of chromium, which cause5 
the formation of voids in the metal. The voids arc 
subsurface, are not interconnected, and are found 
to occur both wi th in the ga ins  and at g a i n  bound- 
aries. The selective leaching of the chromium 
occurs not because of physical solubi l i ty  of chro- 
mium metal in molten fluorides but by chemical 
reaction of the chromium with oxidiz ing agents 
present in the fluoride mixture or on the original 
metal surface. Accordingly, corrosion of  Incone! 
by the fluoride mixture i s  strongly dependent on 
the concentration of these reducible compounds; 
th is  dependence i s  emphasized 0 5  the rat io of 
fluoride-mixture volume to  lnconel surface area 
i s  increased. 

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

2HF 1 CrO -3 CrF, i tl, 
NiF, -E CrO- CrF, -I- NiO 
FeF, i Cso----+ CrF, + Feo 
2FeF, + 3Cr0 d 3 C r F 2  3 2Fe0 
2CrF3 i- C r O  - 3GF, 

Oxide f i lms on the metal wal ls react wi th the fuel 
constituents (ZrF, or UF,) to y ie ld structural 
rneta I f iuor ides : 

2Ni0 + L r F 4  ---+ 2NiF, I- ZrQ, 

2Fe20, I- 3ZrF, -34FeF3 + 3230, 
2Cr,03 + 3ZrF4----+ 4CrF3 t SZrQ, 

These structural metal fluorides are h e n  avai lable 
for reaction with chromium, as shown above. It is, 
accordingly, necessary that the fluoride mixture 
and the lnconel be of especial ly high purity. If 
the purity specification i s  met and UF, is the 
uranium compound used, the reaction 

2UF4 + CrO- CrF, + 2UF3 
becomes the rote-determining reaction i n  the cor- 
rosion process. 

In the thermal-convection loops, reduction of  
impurit ies i n  the fluoride mixture and equilibration 
of the metal surface with the UF, seem to require 
2QO to  2.50 hr and to produce void formation to a 
depth of 3 to 5 mils. In the forced-circulation 
loops, in which the flow rates of the fluoride mix- 
ture are much higher, these reactions proceed more 
rapidly hut do not cause any greater corrosion. 
For a given concentration of impurities o f  UF, the 
depth o f  attack varies with the ratio o f  surface 
area to fuel volume; and, i f  equilibrium is estab- 
l ished isothermally, the corrosion i s  reasonably 
uniform. However, in a system with a temperature 
dif ferential the hottest zone i s  preferentially 
attacked. 

When tetravalent uranium i s  present, the reaction 

2UF4 i Cro  G F ,  + 2UF3 
i s  responsible for some "mcoss transfer" i n  addition 
to the corrosion described above. In he mass 
transfer process, chromium removed from the metal 
wal ls in the hot zone i s  deposited on the metal 
~ ~ 1 1 s  in the lower temperature regions o f  the sys- 
tem, Since the equilibrium constant for he reaction 
i s  temperature dependent, the reaction proceeds 
sl ight ly further to the r ight in he high-temperature 
zone (1500'F) than in the low-temperature zone. 
The UF, and the CrF, ure soluble and therefore 
movewith the c i rculat ing stream to the cooler zone, 
where a s l ight  reversal of the reaction occurs and 
chromium metal i s  formed. This type o f  conversion 
i s  not readi ly apparent in thermal-convection loops 
operated for 500 hr$ because in h e  f i rs t  500 hr 
of operation the mass transfer effect i s  masked hy 
the effects of impurities and nonequilibrium con- 
ditions. In loops operated for 1500 hr, however, 
the mass transfer effect i s  observable. It is es t i -  
mated that, i r i  Inconel systems circulat ing a zir- 
conium-base fluoride fuel mixture, corrosion by 
the mass tronsfcr mechanism will  increase by 
about 3 mils per 1008 hr. Data from a loop oper- 
ated for over 8Q0Q hr substantiate th is view; the 
total  depth of attack was 25 mils, w i h  a peak 
Inconel temperature of 1500" F. 
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The corrosion attack in the ART w i l l  be greatest 
i n  the hottest portion of the fuel circuit, and after 
1000 hr of operation the attack i s  expected to be 
about 8 to 10 mi is i f  a l l  the uranium i s  present 
or ig inal ly as UF,. If a mixture of UF, and UF, 
i s  used, the corrosion o f  lnconel by the fuel w i l l  
be decreased. For instance, after 500 hr of circu- 
lat ion of a UF3-containing fused salt, attack of 1 
to  2 mi ls  i s  found, i n  contrast to the usual 3 to 
S mils. Experiments are under way for determining 
the proper UF,-to-UF, rat io for achieving minimum 
corrosion along with adequate solubi l i ty  i n  the 
zirconium-base fluoride mixture, The UF, is not 
suff iciently soluble in the NaF-ZrF, carrier to  
provide a c r i t i ca l  mass, and plating-out of the 
uranium would also be a problem. 

It has been established that the zirconium-bose 
f luoride mixture Fuels and Inconel w i l l  be com- 
patible under ART operating conditions for the 
1000-hr expected l i f e  and that the attack w i l l  not 
seriously weaken the reactor structure, but there 
i s  s t i l l  some concern about the corrosion of the 
th in-wa I I ed (0.025- i n . -th i c k) heat exchan ger tu bi n g. 
The amount of mass transfer of chromium to the 
cold leg w i l l  be so small that there w i l l  not be an 
increase in pressure drop or a decrease in heat 
transfer performance. 

The materials compatibi l i ty problem has also 
been investigated for the materials o f  the reflector- 
moderator system in which sodium will  flow in 
direct contact with both OeryIlium and Inconel, 
In such a system both temperature gradient mass 
transferand dissimilar metal mass transfer between 
the beryllium and lnconel can occur. On the basis 
o f  numerous whirligig, thermal-convection loop, 
and forced-circulation loop tests conducted on 
bsryllium-sodium-lnconel 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-leg 
wa l ls  of any thermal-convection loop with a beryl- 
lium insert in the hot leg operated at 1300'F (cold 
leg, 1100OF) for periods of 1OOOhr has been less 
than 200 ,ug per square centimeter of beryllium. 
The mass transfer of lnconel by the sodium at  
temperatures below 13OOOF i s  not considered to be 
a serious problem. A beryllium-sodium-lnconel 
farced-circulation loop in which equal areas o f  
Inconel and beryllium were exposed to the sodium 
showed no increase in mass transfer over that 
found with all-lnconel loops, This loop was oper- 
ated at  a hot-leg temperature of 1300'F for 1000 hr, 

and a 2-mil deposit of crystals was found i n  the 
cold leg. The crystals were nickel-rich and con- 
tained l i t t l e  or no beryllium. 

Dissimilar metal mass transfer, in which the 
sodium acts as a carrier between the beryllium 
and lnconel, has been found to be a function of the 
separation distance between the two materials. 
When the beryllium and lnconel are separated by 
distances of greater than 5 mils, WJ continuous 
layers of nickel-heryl l ium compound are formed on 
the surface of the lnconel in 1000 hr a t  1200OF. 
Undw these conditions a fine subsurface pre- 
cipitate, probably BeNi, forms to  a depth of approx- 
imately 2 mi ls wi th a 5 m i l  separation between the 
beryllium and the lnconel and to  a depth of 1 m i l  
with a %-mil separation, 

The major compatibility problem in the reflector- 
moderator system w i l l  occur in those areas where 
Inconel and beryllium are in direct contact. In 
1000 hr a t  1200OF a 5 m i l  layer of bri t t le compound 
(4.5 mi ls of 5e2,Ni,; 0.5 mi l  of BeNi) formed on 
the lnconel when i t  was held in direct contact 
with beryllium with no applied pressure. Approxi- 
mately 1 mi l  o f  Inconel was consumed in the forma- 
t ion of th is layer. At 130OOF under a contact 
pressure of 500 psi a 25-mil layer of BeZ1Ni5 + 
BeNi, which consuriied 4 to 5 mi ls of Inconel, was 
formed on the lnconel in 1000 hr. One possible 
solut ion to th is problem may be to chromium-plate 
the Inconel. Tests under the above conditions 
(1300°F, 500 psi, 1000 hr) indicate that a 5 m i I  
chromium plate can reduce the reaction to  a con- 
sumption of 2 mils 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 lnconel and 
sodium under dynamic conditions at  a peak sodium 
temperature of 1500OF. I t  i s  believed that mass 
transfer in these systems can be kept to a tolerable 
minimum by the use of very pure, non-oxygen- 
containing sodium and very clean metal surfaces. 
In particular, it i s  expected that the beryllium 
surfaces w i l l  remove the oxygen impurity from the 
sodium and thus contribute to the reduction of mass 
transfer in the sodium system. 

Other structural materials have been studied or 
are being studied in an attempt to find n material 
superior to lnconel for subsequent aircraft reactors. 
The stainless steels appear to  be superior i n  
sodium, but they are definitely inferior in the 
fluoride mixtures. Hastelloy B i s  far superior in 
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the fluoride mixtures, but i t  has poor fobricational 
qualities. Various modifications of the basic 
nickel-molybdenum al loys are now being investi-  
gated. 

R A D i A T i O N  E F F E C T S  ON STRUCTURAL 
M A T E R  lALS 

The effects of irradiation on t h e  corrosion of 
Incanel 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 
Insonel capsules f i l l ed  wi th stat ic fuel in the MTR 
and by operating in-pi le forced-circulation Incone! 
loaps in the LlTR and in the M I R .  The relat ively 
simple capsule tests have been used extensiva‘y 
for the evaluation of new materials. The priccipal 
variables in these tests have been flux, f iss ion 
P Q W ~ E ~ ,  time, and temperature. In a f ixed neutron 
f lux the f iss ion power was vrrried by adjusting the 
uraniuni content of h e  he1 mixture. Thermal- 
neutron f luxes ranging from 10” to l Q 1 4  neu- 
trons-crn-’*sec-’ and fission-power levels of 
80 to  8QQO w/cm3 have been used in  these tests. 
Almost all the capsules have been irradiated for 
360 hr, but i n  some of the recent tests the irradica- 
t ion period was 600 to 800 hr. After irradiat ion the 

effects on the fuel mixture were studied by meas- 
uring the presswre of h e  evolved gas, by determin- 
ing the melt ing paint of the fuel mixture, and by 
making petrographic and chemical analyses, The 
lnconel capsule was also examined for corrosion 
by sitandaid metallographic techniques, 

In the many capsule tests riiude to  date na major 
changes that can be attributed to irradiation, other 
than the normal burnup of  the uranium, have occurred 
in the dinr:I mixtures. t-loYgeverf the analyt ical 
method far the determination of chromium i n  the 
irradiated fue l  mixture i s  being rechecked for 

accuracy. The metallographic examinations of  
Inconcl C Q ~ S U ~ ~ S  tested a t  13OoF for 300 Irr have 
shown the corrosion to be comparable to the corro- 
sion found undw similar conditions in unirradiated 
capsules, that is, penetration to a dep& or less 
than 4 mils. In capsules tested a t  a temperature 
of 20QOOF and abave, the penetration was to a 
depth of more than 12 m i l s  and there was grain 
growth. 

Three types of  forced-circulation in-pi le loops 
have been tested. A lnrge loop wa5 operoted in a 
horizontal beam hole of the LATR. The pump for 
c i rculat ing the fuel in this loop was placed outside 
the reactor shield. A siimller loop, including the 
pump, was operated in a vert ical position i n  the 
lattice of the  LITR. A third loop was operated 
completely within ij bear11 hole of the MTR. The 
operating conditions for these l o ~ p s  WYC presented 
in Table 6, and results of chemical analyses of the 
fuel mixtures circulated are given in Table 7. 

The L ITR horizontal loop operated for 645 hr, 
lnclwding 475 hr at fu l l  reactor power, The loop 
generated 2,8 kw, wi th a maximum fission power o f  
400 w/cm’. The Reynolds number of the circulated 
fuel was 5000, and there was a temperature differ- 
ential in the fuel s y s t e m  of 30’F. The volume of 

TABLE 6. OPERATING CONDITIO 5 FOR BKlQkaEF FORCED-C1RCULA‘FIOP8 IN-PILE LOOPS 

Opera tin g Var i a bl es 
Ll TR Hor izontol L ITR Vertical 

Loop Loop 
MTR In-Pile 
Loop Y?,. 3 

NaF.ZrF4-iJF4 composition, mole % 62.§ 12.5-25 63-25 12 53.5-40-6.5 

Maximurn f ission power, w/crn3 400 500 7 30 

Total power, kw 2.8 5.0 29 

Di lut ion foctor 

Maximum fuel temperature, O F  

Te tnpsrotwse ditferentio Ii O F  

Reynolds number of fuel 

Operating time, hr 

Time at fu l l  power, hr 

180 

1500 

30 

a00 

645 

47 5 

10 3.5 

1500 1500 

71 175-2130 

300 0 5000 

130 462 

30 27 1 

Depth of cocrosion attack, m i l  1 1 1 
I_ _________c_ .... II__._____..__ .......... _I_-__ ....... _I .... _____ ....... _____ ___ 
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TABLE 7. CHEMICAL ANALYSES OF FUEL MlXTURES CIRCULATED IN INCONEL. 
FORCED-CIRCULATlON IN-PILE LOOPS 

._ --I-.___I_._~_-_II 

Minor Constituents (pprn) 
Loop Designation Sample Taken 

Iron Chromi um Nickel 
_I__ - 

200 1 100 L l T R  horizontal loop Before f i l l ing 80 + 10 10 i 5 
After draining 180 k40 150 k 10 30 1 5  

L l T R  vert ical  loop Before fi l l ing 90 k 10 80 k 10 145 k 20 
After draining 370 f 20 100 f 20 50 k 10 

M T R  in-pile loop No. 3 Before fi l l ing 40 10 60 t 10 40 k 10 
After draining 240 k 20 50 fr 10 100 I20 

I .- I 

the loop was large, and therefore there was n 
large di lut ion factor, that is, the rat io o f  the total 
system volume to  the volume in the f issioning 
zone. Metallographic analyses showed that there 
was less than 1 mi l  of corrosion of the lnconel 
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 evi- 
dence of accelerated corrosion in th is  experiment. 

The L lTR vert ical loop operated for 130 hr, wi th 
only 30 hr of the total operating period being at 
full reactor power. The loop generated 5 kw, with 
a maximum fission power o f  500 w/cm3. The 
Reynolds number of the fuel was 3000, and the 
temperature dif ferential was 7I0F. The surface- 
to-volume rat io was 20, and the di lut ion factor was 
10. Chemical analyses showed h a t  the irradiated 
fuel contained 370 pprn Fe, 100 ppm 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 in the MTR (MTR 
in-pi le loop No. 3)9 operated for 462 hr, including 
271 hr at  power. The loop generated 29 kw, wi th 
a maximum power of 730 w/cm3. The Reynolds 
number of the fuel was 5000, and the temperature 
dif ferential was 175 to 2OOOF for 103 hr and was 
100°F for 168 hr. The di lut ion factor was about 
3.5. 

Chemical analyses o f  fuel from MTR in-pi le loop 
No. 3 showed that it contained 240 ppm Fe, 50 ppm 
Cr, and 100 ppm Ni. The high iron concentration 
was probably caused by a sampling dif f iculty. 
Examinations of unetched metallographic sections 

9D. 13. Trauger et al.. A N P  guar. Prog.  Rep. D e r .  10, 
1955. 0 RNL-20 12, p 27. 

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 wa l l  
thickness did not reveal any variations attr ibutable 
to corrosion. The loop was examined careful ly 
for effects o f  temperature variations between the 
inside and outside wal ls o f  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 salt-metal interface and to the maxi- 
mum wal l  temperature being below 150OOF at a l l  
times. 

Future loops w i l l  be operated at  higher f iss ion 
powers and therefore greater temperature dif fer- 
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 i n  future loops. 

STRUCTURAL D E S I G N  A N A L Y S E S  

The Reactor 

The f ive principal problems involved in the 
structural design analysis o f  the ART are the 
selection of the operating conditions for the reac- 
tor and the definit ion of the accidents or failures 
that might occur for which corrective action would 
be possible; the determination of the mechanical 
or pressure loads set up by these various operat- 
ing conditions; the cnlculat ion of the correspond- 
ing temperature distributions throughout the reac- 
tor; the selection of suitable design criteria; and 
the detai led stress analysis and structural design 
of the system. 
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The proposed operating program for the ART i s  
based on the reactor being at  temperature (1200OF 
or greater) for 1500 hr. During the last  1100 hr of 
th is  time, the reactor w i l l  be c r i t i ca l  and w i l l  be 
subjected to  25 full-power cycles to  simulate 
f l ight  requirements. In general, the most severe 
steady-state pressure loads to  which the internal 
structure o f  the reactor w i l l  be exposed w i l l  occur 
during full-power operotion, lo which i s  referred to  
as the “design-point condition” and which serves 
as the basis for steady-state-load design analysis. 
Design for transient loads i s  based in  large part 
on the power-cycling conditions mentioned above 
and on various unscheduled changes in power level 
that w i l l  occur as 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 i s  believed that those 
situcitions which w i l l  impose the most severe re- 
quirements on the structural design have already 
been considered. However, i f  further studies 
indicate the contrary, modifications w i l l  be made 
in  the design or constraints w i l l  be imposed an 
the operational procedure. Information on tem- 
perature und pressure transients to be expected 
from off-design operation w i l l  be obtained from 
tests performed on the ART simulator (e.g., abrupt 
stoppage o f  several pumps). 

The pressure loads wirhin the reactor have been 
determined for the design-point condit ion and for n 
condit ion involving the fai lure o f  one fuel pump. 
It i s  bel ieved that these two situations represent 
the most severe symmetric and unsymmetric in- 
ternal loads to which the reactor w i l l  be exposed. 
The calculat ion of the one-pump-out condition was 
performed in order to  determine the stabi l i ty  of the 
reflector-moderator assembly. Under th is  circum- 
stance there would be no pressure drop through 
the fuel-to-NaK heat exchangers in the c i rcu i t  
supplied by the pump that failed. Th is  condit ion 
would result, then, i n  a net side load on the re- 
flector of 12,400 Ib. The reflector support r ing 
has been designed to be stable against the re- 
sultant overturning moment, and the assembly can 
be expected to  remain seated against the north- 
head structure. 

10The m a i n  h e a t  e x c h a n g e r  h e a d e r s  and the core 
shel ls  are two important e x c e p t i o n s .  The m a s t  severe 
loads o n  these m e m b e r s  w i l l  occur in t h e  event o f  t h e  
stoppage of a fue l  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 to  the vert ical axis of the reactor; 
thus a l l  resultant forces on the principal struc- 
tural components (the reflector, north head, island, 
pressure shell, and pressure-shell l iner) w i l l  be 
directed along th is  axis, In addition to  these 
vert ical forces, horizontal reactions wi  II occur 
between the reflector shell and the pressure-shell 
l iner and between the heat exchanges tubes and 
the reflector shel ls and the pressure-shell l iner as 
a resul t  o f  pressure differences and dif ferential 
thermal expansion. In the heat exchanger tubes 
and the thin core and reflector shel ls these forces 
can cause large deflections and possibly buckling. 

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 passages, 
weight forces, and buoyant forces. In the reflec- 
tor-moderator assembly the pressure-drop force 
w i l l  be 58,000 Ib, the weight 3,000 Ib, and the 
buoyant force 4,700 Ib. The net force w i l l  be up- 
ward and w i l l  press the reflector against the north 
head, which, in turn, w i l l  transmit the force to  the 
pressure shell. 

There w i l l  a lso be an upwdrd thrust of 20,900 Ib  
on the north-head region o f  the pressure shell from 
the combined action o f  pressure, weight, and 
buoyant forces on the heat exchanger. The heat 
exchanger and reflector farces w i l l  be brought into 
balance through the action of corresponding pres- 
sure forces on the inside of the pressure shell 
(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 w i l l  a lso act 
on the island assembly, but these forcer; w i l l  be 
relat ively small and can be carried by the shell 
structure without the aid o f  special structural 
members . 

Calculat ions are being made for determining the 
three-d i 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 o f  the reactor. In the in i t ia l  design studies, 
thermal loads and stress values were used that 
were based on very preliminary estimates of the 
temperature structure, and therefore the very de- 
ta i led anaiysis being made w i l l  serve as a check 
on the coolant-flow provisions, It w i l l  a lso pro- 
vide m o r e  accurate estimates of the thermal-stress 
distr ibution i n  cr i t ical  members. 
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Fig. 23. Pressure Load Distributions at F u l l  Power. 



Precise calculat ions of the temperature profi les 
throughout the reactor require detai led information 
on the energy deposition from radiat ion and neu- 
tron reactions and on the temperature structure 
along tlw boundaries of the f lu id passages. In- 
formation on the energy deposition i s  t o  be ab- 
tained by twa independent methods: a buildup- 
factor technique in prepnratioi a t  Pratt  & Whifney 
and a Monte Carlo method developed at  ORNL. 
The nucle~r reaction data required for these pro- 
grams are based an the two-dimensional multigraup 
flux calculat ions supplied by the Curtiss-Wright 
Corporation. The dual program has been in i t iated 
becuuse the Monte Carlo method, although more 
accurate, w i l l  be several months in preparation, 
and it i s  bel ieved that the relat ively quick Pratt d 
Whitney method w i l l  suff ice for paeliniinary three- 
dimensional data. Final ly,  a more accurate picture 
o f  the temperature profi les through the fuel w i l l  
be obtained from analyses of the results of the 
high-temperature c r i t i ca l  experiment and of the 
tests of the half-scale model of the ART core, 
which wtilizes a volume heat source to  simulate 
the f i ss ion  heating. 

The ut i l izat ion of the temperature and load dis- 
tr ibution information i n  the design analysis of the 
reactor system poses some dif f icul t ies in a broad 
teclinological sense because of the lack of an 
established design philosophy for high-temperature 
operation. In general, relot ively l i t t l e  design cx- 

perience has been acquired in providing for the 
effects of thermal cycling, strain cycling, creep 
buckling, and thermal relaxation. 

Suitable design cri teria are being formulated far 
the ART by combining information obtained from 
materials test ing programs, component test ing 
programs, and the Engineering Test Unit (see 
Pait EV). In the materials test ing programs, data 
are being obtained on the properties of lnconel 
and beryllium a t  the temperatures of interest in  
order t o  acquire insight into the nature of the 
basis ttiea mal 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 part icular 
interest. The creep and strength data" are re- 
quired for the design of nanibers that w i l l  be sub- 
jected to  continuous loads over pralonged periods 
of time (e.g., loads result ing from operating pres- 

"This work i s  under w a y  a t  ORNL and The B r u s h  
Ehryl I i urn Co. 

sures). The strain-cycl ing $a tn l2  are being cor- 
related according to the Coff in formulation ' s  and 
w i l l  serve as the basis for the design analysis of 
structures which w i l l  be repeatedly subjected to 
mechanical or thermal loads that w i l l  produce 
plast ic deformation in the material. The relaxation 
da ta l4  are to  be used mainly to  determine the 
amount of p last ic strain developed under cyc l i c  
loads, The creep-buckling information l 5  i s  re- 
quired for the design analysis of the various core 
and reflector shells. These shells w i l l  be sub- 
iected to  pressure dif ferentials and to temperature 
gradients both through their thickness and along 
their surfaces, 

In some instances the materials test  information 
obtained from the programs mentioned above may 
be used direct ly t o  estimate the thermal deforma- 
t ion and buckl ing characteristics of components 
and t o  determine the l i f e  of parts subjected to 
cycl ic loads. However, th is  direct oppl icat ion w i l l  
be ef fect ive only for re lat ively simple structural 
configurations and cannot be used for many of the 
important structural members of the reactor. In 
the latter cases it will  be necessary to  resort to 
component or scale-model tests under operating 
conditions. For example, a test  i s  under way on a 
one-fourth-scale model of the outer core shell 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 ART, and the tem- 
peratures and hold-times involved were determined 
from relaxation and strain-cycl ing data ora lnconel 
(Fig. 24). This  teest should indicate, also, the 
extent t o  which the strain-cycl ing and relaxation 
data based on simple uniaxinl stress coriditions 
can be extrapolated to  the more complex patterns 
encountered in the actual design. 

The detai led stress analysis of the ART, now 
under way, consists in examining the system op- 
erating pressures and thermal and cyc l i c  loads, 
The operating pressure loads were used to size 
the principal structural members. The cri terion 

"This work is under w n y  nt ORNL and a t  the Uni- 
v e r s i t y  of Alobarna. 

1 3 L  F. Coffin, Trans. Am. Soc. Mech. Engrs. 76, 
931-950 (1954). 

'*To Be supplied by ORNL, WADC, and the Uni- 

1 5 D ~ t o  now being collected nt Pratt  8 'Nhitncyand the 
v e r s i t y  of Michigan. 

Universi ty of S y r a c u s e ,  
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Fig. 24. Conditions for Thermal Cycling Tests of One-Fourth-Scale Model of ART Core Shell in 
Comparison with ART Thermal-Cycling Conditions. 

presently in use requires that the stress level 
created by these loads be no more than one-fourth 
the value known to cause rupture from creep i f  
applied for 1500 hr. The stress analysis i s  based 
on elast ic theory, hut for very complicated con- 
figurations the analysis i s  supported by experi- 
mental studies on models of the actual member. 
This scheme o f  analysis has been applied in a 
preliminary manner to  a l l  structural components of 
the reactor, i t s  support structure, the NaK piping 
inside and outside the pressure cel l ,  and the heat 
dump systems (NnK pumps and radiators). These 
preliminary stiiclies have been completed, and 
attention i s  now being focused on the detailed 
stress analysis of the major structural members 
which are a part of khe reactor proper; these mem- 
bers include the north-head double-deck composite 
structure, the reflector support ring, the core and 
reflector shells, and the fuel dump tank and 
supports. 

A tentative set of design cri teria has been se- 
lected for the detai led examination of the system 
from the viewpoint of thermal and cycl ic loads. 
For members that w i l l  be subjected 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 
on the concept of an elast ic stress-strain relation, 
th is corresponds t o  a stress of around 30,000 ps i  
at  13OO'F. Such a criterion, although in agreement 
wi th the design philosophy of the ARE, i s  believed 
to be extremely conservative, and a more real ist ic 
one i s  being considered and w i l l  be evaluated by 
the results obtained from the strain-cycl ing tests 
for the lower number of cycles. The cri terion for 
the design of members subjected to cycl ic plast ic 
strain i s  also based on the requirement that the 
maximum deformation during Q cycle not exceed 
0.2%. At  temperatures of the order of 1300°F a 
specimen thus loaded should survive more than 
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2W cycles. This figure i s  based on the best 
strain-cycling data now ovailable. l 6  This crite- 
rion w i l l  be used until more reliable information i s  
obtained from the strain-cycling test program under 
way at ORNL. and at the University of Alabamca. 
The thermol-stress criteria outlined here are i n  
iise i n  the analysis of the cyclic heating of the 
core and reflector ahel!s, the pressure-shell liner, 
and the thermal sleeve attachments fw all pipe 
outlets from the reactor, as well ws in the thermal -  
stress analysis of the fuel pumps and of  the NnK 
manifolding at the reactor. An analysis i s  also in 
progress for determining the thermal expansions 
and distortions of the various shells and the 
beryllium within the reactor. These calculations 
require the temperature distributions previously 
nxwtioned, and the results obtained from the work 
w i i l  determine the final tolerances and clearances 
between these members. It should be recognized 
that the proper f i t  of the parts tinder the operating 
conditions w i l l  define the cold dimensions to 
which the system must be assembled. 

The analytical studies described above are sup- 
ported i n  many areas by parallel programs of ex- 
perimenta! stress analysis. The bulk of the work 
i s  being carried out at the University of Tennessee 
and includes the actual model tests of the north- 
head composite-deck structure, the pump barrel 
and NaK pipe attachments to the pressure shell, 
the main and auxiliary heat exchanger headers, the 
reflector support ring, the blowout patch for the 
pressure shell, and the NaK piping systems aut- 
side the reactor cell. 

The emphasis i n  the design analysis under way 
and that programed for the near future i s  placed on 
the re-evaluation of the design criteria, the de- 
tailed stress analysis of the primory structure, the 
completion of strain-cycling tests of component 
models, and the study of off-design and transient 
operating conditioris. 

Several iiiaior structural components external to 
the reactor, including the reactor support system, 
the fuel fil l-and-drain tank and support, and the 
main NaK piping which carries the heat from the 
reactor to the radiators, hove also been analyzed. 

' 4 ~ u c t e m  Propzdlsion Progam EQ 
n . . A,- 1 0  A-.-L-- , -n,, 

The reactor i s  to be suspended from an overhead 
bridgelike structure by means of the four pump 
barrels (Fig. 25). The attachment of the individual 
barrels to  the bridge allows horizontal motion of 
the barrels so as to accoimodate the relative 
thermal growth between the reactor (at operating 
temperature) and the bridge (at room temperature). 
Vertical motion of the barrels i s  complete!y re- 
strained. The bridge i s  fixed at each end to a 
flexible column consisting of 1-in.-thick steel 
plates, 28 in. wide and 123 in. long. The load 
carried by each column i s  approximately 45,000 Ib. 
This value i s  somewhere between one-fourth and 
one-half the value required to cripple the column. 

The principal function of the flexible columns 
i s  to allow complete freedom for the NaK lines 
to expand in  going from room temperature to the 
operating temperature of the reactor. During full- 
power operation the upper row of NaK lines w i l l  
be a t  1070°F, the lower row at 1500OF. This w i l l  
result in a horizontal growth of 9' in. i n  the upper 
lines and 1k in. in the lower lines. I f  the reactor 
i s  mounted in the cold condition precisely over the 
center l ine of the column bases, these expansions 
w i l l  translate and rotate the reactor out of the 
neutral position and thereby introduce bending 
stresses into the columns (Fig. 26). In order to 
eliminnre the bending stresses, i t  i s  planned to 
precut the NaK lines so that at room temperature 
the reactor w i l l  be located 1 in. off fhe neutral 
position toward the cel l  wall through which the 
NaK lines enter. As the reactor heats up, these 
lines w i l l  expand and move the reactor into the 
neutral position, thus removing the bending loads 
on the columns. 

Although the flexible columns can allow for the 
grass expansions of the NaK lines, they cannot 
provide for the differential expansion between t h e  
lines of any one row. In order to provide some 
margin for operational accidents and freedom in 
controlling NaK temperatures, it i s  planned to add 
several bends into each line to accommodate 300 
to 408" F temperature differences between odjacent 
lines. T h e  piping layout proposed for the reactor 
ce l l  for th i s  purpose i s  shown in  Fig. 27. 

The basic design features of the NaK piping out- 
side the reactor cell are similar to those inside 
the cell. The principal design requirement i s  that 
the pipe supports and end attachments have swf- 
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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 
a t  the reactor ce l 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 t o  al low freedom of 

motion i n  the principal direct ion of the NaK l ines. 
Th is  freedom al lows for the over-al l  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 i n  l ine lengths. 

The operation and f low characterist ics of the 
fuel f i l l -and-drain tank system are discussed i n  
Part 1 1 .  Since th i s  tank i s  to serve as an eversafe 
depository for the fuel, it must survive some 
2000 hr of operation a t  temperature and possibly 
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Fig. 28. NaK-to-Air Radiator, NaK Pump, and 
NaK Piping External t o  Cell. 

several fast dumps. The principal structural re- 
quirements w e  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 thermal-shock considerations. 

The most sensit ive areas o f  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  of 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 thermal 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. 29). Although the 
tank i s  attached r ig id ly to the reactor pressure 
shel l  through the fuel drain line, the major portion 
of the tank weight is not allowed to  bear on the 
shell. The total  weight of the tank, including the 
fuel, i s  approximately 6000 Ib, of which 5000 Ib 
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 proposed arrangement 
of lever arms, the structural stiffness of the drain 
lines, and the weights are wel l  wi th in the stabi l i ty  
l imi ts of the system. 

R A D I A T I O N  H E A T I N G  ON T H E  A R T  
E Q U A T O R I A L  P L A N E  IN THE V I C I N I T Y  O F  

T H E  F U E L - T O - N o K  HEAT 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 i n  the lnconel and the boron-contain- 
ing shel ls on both sides of the fuel-to-NaK heat 
exchanger are presented i n  Figs. 30 and 31. The 
total gamma-ray heating i n  each region i s  given in 
Fig.  30, a s  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 i n  the copper-boron layer by 
alpha part icles from the B”(n ,a)Li7  reaction are 
plotted i n  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. 
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TABLE 8, SOURCES OF RADlATlON HEATING CONSIDERED I N  CALCULATING THE 
RESULTS PRESENTED IN FIG, 30 

.... ___-.. ..... __.. ..I__.._____ ....___.__.___...-_ _____ ....... 
Source Source 

No. Source Stiength 

......-. ____ ____._.. -._____...-.-___ _x..___I_ .... ....... 

1 *  

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Prompt gamma rays in  the fue l  region of the core o f  the reactor 

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

Gamma rays from ine las t ic  scattering of neutrons in the f u e l  region of the core 

Capture gamma rays i n  the outer t o r e  shel l  

Capture gamma rays  in the reflector (overage) 

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

Boron capture gamma rays in copper-boron layer 

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

Decay gamma radiat ion from the fuel  i n  the heat exchanger 

Gamma rays from inelast ic scal ter ing of neutrons in f i r s t  9 cm of ref lector 

(average) 

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

shel ls  ( including the pressure shel l )  

Capture gamma rays  in the copper of the copper-boran loyer 

Garnmn rays from ine las t ic  scattering in bath core she l l s  

Capture gamma rays in the is land core shel l  

28.3 w/cm 3 

6.84 w/cm3 

41.4 w/cm 2 

0.5 w/cm 3 

3 10.1 w / c m  

22.5 w/cm3 

2 1.8 w/cm 

3 42 w/cm 

2.3 w/cm 3 

3 0.7 w/cm 

' 3  0.1 w/cm 

2 0.5 w/cm 

2 4 w / c m  

41.4 w/cm 2 

.... ____..____ ..... ...... _____...._I_.~ .__ l__.- ........ 

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

The heating from sources 10 to  14 was neg- 
lected. Their combined contributions to  the hcat- 
ing i n  the region being considered was estimated 
to  be about 5% of the total heating. 17 

RADIATION HEATING IN VARIQUS R e e i a N s  
OF THE 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 in order to  supply numbers f r o m  which tlier- 
mal-stress calculat ions could be made. Because 
of the complexity and the time that w o i ~ l d  be in- 
volved in  calculat ing accurately the heating i n  a l l  
the regions of the north head, it wus 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 a slab of Inconel bounded on one side by - 

"For de ta i l s  o f  these calculat ions see Chap. 1.2 of 
ANP Quar. Prog.  R e p .  June  IO, 1956, ORNL-2106 ,  p 28, 

an inf in i te fuel region containing the sources of 
radiation. Th is  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 slab of Inconel 
bounded on one side by s l o b s  of sodium of various 
thicknesses were calculated, and the results were 
extmpolafed and interpolated to  obtain the heat- 
generation rates in the lnconel regions of the north 
head which are hounded by various thicknesses of 
sod i urn. 

Fai r l y  accurate calculat ions were made of the 
heat-deposition rates i n  the Inconel f i l ler  plates 
below the  is land and in the v ic in i ty of the fuel-to- 
NaK heat exchanger on the equatorial plane of the 
reactor. These results were used a s  n guide i n  
estimating the heating in some north-head regions, 
and new values were obtained by compensating (by 
simple exponential attenuation) for decreased 
beryl l ium thicknesses, penetrations through addi- 
t ionul fuel layers, increased thermal-neutron leak- 
age currents into the north head, etc. 
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Table 9. The configuration of the north head i s  
shown in  Fig. 32. 

0 004 008 012 016 0 2 0  0 7 4  
THICKNFSS OF I AYER ( c m )  

Fig. 311. Heating in Copper-Boron Layer by Alpha 
Part icles from the 5'0(n,~.)Li7 Reaction. 

It was assumed that a neutron current of 7 x 
neutrons.cm-2-sec- ' was escaping uniformly from 
the upper portion of the cme and that 1 Mw of f i s -  
sion power was being generated in the fuel regions 
of the north head by neutrons escaping into t h i s  
region. The latter increased the gamma rays in 
the fuel by about 30%. 

The sources of gamma radiation considered were 
those from the heat exchangers, the boron, the core 
shells, the beryllium, the lnconel shell capture 
gamma rays, the sodium and fuel in the north head, 
and the fuel in the core. The sources of beta 
part icles considered were those from the gases i n  
the fuel-expansion tank, and the sources of alpha 
part icles were taken to  he those from boron cap- 
tures. The average values of heat generation ob- 
tained in these calculations ore presented in 

B E T A -  A N D  GAMMA-RAY A C T I V I T Y  IN T H E  
FUEL-EXPANSION CHAMBER AND T H E  

O F F - G A S  SYSTEM 

The power-source distr ibution of the act iv i ty of 
the gases in the space above the fuel in the fuel- 
expansion chamber and in the off-gas l ine has been 
determined. The results obtained are to  be used 
in the calculat ion o f  the radiation heating and the 
thermal stresses i n  th is 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 f ission- 
product fluorides will be formed iii the fuel and 
w i l l  escape into th is  area. However, i t  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  ac- 
t i v i t y  to  that already caused by the gaseous f is-  
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 iss ion gases wil l  actual ly be carried down- 
stream by the off-gas system or whether they w i l l  
be deposited on the enclosing wal ls os they are 
formed. In order to  get a conservative estimate 
of the power-source distribution, it was decided to  
treat the daughter products of xenon and krypton 
as  gases (except insofar as their purging from the 
fuel into the fuel-expansion chamber is concerned). 

The total power and the power density in the gas 
space of the fuel-expansion tank as a function o f  
the volume of the gas arid the helium f low rate are 
given in Fig.  33. In the calculat ion of the curves 
the very short- and very long-lived nuclides of 
xenon and krypton (olong with their decay products) 
were neylected. Since the fuel circulat ion time 
in the ART w i l l  be less than 3 sec, nuclides with 
half  l ives less than this value w i l l  decuy mostly 
in the fuel before it reaches the purging pumps. 
Thus very few atoms with half  l ives of less than 
about 3 sec would get into the gas space. Also, 
for nucl ides wi th long half l ives (greater than 
about 100 hr), the number of disintegrations taking 

1 8 J .  J. Newgnrd, F i s s i o n  Product A c t i v i t y  and D e c a y  
Heat Distribution in the  Circulating Fuel R e a c t o r  w i t h  
Fission G a s  Str ipping,  TIM-205 ( S e p t .  28, 1955). 
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Fig. 32. Configuration of ART North Mead Showing Members Referred t o  in Table 9. 
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TABLEP. AVERACE HEAT6;ENERATIONRAYESINMEMBERSOF ARTNORTH HEAD 
.... ~ ...- ___ ______ _l__l_._._l 

Heat Generation 

(w/cm3) 

Member 
No.* Descr ipt ion 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Pressure shel l  (below sodium expansion tank) 

L iner  

Fue l  expansion-tank ba f f le  

Fue l  expansion-tank wa l l  

Upper deck (regions w i th  sodium on both s ides) 

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

Swirl chamber baff le 

Swirl chamber wa l l  

Lower deck (regions w i t h  fuel  below and sodium above) 

Lower deck (regions w i th  fuel  on both sides) 

Copper-boron t i l e s  

F i l l e r  block 

Beryl l ium support struts 

F i l l e r  b lock 

Copper-boron t i le 

F la t  sect ion of lower support r i ng  

Strut part of lower support r i ng  

Lower support r i ng  

4 

6 w/cm i 16 w/cm2 on expansion- 3 

tank surface due to  beta rays 

3 

6 

2 

15 

3 

El 

8 

12 

25 w/cm2.t + 6 w/cm3, where 

t =th ickness  of t i l es  (cm) 

3 

10 

1 

30 

15 

3 

1.5 

*See Fig. 32 for locat ion of member. 

' ! \  I '  
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VOLUWE OF GAS S P K E  ( m 3 )  

Fig, 33. Tsta I  Power and Power Densi ty i n  the 
Gas Space of the ART as 01 Function of the Gas 
Volume and the H e l i u m  Flow Rate for Q Fuel 
Flow Rate of 22 gpm. 

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

In 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% of  the total power distribu- 
tion. Of the total power, about 90% is  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 i n  u small surface 
layer o f  the materials surrounding the gases in the 
fuel-expansion chamber and the off-gas line. 

The power density in the off-gas l ine as a func- 
t ion of time and gas volume for helium f low rates 
of 1000 and 3000 Iiters/day (STP) i s  given in 
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Fig.  34. The time axis can be converted into 
lengths along the off-gas l ine by div id ing the 
volume flow rate of the helium gas by the cross- 
sectional area of the off-gas pipe. Thus Fig.  34 
gives the power-source density of 1 cm3 of the 
gas a t  any posit ion in the off-gas line. 

These plots were made by using the well-known 
equations of the decay of parent products and the 
buildup of their daughters as a function of time. 
The in i t ia l  conditions a t  the beginning of the off- 
gas l ine were taken as the equilibrium conditions 
that would prevai l  in the fuel-expansion tank. 
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TIME ( s e c )  

F ig .  34. Power Density in the Off-Gas Line as a Function of Time and Gas Volume in the Expansion 
Tank for a Fuel Flow Rate of 22 gpm. 
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ENGINEERING TEST UNIT 





ENGINEERING TEST UNIT 

. . ... . 

A fu l l -scale zero-power engineering test  un i t  
(€TU)  i s  being fabricated that i s  a prototype of 
the ART. Assembly of the ETU w i l l  provide a 
tes t  of the feasibi l i iy  and eff iciency of the pro- 
cedures prior t o  assembly of the ART. Thus 
time-consuming and expensive rework operations 
such a s  those required for the ARE w i l l  be 
avoided. The f i rs t  reactor assembly fabricated 
moy have, for example, a number of doubtful welds 
that would no t  prevent the in i t iat ion of nonnuclear 
shakedown tests but would have to Le reworked 
i f  the assembly were to  be used as the high-power 
ART. The fabrication experience gained w i l l  be 
used in assembling the second unit. 

A second and even more v i ta l  reason for fabri- 
cat ion 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 
d i f f i cu l ty  of predict ing the magnitude and direct ion 
of thermal warping and distort ion make i t  essential 
t o  run a comprehensive test on a nonnuclear 
assembly, even though not a l l  the condit ions can 
be  simulated, Experience a t  the Kno l ls  Atomic 
Power Laboratory’ has forceful ly demonstrated the 
importance of such tests when dealing wi th a 
high-performance complex that i s  to  operate under 
condit ions for which there ore l i t t l e  data or ex- 
perience. Upon completion of the tests, the €TU 
w i  II be completely disassembled and thoroughly 
inspected. 

Invaluable shakedown and endurance test  ex- 
perience w i l l  be obtained, and the training of the 
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 in  two o f  the four main NaK circui ts.  
It was original ly intended that the capacity of 
each furnace would be 5 Mw, but each furnace 
has been reduced to a copacrty of 1 Mw because 
of procurement and instal lat ion d i f f i cu l t ies .  Along 
w i th  the reduction in  the heat input, the radiators 

‘R. W. Lockhort et a!.. Kevzew of SIR P T O J ~ C L  Mod<,I 
Sieutn Generufor  Integri ty ,  KAPL-1450 (Nov. 1, 1955). 

have been eliminated from the other two main NaK 
circui ts.  Radiators w i l l  be included only in the 
reflector-moderator (sodium-to-NaK) cool ing c i rcui t .  
These radiators w i l l  permit a determination of 
performance characterist ics of no t  only the radi-  
ators but a lso  the louvers and the heat-barrier 
doors to be used w i th  them. It i s  part icularly 
important that the sensi t iv i ty of the controls for 
these uni ts be determined a t  low loads. Since 
the uni ts 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 
tes t  of the reflector-moderator cool ing c i rcu i t  w i l l  
serve t o  answer many basic questions regarding 
the performance characterist ics of the main c i rcui ts 
on the ART. 

Since there w i l l  be no after-heat and no  radio- 
ac t i ve  off-gases, the fuel dump tank and the 
off-gas system, rather than being prototypes of 
those to be used w i th  the ART, have been 
s i mpl i f ied to expedite fabrication, con struction, 
instal lat ion, and test ing of the ETU. The fuel 
enrichment, recovery, and sampling systems are 
no t  to be included i n  th is nonnuclear test  assembly. 
The ART design w i l l  be fol lowed in every respect 
i n  the fabrication and assembly o f  the ETU reactor. 
The f inal  reactor for the ART w i l l  d i 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 
obsolutely essential to the successful operation 
of the ART are expected to be made. 

S P E C I F I C  TEST OBJECTIVES 

The most valuable information to be obtained 
from the ETU w i l l  probably be the disclosure o f  
unanticipated di f f icul t ies,  such as interferences 
i n  assembly or instal lat ion or d i f f i cu l t ies  ar is ing 
from misoperation of certain elements of the 
system under pecul iar operating conditions, but 
severa I prime objectives have been establ ished 
for t h e  ETU test  program. The f i rs t  and most 
important w i l l  be a determination of the tendency 
o f  parts t o  warp, shrink, or otherwise distort  during 
the original welding and assembly processes and 
during testing. Dimensional checks w i l l  be made 
on a l l  ports during inspection prior to  and during 
assembly, and the actual dimensions w i l l  be 
r ec or ded . 

The most important sets of dimensions, from the 
standpoint o f  satisfactory reactor operation, are 
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those that affect the moving paiis, part icularly the 
pump impellers. Distort ion might C ~ U S C  inter- 
ference between the impeller and the stationary 
elements of the pump, which, in  turn, might cause 
malfunctioning of the pump. 

Dimensional data on the cool ing annuli  for the 
core, reflector, and pressure shel ls w i l l  a lso  be 
recorded. It i s  important that these cnnnwli be 
held t o  close tolerances, both i n  local regions 
and for the complete assembly. Some types of 
deviat ion w i l l  have l i t t l e  effect, whi le other types 
could have quite serious effects. I t  i s  not 
possible t o  state exp l i c i t l y  which ones of the 
many possible combinations of deviat ions from 
drawing tolerances w i l l  be acceptable and which 
w i l l  not, but i t i s  important to determinc the 
geneiul magnitude and direct ion of the distoi t ions 
i n  the ETU result ing from assembly operations 
and from testing so that the importance of such 
distort ions in the ART can be reasonably ap-  
praised. Unfortunately, the temperature distr i -  
bution and hence the distort ion pattern in  the ART 
during high-power operation w i l l  be dif ferent from 
those in  the ETU, but the distort ion during zero- 
power operation and during most of the low- and 

tnediurn-power operotion of the ART should be 
the 513riie as that i n  the E I U .  Further, many 
par ti c u lar I y bad off -des i g i ~  and tran s icn t c on d it ion s 
can be siniulated in the ETU, and the effects on 
distort ion w i l l  be s3udied. 

Flow tests on various components w i l l  be carried 
out duti i ig the assembly of the reactor. These 
tests, which may be made with  either water or 
air, are partly for checking d i e  caku lu ted  pressure 
drops through the complex c i rcui ts and partly for 
cal ibrat ing the systems so that they w i l l  serve 
as  flowoletars for work during the high-temperature 
testing, 

WARMUP AND S M W K ~ D O W N  -r%sriNG 
During h e  in i t ia l  warmirp and shakedown testing 

o f  the ETtf  a considerable amount of test data 
w i l l  be obtained for L J S ~  i n  evoluotirig the design. 
Data w i l l  be taker, on the pressure drops through 
important elements of the system and, most es- 
pecial ly, on the over-al l  pressure drop  a t  ecrch 
of a series of given flaw rates, and the results 
w i l l  be checked against the predicted values, 
Close attention wi l l  be given to  the behavior of 
the l i qu id  levels in  the expansion tanks for the 
h o t  f luids so ihnt the accuracy and t h e  dependa- 
b i l i t y  of the l iquid-level indicators can be de- 

termined, The heat losses i o  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 cool ing system w i l l  
be deteinrined. It i s  especial ly important that 
the  sensi t iv i ty of the heat losses near the zero- 
power condition be determined as a function of 
posi t ion of both the heat-barrier doors and the 
louvers. 

QPEWATlNG TESTS 

Operation of the EI'U should fol low the program 
prepared for the A R T  insofar as  possible; in  
particular, the pump speeds and hence the system 
pressures should be programed in  the same way 
a s  i s  planned for the ART, Thus the i n i t i a l  
operation w i l l  be carried out a t  low pump speeds, 
the NaK pumps being operated o t  probably one-half 
speed and the fuel and sodium pumps a t  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 
operuting values. During this simulated operation 
i t  w i l l  be possible to obtain further test  datu on 
the f low chnracterist ics of the various systems, 
the  heat bnlatiee data, nnd some indication as 
t o  thc performance of the heat exchangers, par- 
t icular ly those in the reflector-moderator cool ing 
c i rcui t .  The precision wi th which the heat balance 
data can be obtained w i l l  he determined by 
checking the heat balance data for the air, the 
NaK, and the sodium systems against each other. 
During the shakeduw~3 operations i t  w i  1 1  probably 
be desirable t o  determine the  effect that cut t ing 
out one or more pumps w i l l  have on the l iqu id  
levels i n  the expansion tanks, Also, i t  may be 
possiblc t o  conduct tests on the performance of 
the xenon-removal system. 

A careful ly programed series of thermal-strain- 
cyc l ing  tests w i l l  be included i n  the ETlJ oper- 
at ional  tests. Delineation of this program w i l l  
be  delayed unt i l  the stress analysis work i s  
essent ia l ly  completed so that s igni f icant tests 
can bc made. Hence the precise temperature 
levels, pressure levels, and f low rates that sliould 
he  used in  th is program cannot be specif ied un t i l  
around December 1956. 

R E A  iFT OH ASSEMBLY 

The reactor i s  made up of f ive major subas- 
semblies: the ref1ecto:-moderator, the main heat 
exchanger, the north head, the island and south 
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pressure-shell l iner assembly, and the pressure 
sheil. Each o f  these major sections i s  t o  be 
assembled and then f i t ted together in the proper 
sequence to produce a complete assembly. 

Many of the individual components of the subas- 
semblies present d i f f i cu l t  fabticational problems 
because of their geometric shape and the di- 
mensional tolerances specified. A part icularly 
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 shel ls which form 
the f lu id passages and separate the components 
o f  the reactor. The mast meticulous and rigorous 
inspeci ion techniques avai lable are to  be used 
on materials and welds. 

Assembly of the reactor w i l l  start wi th the 
reflector-moderator, which i s  made up of the outer 
lnconel core shell, the beryl l ium hemispheres, 
the strut-ring structure, the B,C layer, and the 
lnconel ref lector shel ls. The upper and lower 
halves of the lnconel outex core shel l  w i l l  be 
welded together a t  the equator, and the upper 
co l la r  will1 be welded to the top o f  the shell. The 
Inconel spacers w i l l  be fitted on the inside surface 
of  the beryllium hemispheres, and the beryl l ium 
w i l l  be f i t ted around the lnconel shell, The 
spacers on the outer surface of the beryl l ium 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 lnconel ref lector shel l  that 
houses the beryl l ium 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 o f  the 
assembly and covered with the '4 6-rn.-thick lnconel 
shel l  that serves as the boron jacket. The B,C 
t i l es  are io be placed in sheet metal containers, 
one hal f  of 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 farm a container 
around the t i le. Th is  operation w i l l  complete the 
reflector-moderator assembly. 

Special movable f ixtures w i l l  be used to place 
the 12 tube bundles of the iliain heat exchanger 
around the ref lector assembly, The units must 
be f i t ted into place simulfaneously and held in 
position so that the northhead assembly may be 
lowered over the ref lector-moderator--heot ex- 
changer assembly. The north head is a compli- 
cated weldrnenf. containing h e  fuel pump volutes 
and housings, the fuel-expansion tank, the core 

entrance header, the sodium pump volutes, and 
the sodium-to-blaK heat exchangers. The north 
head w i l l  be built up from subweidnients of the 
pump voiutes and header passages on two decks. 
Welding accessibi l i ty  and welding sequence to 
prevent excessive warpage of c r i t i ca l  surfaces are 
the most d i f f i cu l t  problems envisioned for th is  
assembly at the present time. Weldability models 
that i l lustrate the steps involved in assembling 
the north head are shown in Figs. 35 through 41. 

The island and south pressure-shell liner as- 
sembly w i l l  be assembled by f i t t ing  the upper and 
lower beryl l ium sections together and placing the 
spacers on the beryl l ium surface. The upper and 
lower sections o f  the inner core shel l  w i l l  h e n  
be placed around the lLeryIlium, and the equatorial 
weld w i l l  be made. The upper island and the 
expansion joint w i l l  be welded to the core shel l  
t o  form the island assembly. The sou& pressure- 
shel l  l iner assembly w i l l  then be assembled with 
the shel ls containing the neutron shielding and 
welded to the island assembly. The island w i l l  
be inserted through the moderator assembly so 
that the bellows assembly will  s l i p  into posit ion 
in the north, head and so that the southern pressure- 
shell l iner will seat against the northern section 
a t  the equator. The equatorial weld w i l l  then be 
made. 

The upper ha l f  o f  the pressure shell w i l l  be 
lowered over the reactor assembly, and the lower 
pressure shell, wi th the laminated fiiter plates 
in  place, w i l l  be brought into position. The girth 
weld w i l l  be niade for lairsing the two halves o f  
the pressure shell. The upper island connection 
w i l l  be welded to the upper pressure shell, and 
the heat exchanger header pipes w i l l  be welded t o  
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 obtain a test  of the support structure and 
the cool ing systems. The water shield wi l l  be 
omitted an the ETU t o  ease procurement and 
instal lat ion problems. The many shield pene- 
trations #or Instrumentation, helium, off-gas, and 
other connections to the reactor and reactor shel l  
appurtenances make the detai led shield design and 
i 11 s ta I 1 at  i on very d i f f  i cu It, 
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Fig. 37. North-Head Weldability Model, Step 3. 
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Fig. 38. North-Head Weldability Model, Step 4. 
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Fig.  39. North-Head Weldability Model, Step 5. 
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Fig. 41. North-Head Weldability Model, Showing Another View of Step 6. 

R E A C T O R  DISASSEMBLY 

Dimensional data w i l l  be taken at  frequent 
intervals throughout the disassembly of  the ETU. 
The f i rst  step after removal of  the reactor from 
the test stand w i l l  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 at the 
equator through both the pressure shell and the 
pressure-shell liner. A cut w i l l  also be taken 
through the thermal sleeves around the heat ex- 
changer header outlet tubes at  the south end, and 
the sleeve that attaches the island assembly to 
the north head w i l l  be severed. This 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 wells, 
on the pump impellers, and on the areas in the 
vicinity of close impeller clearances w i l l  be 

taken. The welds that attach the pressure shell 
dome to the north head around the roots of the 
fuel pump barrels w i l l  be milled out, and the 
transfer tubes that attach the reflector 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 cut. The two regions can then 
be separated for inspection. The reflector shell 
w i l l  be cut, and the beryllium w i l l  be removed and 
inspected for corrosion, spacer fretting, and 
thermal cracking. 

Other elements of the ETU system, including 
the snow traps, the cold traps, the fi l ters in the 
NaK system, etc., w i l l  also be inspected. Typical 
sections of piping w i l l  be removed and inspected 
for corrosion and mass transfer. The NaK 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 carefully 
dye-checked for thermal cracks that might have 
been induced during the operation. 

.4- 
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CQHSTRUCTDN AND OPERATION 

PLANS F O R  INSTALLATION (SF THE A R T  The fused-salt fuel carrier w i l l  be put into the 

... 

. .  

T i e  present plans for assembly and instal lat ion 
ad the ART were evolved to minimize the time re- 
quired to get the ART into operation. It was 
recognized that not only must the ART assembly 
start before completion o f  the ETU 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 inodifications of the reactor 
unit. A s  a result, three complete reactor units are 
berng ordered. SubasserribIies o f  the third uni t  
w i l l  be started as soon as the second uni t  is 
assembled, but f inal assembly wi I I  not be started. 
The second reactor w i l l  be assembled and instal led 
i n  Bui lding 7503 as  rapidly as possible and, if  no 
trouble develops in the ETU, w i l l  be placed i n  
operation as soon as the disassetnbly ond the 
inspection of h e  ETU have been completed. How- 
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 u s  soon as 
decisions are reached a5 to the nature af the modi- 
f icat ions required. Final  assembly of h e  third 
un i t  would proceed concurrently with the removal 
of the second uni t .  

Fi l l ing and Heating 

The initial f i l l i ng  arid heating o f  the reactor are 
part of Goth 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 led 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 a t  one-half 
design-point flow w i l l  supply most o f  the heat re- 
quired, and electr ical heaters w i l l  supply the rest 
of the heat needed to bring the system up to 1200'F 
in a minimum of 24 hr. 

The sodium for cooling the reflector-moderator 
and t h e  sodium for cooling the control rod wil l  be 
added during the heating period when the system 
temperature is about 350*F. With the sodium pumps 
operating, i t  w i l l  then be permissible to add more 
heat i o  the system through the main NaK system. 
With the system isothermal o t  120OoF, the cold- 
trap systems w i l l  Le gradually cooied down in 
order tu remove oxides From the NaK. 

fill-and-drain tank when the entire system i s  in 
nn isothermal condition a t  120OOF. The fuel pump 
w i l l  be started and w i l l  be operated at  a nominal 
speed of 100 rpm, and the fuel carrier w i l l  be 
pressurized into h e  reactor and heat exchanger 
system. The dump valves w i l l  then be closed, 
and the fuel and sodium pump speeds w i l l  be in- 
creased in order to degas the systems. When the 
system ha5 been degassed and the design fuel 
level has been obtained in the swir l  tank, the 
main NaK pump speeds w i l l  be increased to  design 
point. Increases in the main NaK pump speeds 
w i l l  be made stepwise i n  about s i x  steps from one- 
ha l f  speed to  design-point speed. 

isothermal operation with a l l  pumps operating at  
design-point speed wi It be maintained for about 
24 hr. With a l l  the pumps operating at  design point 
the added power w i l l  raise the temperature of the 
system. The electr ical heating wi II be decreased, 
as required, in order to maintain the system in an 
isothermal condition. If it i s  necessary, a main 
blower w i l l  be started and h e  heat removal w i l l  be 
controlled by manipulation of  h e  auxi l iary louver 
positions SO that the system can be maintained in 
an isothermal condition with a l l  pump speeds at 
the values desired. 

After no more than 24 hr of isothermal operation 
of the system, the dump valves w i l l  be opened and 
the fuel carrier wil l  be dumped into the fill-and- 
drain tank. Opening the dump valves w i l l  auto- 
matical ly reduce the main NaK pump speeds to one- 
ha l f  design-point speed and a t  the same time w i l l  
reduce the fuel und sodium pump speeds to estab- 
l ished minimums. 

Samples of the fuel carrier, the NaK, and the 
sodium w i l l  then be taken and examined for corro- 
sion products. Mass spectrographic analyses of 
these samples w i l l  also be made in order to  de- 
termine whether any leakage occurred between any 
two adjacent syct ems. 

I f  there i s  no evidence of leakage and i f  the 
corros ion-product analysis indicates that the 
carrier is clean, a portion of the carrier w i l l  be 
wihdrawn from the fill-and-drain tank to make room 
for the addition, in two steps, of suff icient Na,UF, 
to provide a fuel mixture which has about 60% of 
the L1235 required to achieve cr i t ical i ty wi th the 
regulating rod withdrawn. The estimate of 60% i s  
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based on the system volume and on the data ac- 
quired during the high-temperature cr i t ical  experi- 
ments described in Part I I  of this report. 

Enrich ing to  Gritica I 

After addition of the in i t ia l  charge of Na,UF,, 
mixing w i l l  be accomplished by pressurizing the 
f lu id  into the system unt i l  i t s  surface level i s  
approximately at the mid-point of the reactor; the 
pressure w i l l  then be released to al low the f lu id  
t o  return to the fill-and-drain tank. It i s  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 a t  a withdrawn posi- 
t ion of about one-fifth i t s  full stroke. 

The fuel mixture w i l l  be pressurized to  f i l l  the 
reactor system to the operating f lu id  level- Th is  
operation must proceed slowly as i t  nears coin- 
pletion. In order to avoid overf i l l ing the reactor, a 
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 suf f ic ient  to force the fuel 
up to the minimum level. Th is  pressure w i l l  have 
been estimated from the f lu id shakedown tests. 

I f  proper mixing has been accomplished, addition 
of the in i t ia l  charge i s  not expected to bring the 
reactor to cri t ical i ty, since the fuel addition was 
calculated to give a react iv i ty value ( k )  of about 
0.94. Improper mixing could, however, produce 
soiiie abnormal effects, sirice the fuel pumps w i l l  
be operating a t  the established minimum speed. 
The slowly c i rculat ing fuel could pass through 
the core in an alternately r i ch  and lean stream, 
and the count rate o f  the f ission chambers would 
fo l low these patterns of fuel density. Since design- 
point circulat ion occurs only when the f lu id level 
i s  high enough for the pumps to do 3ome pumping, 
pauses in  the mixing cycle cannot be expected to 
improve the mix in g. 

During the pressurizing of the in i t ia l  charge o f  
fuel into the reactor, safety instrumentation wi I I 
be set on either a fast period or on established 
maximum neutron f lux level to dump the fuel by 
automatically releasing the pressure on h e  f i l l -  
and-drain tank, since the fuel drain valves w i l l  
no t  have been closed. The operation w i l l  not  be 
carried out with full reliance on ahese snfety 
devices, As is custornriry for a new reactor, much 
of the operation a t  this stage w i l l  depend upon the 
s k i l l  of the trained and experienced operator. 

Fas t  regulating-rod insertion at the calculated 
rate of change in A k / k  of --%% per second and 
concurrent release of the hel ium pressure over the 
fill-and-drain tank w i l l  provide the meclns for re- 
versing a fast rate of r ise of the neutron flux. 
These operations, in  addition to being automatically 
actuated, can 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  of the reactor, after the addition o f  the in i t ia l  
charge of enrichment mixture, to be the most haz- 
ardous step in  the enrichment procedure. Ex- 
perience with the high-teinperature c r i t i ca l  assembly 
indicated, however, that 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  De in quan- 
t i t ies  that w i l l  increase the reactivi ty by an average 
amount of about 0.3% fur a given rod setting. 

Af ter 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 posit ions of the regulat ing rod. These posi- 
t ions can be determined accurately and w i l l  be 
recorded. 

The fuel w i l l  ther; be dumped into the fill-and- 
drain tank, and another accurately measured en- 
richment charge w i l l  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- 
la t ing  rod and w i l l  be recorded. This procedure 
w i l l  be repeated for a l l  successive additions of 
enriched materia!. Curves showing the reciprocal 
of the count rate as a function o f  the mass of U235 
i n  the system w i l l  be plotted for each of the f i ve  
rod posit ions after each addition is  completed, 

At some stage in the enrichment procedure, be- 
fore the reactor i s  c r 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 
adjusted to maintain the system in  an isothermal 
condition. The count rate w i l l  b e  taken for each 
of the f i ve  rod posit ions after the pump speeds 
have been increased. 

W i t h  fuel and sodium pumps operating a t  their 
respective design-point speeds and with the main 
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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, 
start ing a blower, i f  necessary, and opening the 
main louvers a small amount. The exact conditrons 
to be used w i l l  have been determined in the earlier 
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 fu l l  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 the count rate and the mean fuel 
temperature should give semiquantitative evalua- 
t ion 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 to  
get a suff iciently high count rate to obtain rel iable 
s to t i s tics. 

After these data have &en 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 dosed, and the heat- 
barrier doors w i l l  be closed. The system w i l l  be 
returned to the previous isothermal condition a t  a 
temperature of 1200'F by the operating heaters and 
the pumps as described previously. The fuel and 
sodium pump speeds w i l l  then be reduced to the 
established minimums, and the fuel will  be dumped 
into the fill-and-drain tank. 

Successive additions of Na,UF, w i l l  be made 
unt i l  the reactor i s  c r i t i ca l  with the reguiating rad 
ful ly withdrawn and then until the reactor i s  cr i t ical  
wi th the rod 80% withdrawn. Inhour curves w ~ l l  
be obtained from doto token at each rod posit ion 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 be considered as 
a stationary-fuel reactor for the purpose of f ix ing 
the fission-fragment delayed-neutron yield. 

The delayed-neutron contribution to  reactivi ty as 
a function of fuel pump speeds can best be deter- 
mined in the low-power-level experiments by 
holding the reactor c r i t i ca l  and a t  a constant f lux 
for a l l  pump speeds. Th is  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 insert ing the regulating rod upon 
an increase or a decrease of the pump speeds. By 
the time that this experiment is conducted the regu- 
lat ing rod w i l l  have been calibrated for ttie sta- 
tionary-fuel case, or, i f  not, the data w i l l  b in- 
terpreted after the rod has been cal  I bated. 

Low - P ow er =Le ve I Ex per i men t s 

Low-power-level experiments wi l I be completed 
before 0 1 1  the enriching has been done, that is, 
when suff icient enriching has been done to bring 
the reactor cr i t ical  with the regulating r o d  80% 
withdrawn. 

The reactor w i l l  be brought cr i t ical  when the 
system i s  isothermal at  1200OF. The dump valves 
w i l l  be closed, and the neutron f lux wil l  be set a t  
a nominal value estimated to represent a nuclear 
power of 10 we Control of the rod w i l l  be placed 
on the f lux servo, wi th the fuel and sodium pumps 
operating at  their established minimurn speeds. 
Both the fuel and the sodium pump speeds w i l l  
then be gradually brought up to design point. The 
posit ion of the regulating rod w i l l  be continuously 
recorded, as w i l l  the pump speeds. The servo 
system w i l l  withdraw the regulating rod to main- 
tain constant flux. 

The speeds of both the fuel and the sodium 
pumpswi l l  be decreased slowly to their established 
minimums while the servo holds the flux constant. 
Th is  operation w i l l  be carried out carefully and 
probably ut a slower rate of decrease in pump 
spead than was possible for the rate of increase, 
since, at  some point, the rate of decrease i n  pump 
speed w i l l  be such that the servo cannot keep the 
f lux from rising. Abruptly stopping a fuel pump 
w i l l  automatically in i t iate a fast regulating-rod 
insertion at  a rate of change in , W k  of -&% per 
second. These experiments should provide the 
data required for evaluating the delayed-neutron 
contribution to react iv i ty as a function of the fuel 
pump speed. 

With the regulating rod controlled by the servo, 
the flux w i l l  & held constant and the sodium and 
fuel pumps w i l l  again be brought up to design-point 
speeds. The system w i l l  be made isothermal at 
120OOF and then cooled, at  a rate previously de* 
termined in the f lu id shakedown tests, by opening 
the main barrier doors and the main louvers, as 
necessary 

The mean fuel and sodium temperatures and the 
rod pasit ion w i l l  be continuously recorded. The 
cool ing of the system should cause the rod 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 cool ing 
the fuel and part by cool ing the moderator. Careful 
analysis of the rod position, and, occordingly,the 
\k/k,  vs the fuel meon temperature wil l ,  however, 
give a rel iable estimate of the fuel temperature 
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coeff icient of reactivity. This estiinate w i l l  be 
used in conjunction with the determination of the 
over-all systeni temperature coeff icient and the 
sodium temperature to estimate the moderator tem- 
perature coeff icient of reactivity. I f  the rod cal i -  
bration a t  th is stage i s  thought to be inadequate, 
the data from this experiment can be saved un t i l  
the rod calibration has been completed, and then 
these coeff icients can be estimated in terms o f  
( A k / k ) / O  F. 

After completion o f  these experiments the system 
w i l l  be b r o u k t  isothermel a t  1200’F a t  the con- 
stant flux with the regulating rod on servo control. 
Then the regulating rod w i l l  be inserted manually, 
the fuel and sodium pump speeds reduced to their 
establ ished minimums, and the fuel dumped into 
the f i I I-and-daa in tank. 

The enrichment process w i l l  then be resumed, 
w i h  the same procedure being used as that de- 
scribed above, unt i l  the reactor i s  cr i t ical  wi th 
approximately 20% of the regulating rod withdrawn. 
Spot checks o f  .the delayed-newtrun contribution to 
the reactivi ty as a function o f  the fuel pump speeds 
may be made before complete enrichment has been 
effected, Likewise, spot checks of the tempera- 
ture coeff icient of react iv i ty may be inode before 
enrichment has been completed. 

Operation a t  Power 

A f inal low-power-level check of the temperature 
coeff ic ient  of react iv i ty w i l l  be made before opera- 
t ion a t  power i s  undertaken. This check w i l l  be 
made Dy the procedure described above. 

The reactor w i l l  then be taken to power i n  the 
same sequence as that used fur the ARE, With 
the system isothermal a t  1200’F and cri t ical,  the 
regulat ing rod w i l l  be withdrawn unt i l  the reactor 
i s  on a posi t ive period of about 20 sec. For a 
whi le the log N recorder should trace a straight 
line. The l ine w i l l  be straight as long as the 
posi t ive period i s  constant. As soon as the 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 ic ient  of reactivity. L ike-  
wise, the slope of the log N curve w i l l  decreaseo 
At  the time that the period starts increasing, the 
main and auxi l iary barrier doors w i l l  be opened. 
Opening these barrier doors wi I I  put .some load on 
the reactor. The log N curve should then level off, 
either a t  a higher or lower level than that exist ing 
when the barrier doors started to  opera or at  the 

same level. Since the barrier doors can be main- 
tained entirely opened or entirely closed, there 
w i l l  be no means for perturbing the load a t  th is 
stage of the operation. In fact, it w i l l  be advisable 
not to attempt to keep the power a t  th is level too 
long, since there w i l l  be no means for adequately 
control l ing the various temperatures. The moderator 
may overcool or overheat. 

With the louvers closed, a main blower w i l l  be 
started. This w i l l  cause a f low of a i r  mi-oss the 
radiators and w i l l  increase the power extracted 
from the reactor. Without any regulating rod adiust- 
ment, the log  N should increase and level of f  a t  a 
new level. A t  the new level, as a resul t  o f  the 
negative fuel temperature coefficient, the system 
stabi l i ty  should be comparable to that of the ARE 
with the heat-harrier doors open. For the ARE the 
load was about 200 kw. For the ART, comparable 
stabi l i ty  should ex is t  a t  about 1.2 Mw. The 
product o f  the fuel heat capacity in  the reactor 
and the fuel temperature coeff icient for the ART 
should b approximately s ix  times the corresponding 
product for the ARE. These factors determine the 
power level a t  which comparable stabi l i t ies may 
be expected. At 1.2 Mw the reactor power should 
level  out prornptly without excessive “ringing” 
on small perturbations in  load or rod position. 

It w i l l  be advisable to open the main louvers 
gradually un t i l  the nuclear power i s  from 6 to 10 Mw. 
Perturbations in load and i n  rod posit ion can be 
made a t  this power range, and the sodium tempera- 
ture control can be maintained. A power run ex- 
tending for several days can be made then with a 
mew3 fuel tempebature of 1200’F end a maximum 
power output of j u s t  over 23 Mw. After th is run 
the reactor w i l l  be shut down by s lowly c losing 
the main NaK louvers and, finally, by insert ing the 
regulating rod. 

The fuel w i l l  then be dumped into the fill-and- 
drain tank, and a sample w i l l  be pressurized into 
one of the sample ce l l s  and sealed o f f  wi th 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 c r i t i ca l  whi le isothermal a t  12OOOF. To 
maintain the system isothermal w i l l  require a 
greater air load than was needed for the cleiln 
system because of the afterheat frorn f iss ion 
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 
un t i l  the rod posit ion has become constant for 
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several minutes. Then the helium bleed into the 
purging system w i l l  be decreased for several 
minutes to determine i t s  influence on the xenon 
purging. A decrease in purging should cause the 
regulat ing rod to withdraw slowly. This stage in 
theexperiment will  be the most favorable for xenon- 
purging tests, since the system w i l l  be free from 
temperature coeff icient compensations on perturba- 
t ions in xenon removal and since the iodine 
precursor of xenon can be evaluated accurately as 
a funcfion of time. The only xenon removal which 
can occur at  large rates i s  that provided by the 
purging system. 

After experiments to determine the character- 
i s t i cs  of the xenon-purging system have been coin- 
pleted, the reactor w i l l  be taken to  i t s  maximum 
power with a 1200°F mean fuel temperature (approx- 
imately 23 Nlw). The regulating rod w i l l  then be 
withdrawn unt i l  the mean fuel temperature in the 
reactor i s  1250°F. The louvers w i l l  be opened 
un t i l  the NaK temperatures at  the radiator outlets 
are 1070°F. This w i l l  give the maximum power 
load avoiloble with a mean fuel temperature o f  
1250°F. This power level w i l l  be maintained for 
several days and then lowered by insert ing the 
regulating rod unt i l  the mean fuel temperature i s  
1200°F. Then the shutters w i l l  be closed, the 
fuel w i l l  be dumped, and another sample w i l l  be 
taken. 

Procedures for operating the reactor uf mean fuel 
temperatures of 1300, 1350, and 14QO°F w i l l  be 
precisely the  same as those described for operation 
a t  125Q'F. Each power run w i l l  continue for 
several days, with the condition imposed that the 
duration of a l l  power runs at or above 20 Mw shall  
not exceed 1000 h r .  After each power run the fuel 
w i l l  be dumped and a sample w i l l  be taken. At 
the  end of the last  power run h e  fuel w i l l  be 
dumped and w i l l  b e  cooled in the fill-and-drain 
tank unt i l  the afterheat hus decreased t o  such an 
extent that t h e  fuel can be pressurized into the 
recovery tank. 

P L A N S  F O R  DlSASSEMBLV 

i t  has been recognized from die inception of the 
A R T  project that the disassembly of h e  reactor 
would be a very d i f f i cu l t  operation. It I S ,  of 
course, extremely important that a fair ly complete 
disassembly and s'post-mortern'D be conducted on 
the reactor to determine how we l 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, brazed 
joints, etc., compatibi l i ty of beryllium and Inconel, 
integri ty of the boron-carbide layer and i t s  cladding, 
and radiation damage effects on the various mo- 
terials, part icularly those associated with the 
boron-carbide loyer, etc. 

Enough information i s  now avai lable 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 smaller 
specialized hot 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 of the disassembly 
problem has been the determination of source 
strengths for the various activities. Basically, 
there w i l l  be, of course, the act iv i ty of droplets 
of fuel that w i l l  adhere to the surfaces of the fuel 
circuit. Similarly, there w i l l  be some act iv i ty from 
sodium droplets that w i l l  adhere to surfaces af 
the sodium circuit. The Inconel w i l l  become 
activated, primari ly the cobalt constituent, 3s w i l l  
the beryllium, both because of the presence o f  
cobalt impurities and scandium impurities. In 
addition, radioactive elements wi II be plated-out 
from the fuel, namely, ruthenium, columbium, and 
molybdenum. Further, i t  can be expected that 
fissian-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 be- 
cause i t  would destroy fhe valuable evidence 
wonted for corrosion analyses. While i t  i s  di f f icul t  
i o  estimate the amount o f  l iquid that w i l l  adhere 
to wetted surfaces, i t  appears that roughly 2% of 
the l iquid in both the fuel and the sodium circui ts 
wil l  remain in the reactor after i t  i s  drained, A 
f lushing operotion carried out wi th a non-uranium- 
bearing fluoride mixture w i l l  remove probably 90?6 
of this residual act ivi ty. However, such a f lushing 
operation wi l l  not remove plated-out act iv i ty or the 
act iv i ty of the f iss ion fragments buried in the core 
shells. The principal advantages of the f lushing 
operation would be CI reduction in air-borne con- 
tamination during disassembly, a probable reduction 
in the act iv i ty of parts wetted by fuel in the lower 
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tempe:ature portions of the system, a morked re- 
duction in uct iv i ty held up i n  the thermal sleeves 
a t  the south end, and a very marked reduction i n  
act iv i ty i n  the druin valves and the drain line. 
The problems that would be posed by the act iv i ty 
i n  the drain l ine and valves during the removal of 
the reactor from the ce l l  might alone just i fy a 
f lushing operation. Unfortunately, this operation 
would have to  be carried out after the fuel had 
been transferred from the fill-und-drain tank to the 
fuel recovery tank. 

Estimates o f  the act iv i t ies associated with the 
various parts have been made for 100 and 3Q0 days 
after shutdown and are tabulated i n  Table 10. The 
majority of the data are from decay curves prepared 
by k r t i n i . l  From h e  table i t  may be seen that 
the principal sources of act iv i ty are the f ission 
products in the fuel, the plated-out act ivi ty (princi- 
pal ly ruthenium), the cobalt in the lnconel core 

'H. W. Bertini, A N P   qua^. P r o g .  Rep. March 10, 1955. 
ORNL-1864, p 24. 

shells, and the scandium and cobalt in the beryl- 
lium. Each one appears to give a source of the 
order of 1,000 to 100,000 curies 100 days after 
shutdown. A l l  the oiher act iv i t ies seem to be of 
the order of 10 curies or less; therefore i f  plating- 
out were not a problem, i t  should be possible t o  

remove small specimens from the reactor and for 
each specimen to have an act iv i ty of less than 
1 curie. It i s  evident that, except for the fuel 
(which decays by a factor of 10 in  the period from 
100 to 300 days after shutdown) and the plated-out 
ruthenium, the act iv i t ies are long l ived and that 
very l i t t l e  advantage would be gained from wait ing 
the 300 days, except for parts on which plated-out 
act iv i ty should be expected. While l i t t l e  informa- 
t ion i s  available, i t  appears that the bulk of the 
plated-out act iv i ty w i l l  be fairly we l l  distributed 
over the core shells, the heat exchanger, and 
other surfaces of the system wetted by the fuel. 

The only isotopes o f  the plated-out elements that 
need to  be considered at  times long after shutdown 
(greater than 100 days) are Nb95, Ru103, and 

TABLE 10. ESTlMATEB ACTIVITY OF A R T  COMPONENTS AFTER 500 hr AT 60 Mw 
~ 

Activi ty  (curies) 

Source 100 Days After 300 Days After 

Shut down Shutdown 
...._ ..-__I _____ ---__.-___II_- ..- __._ 

Complete charge of fuel 

2% of fuel charge 

Plated-out act iv i ty  (total act iv i ty  of Ru, Mo, and Nb in fission products) 

Pluted-out ac t iv i ty  near core outlet, per in.2 

Complete charge of No 

2% of No charge 

Complete charge of NaK 

2% uf NaK charge 

lnconel core shel ls  (not including adhering or plated-out act iv i ty)  

Pressure shell (not including adhering or plated-out act iv i ty)  

H e a t  exchanger tubes (not including adhering or plated-out act iv i ty)  

Bery I I ium 

L e a d  shield 

Specific act iv i ty  of lnconel outside reflector boron layer near equator, per 0 

Specific act iv i ty  of lnconel outside reflector boron layer in north or south 

heads, per g 

Drain valves and l ine  from reactor to dump tank, 2% of fuel volume 

106 

104 

2 x io5  
1 

10 

0.2 

0.2 

0.004 

7000 

40 

40 

9 00 

0.1 

10-4 

10-3 

300 

105 

1000 

8000 

0.05 

7 

0.14 

0.2 

0.004 

5000 

30 

30 

700 

10-3 

30 
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Ru106. A l l  the other isotopes have suff ic ient ly 
short ha l f  l i ves  that they w i l l  have decayed 
appreciably in 100 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 100 days 
w i l l  be Rh'OJfrr and Rh''' (daughters of Ru103 
and Ru106, respectively). 

The activities, in curies, a+ shutdown and at 100 
and 300 days after shutdown for reactor operating 
times of 500 and 1000 hr a t  60 Mw are given in 
Table 11. Also given are the average beta-ray 
energy and the average gamma-ray energy per dis- 
integration. It has been assumed that, at  shutdown, 
the fuel w i l l  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 Table 11, 
i s  in relat ively soft. gamma rays and the con- 
tr ibution to  the radiat ion dose outside the pressure 
shel l  is real ly essential ly that from the Nb95 (or 
less than 10% o f  the total act iv i ty in curies) and 
even that gives only a 0.75-Mev gamma ray, which 
i s  attenuated 2.5 times as rapidly as the hard 
fission-product decay gamma rays. 

In extrapolating experience that was gained in 
the disassembly of the ARE, the differences i n  
proposed power level and operating time for the 
ART were taken into account. The ARE wag 
operated for a total of 100 Mwhr, whereas the ART 
i s  scheduled to operate for a total of 30,000 Mwhr. 
This difference w i l l  mean vastly increased Jif- 
f icul ty in disassembly. Since the bulk of the 
ac t iv i t y  100 days or more after shutdown w i l l  be 

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

The information in Table 12 was prepared on the 
basis of that i n  Table 10 to  show the effect ive 
source strength of the reactor at various stages of 
disassembly. It i s  evident from Table 12 that work 
can be carried out immediately adlacent to the 
exterior surface of the water shield 160 days after 
shutdown without the need for auxi l iary shielding. 
Some work can still be carried out immediately 
adjacent to the reactor after removal of the water 
shield, but th is work w i l l  have to be l imited to a 
r a t t e r  of 18 min or so. After removal o f  the lead 
shield, a l l  work w i l l  have to be done remotely. A 
possible exception might &e removal of the lead 
shield from the hot cell. The thickness of the 
lead shield required for th is operation would be of 
the order of 3 in. It i s  not yet clear whether the 
space avai lable in the hot ce l l  w i l l  make removal 
o f  this lead shield essential. 

The l imi ts on the source act iv i ty for various 
types o f  hot laboratory work are indicated in 
Table 13. Standard laboratory tolerance dose 
rates for operating personnel were presumed in 
preparation of this table. As a f i r s t  step in es- 
tabl ishing safe working conditions, an attempt w i l l  
be made to get a good separation distance between 
the operator and the source so that i t  w i l l  be 
possible to work wi th sources which are on the 
order of 8.1 curie. The next step w i l l  be the use 
o f  a shadow shield barrier to cut out line-of-sight 
radiation and to employ mirrors for viewing handling 

TABLE 11. ACTIVJTY OF PLATED-OUT MAPERlALS IN THE ART AFTER 500 AND 1000 hr OF OPERATION AT 60 Mw 

Average Average Act iv i ty at Shutdown Act iv i ty 100 Days After Act iv i ty 300 Days After 
Beta-Ray &,nma-Ray Gammo-Kay (curios) _.__ Shiltdown (curies) __ Shutdorm (curies) 

(photons per 100 -- 
di sintegrations) After 500 hr After 1000 hr After 509 lir After 1000 hr After 500 hr  After lOOah;-. Energy Energy Nuclide 

(Mev) (Mev) of Operation of Operation of Operation of Operation of Operation o f  Operation 

Nb95 0.053 0.745 

Ru"3 0.074 0.498 

RuIG6 0.0131 0 

~ ~ l O 3 n i  0 0.04 

RII'~* 1.05 0.513 

0.624 

0.87 

1.045 

1.55 

2.41 

100 1.3 105 4.08 / 105 1.82~ 104 i o 4  my. 102 1.06. 103 

99 5.65 \ 105 y.57 105 1.00 lo5 1.68 105 3-06 io3 5 .16  103 

0 7.84 x IO3 1.53 Y IO4 6.49 x lo3 1.26 x 'IO4 4.44 x lo3 8 . 6 5 ~  lo3 

1M) 0 0 9.20 y. IO4 1 . 6 0 ~  lo5 2 . 9 2 ~  IO3  4.921 lo3 
25 0 0 6.49 103 1.26 104 4.44 103 8.65.1 103 

12 

1 

2 

0.5 

0.25 
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TABLE 112. EFFECTIVE SOURCE STRENGTH OF REACTOR AT VARIOUS STAGES OF DISASSEMBLY 

Equivalent* Source Strength 

Weight of (cur ies) 
__.-__I 

Component or Assembly Component 
100 Days After 300 Days After or A s  se m b I y 

Shutdown Shutdown 

Reactor w i th  complete lead and water shield 

(without Na or fuel) 

Reactor wi th lead shield only 

Reactor and lead shield wi th pump bodies removed 

Fuel  pump body assembly 

Na pump body assembly 

Reactor without lead shield or pump bodies 

Tota l  estimated ac t iv i t y  in 50 I b  of chips from cuts 

(except care shel ls and heat exchanger outlet) 

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

Control rod 

Total estimated ac t iv i t y  in 5 Ib  of chips from cuts 

through core shal ls and other regions containing 

h igh  concentration of pioted-out ac t i v i t y  

85,000 

43,000 

41,400 

400 

400 

11,200 

50 

150 

20 

5 

1 

10 

20 

10 

1 

1000 

10 

5000 

70 

100 

0.1 

2 

40 

7 

1 

100 

7 

500 

50 

3 

*The “equivalent source strength” i s  taken to be a 2-Mev gamma-ray source emit t ing photons ot the some rate as 
The radiat ion dose thus would be roughly 1 r/hr curie at 1 meter from the center of such the assembly in question. 

a source and would vary inversely wi th the distance from the center of th is equivalent source. 

TABLE 13. LIMITS ON SOURCE ACTIV ITY FOR HOT LABORATORY WORK 

Condition 

Operator-Source 
Separation Distance* 

( f t )  

Maximum Act iv i t y  o f  Source 
(curies of 2-Mev gamma rays) 

N o  shielding 15 0.2 

No shielding 30 0.8 

Shadow shield for l ine-of-sight radiat ion 15 
(20 in. of special  concrete, density = 3.0 g/cm3, 

or 4 in. o f  Pb) 

Shadow shield for I ine-of-s ight  rodiat ion 30 
(20 in. o f  special  concrete, density = 3.0 g/cm3, 

or 4 in. of Pb) 

10 

40 

Enclosed hot ce l l  (40 in. o f  special concrete or 

ZnBrZ, density = 3.0 g/cm3, or 10 in. of Pb) 
15 500,000 

* A  permissible dose rate for the operator of 8 mr/hr i s  presumed. 
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operations. If these steps are taken, a source 
strength approximately 50 times greater than would 
be acceptable without shieiding can Ee tolerated. 
Final ly, i t i s  possible to use a completely en- 
closed# heavi ly shielded hot cell. If th is  i s  to be 
done, i t appears that work on the A R T  would require 
a hot-cell wal l  thickness o f  48 in. of special con- 
crete or zinc bromide having a density of 3 g/cm3, 
or the equivalent of 10 in. of lead. 

It i s  important that a l l  the information provided in 
Tables 12 and 13 be considered to be tentative. 
The act iv i t ies are bused 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 over-all picture o f  the act iv i t ies wi th which 
i t  will  be necessary io  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  and moving it to the hot cell, as wel l  as dis- 
assembly operations that can be carried out in the 
ho t  ce l l  prior to c losing the top i f  i t i s  essential 
t o  rsmove the lead shield from the hot cel l :  

1. 

2, 
3. 

4. 
5. 

6. 

7. 

8. 
9. 

10. 
11 .  

12. 

13. 

14. 

15. 

16. 

17. 

disconnecting instrument, water, gas, Ettc,, 
l ines to reactor and shield, 
removing pump drive motors and adaptors, 
removing control-rod drive assembly (but not 

cut t ing NoK pipes just outside the water shield, 
removing a l l  but two of the copscrews that 
retain each fuel and sodium pump body in  i t s  
pump bar re I I 

removing most of the bolts that attach the 
reactor and shield support bridge to  columns, 
draining and removing lower portion of wafer 
shield, 
cutt ing fuel drain lines above valves, 
draining and removing balance of water shield, 
attaching reactor support bridge to crane, 
removing last  bolts attaching reactor support 
bridge to columns, 
movlng reactor and lead shield assembly to  
hot ce l l  and attaching to  disassembly fixture, 
cut t ing off NaK manifolds lust  above lead 
shield and removing from cell, 
removing Na pump bodies and removing from 
cell, 
removing fuel pump bodies and removing from 
cel  I, 
removing top, bottom, and side sections of 
lead shield, 
removing ZrF4-vapor trap. 

rod), 

It i s  evident that care should be taken in the 
detai led design of the attachment of the reactor 
support bridge to the columns to faci l i tate the 
removal of the f inal attachments prior to l i f t ing  out 
the reactor shield assembly, It i s  also important 
that R e  water shield be designed to permit rapid 
disassembly by the mechanics who must enter the 
ce l l  to remove capscrews, etc. Similarly, i t  i s  
important that the lead shield be designed so that 
i t  can be disassembled readily, with remote han- 
d l ing  equipment, in the hot cell. This w i l l  probably 
require special design features. 

Throughout the disassembly o f  the reactor 
pressure-shell assenibly, dimensional data must 
be taken a t  frequent intervals. For example, the 
f i rs t  step after removal off the shield w i l l  be the 
determination of the key dimensions of the pressure 
shell. The o v e r a l l  height w i l l  be measured from 
the level of the pump mounting flanges to  both the 
north and south heads. A cut can then be made at  
the equator through both the pressure shell and the 
pressure-shell liner. A cut w i l l  also & taken 
through the thermal sleeves around the heat ex- 
changer outlet tubes a t  the south end, and the 
sleeve that attaches the island assembly to the 
north head w i l l  te severed. This w i l l  permit the 
removal of the island assembly and the southern 
ha l f  of the pressure shell. The core shells, 
pressure shell, and heat exchanger can then be 
examined. The most important of the dimensional 
data w i l l  show the tendency of ports to warp, 
shrink, or otherwise distort during he original 
welding and assembly process and during testing, 
For example, dastortian might cause an interference 
k t w e e n  die impel lers  and the stationary elements 
of the pump, which, in turn, r r i i g h t  cause mal- 
functioning of the  pump. Since changes in the 
thickness of cooling annuli might 'e& BO poor 
f low distr ibution and hot spots, dimensional data 
on the cool ing annuli for the core, reflector, and 
pressure shel ls should also be recorded. Th is  
w i l l  require rrieasurement of the diameters of the 
beryIlivrn hemispheres and the various shells, and, 
of course, i t  I S  presumed that 0 comparison with 
dimensional checks w i l  I be made during inspection 
prior to and during assembly. 

The welds that attach the pressure-shell dome 
to the north head mound the roots of the fuel pump 
barrels can be mil led aut, and cuts can be r i d s  

fhrough the bansfcr tubes that attach he reflector 
assembly to the north head, as we l l  as through the 

93 



thermal sleeves and heat exchonger outlet tubes 
a t  the north k ~ i d .  The two regions can then be 
separated for inspection. The reflector shel l  can 
be cu t  out and the beryllium can be removed so 
that both can be inspected for corrosion, spacer 
fretting, and thermal cracking, After visual and 
d i mens i anal in  spec t ion, represantati ve sect ions 
of key elements o f  the various assemblies can be 
cu t  out,placed in lead pigs, and removed to smaller 
hot cel ls for metallurgical examination, chemical 
analysis of deposits, etc. Many areas should be 
careful ly dye-checked for thermal cracks that 
might have been induced during the operation. 
When plated-out ac t i v i t y  i s  evident, the relat ively 
short hal f  l i fe  of the act iv i ty may make i t  desirable 
t o  defer work on that part and to work on other less 
vi ta l  but much less active ports having long ha l f  
I ives. 

The equipment in  the hot ce l l  must include stroriy 
manipulators for handling segmen;s of h e  reactor 
assembly, heavy cutt ing equipmcnt for sectioning 
the reactor into major subassemblies, and equip- 
ment for cutt ing various samples from the sub- 
assemblies. An Inconel cut t ing torch might be 
useful for some of th is work. However, the cut t ing 
torch should nut he used where there i s  a large 
amount of act ivi ty, because dispersal of the 
ac t iv i t y  into the atmosphere of the hot ce l l  wauld 
make decontamination of the ce l l  after completion 
of the disassembly operations exceedingly d i f f i -  
cu l t  and would greatly aggravate the problem of 
loading samples into lead pigs for removal frorit 
the cell. In general, it seems that no torch cut 
sliould b made where the material in the cut would 
have a total ac t i v i t y  i n  excess of 0.001 curie, 
whi le the total amount of ac t i v i t y  i n  a l l  cuts con- 
templated with the Inconel torch should not exceed 
0.01 curie. Cuts wi th CI m i l l i ng  cutter or an abrasive 
saw should be made in such a way that the ma- 
ter ia l  removed by he wheel ai cutter will  either 
be washed into a sump with a stream of l iqu id  
coolant or w i l l  be drawn into a suitable dust 
col lector by o vacuum-cleaner type o f  system, 

The air-borne contomination can probably be 
reduced markedly by the use of saw and mil l ing- 
cutter type of equipment, which remove relat ively 
coarse chips, rather tlian cutting torches or high- 
speed grinding or abrasive type5 of cutting-wheel 
equipment, which y ie ld  Q f ine dust.- This means 
thut it may wel l  prove worth while fo adopt, as a 
basic premise( the requirement that all cutt ing 
operations be made wi th  relat ively low-speed saws 

or mi l l ing  cutters in  zones in which the specif ic 
ac t i v i t y  i s  fa i r ly  high. An important zone from 
this stondpoint i s  the region around the pump 
barrels in  the north head. It must be expected that 
the specif ic ac t i v i t y  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 the major subossemblies w i l l  be 
in those formed during disassembly of the north 
head. 

Another measure that might be taken to  reduce 
air-borne contamination would bo to f i l l  the reactor 
wi th a thin solut ion a4 strippable varnish. b f o r e  
removal of the reactor from the 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 Q step 
may be essential to reduce the air-borne contami- 
nation to acceptable l imi ts for the period between 
the severing of the lirle to the dump tank and the 
closing of the hot cell, 

I t  i s  quite evident that space inside the hot ce l l  
w i l l  be a t  a premium, because the various s u b  
assemblies of the reactor w i l l  take up much more 
space than the assembly, In th is connection it 
should be noted that the greatest ac t i v i t y  w i l l  be 
in the beryllium, the core shells, and the various 
parts that w i l l  be wetted by the fuel, If these parts 
con be separated from the others and placed under 
a portion of the lead shield, the act iv i t y  of the 
unshielded items i n  the ce l l  w i l l  be much lower, 
and i t  w i l l  be much easier to open the ce l l  for 
insert ion or removal of lead pigs for sample re- 
moval. 

It i s  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 cut t ing into the surfaces that 
have been wetted by fuel, 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, i t  may be 
desirable to coat the inside of the reactor dis-  
assembly ce l l  with a plast ic sheet to faci l i tate 
decontamination after the disassembly operations. 
A similar strippable coating on the rnaior items of 
equipment in the hot ce l l  might also prove t o  be 
advantageous. 

It w i l l  be necessary to ins ta l l  a zinc bromide 
window to permit observation of the disassembly 
operations. I t  would seem desirable to design the 
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ceii so that the major items of equipment used i n  
the disassembly operation can be removed for 
servicing. Possibly these large items may be 
differentiated into two groups. The f i rst  group 
would include a l l  parts that w i l l  actual ly come in 
contact with the reactor surfaces which have 
large amounts of act ivi ty, and the other group 
would include the balance of the mechanisms. The 
f i rs t  group might be considered to be expendable 
and thus might be lef t  in the cell. The remaining 
equipment, which should include the heavy and 
expensive mechanisms, might Re designed so that 
i f  could be removed fairly readily from the eel1 

and serviced outside. Th is  w i l l  be possible if the 
air-borne contamination can be kept to a total o f  
about 0.1 curie during the course of thedisassembly 
opera ti on. 

It i s  evident tbat once the hot ce l l  i s  equipped it  
could serve as a general-purpose hot ce l l  for rough 
disassembly work on such items as in-pi le loops, 
and therefore it might be worth while to make this 
ho t  ce l l  as we l l  suited to other types of work as 
can conveniently be done. This would imply that 
manipulator and cutt ing equipment might be de- 
signed for more general-purpose operations tban 
necessarily required by the ART disassembly. 

... 
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STATUS OF DESIGN AND DEVELOPMENT 

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

DEVELOPMENT PROBLEM 

FUEL CHEMISTRY AND CORROSION 

Corrosion 

darp tests and simple thermal- 
convect ion loops 

High-+emperature-d ifferential, high- 
veloci ty loops 

Radiation Damage and Corrosion 

In-pile capsule tests 

In-pile loop tests 

Phys ica l  Properties 

NaF-KF-L iF ,  NaF-BeF2, NaZrF5, 
etc. 

No F- Rb F-L i F 

Other fuels and fuel  carriers 

Solubi l i ty  of UF, and UF3 

Methods of Preparation 

Xenon Removal 

Reprocess ing Techniques 

STATUS MAY 1956 

Many favorable resul ts 

Many favorable resul ts 

Many favorable results 

Many favorable resul ts 

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Adequate data 

Some data 

Adequate data 

HIGH-PERFORMANCE HIGH-TEMPERA TURE HEAT EXCHANGERS 

Na-to-NaK 

Pressure losses for f lattened-wire Adequate data 
tube-spacer arrangement 

H e a t  transfer and endurance test  Adequate data 

No K- to- A i  r 

Fabr icabi l i ty ,  performance, and More tests needed 
endurance tests ( including study 
o f  charocter of failure) 

RE ROR TS 

0 RN L-1515, * 1609, 
-1649, -1692 

0 RNL-1896, -1947, 
-2012 

ORNL- 1896, -1947, 
-20 1 2, -206 1 

0 RNC- 1896, - 1  947, 
-2012, -2061 

0 RNL CF-53-3-261 

ORNL-2012 

ORNL.1896, -1947, 
-2012 

0 RNL-1896, -1  947, 
-20 12 

ORNL- 1896, -1947, 
-2012 

99 



DEVELOPMENT PROBLEM STATUS MAY 1956 R E  PORTS 

FI u w  ide-to-NaK 

Tube-to-header welding, endurance, More tests needed 
and performance tests 

Effects of trace leaks and fabrica- Some data avai lable 
b i l i t y  of spherical shell type 

SHIELDING 

Preliminary Designs Many designs avai lable 

ORNL-1896, -1947, 
-20 12 

ANP-53, Y-F15-10, 
ORNL-1575 

L i d  l a n k  Tests of Basic Configura- 
t ions 

Effects of thickness of reflector, 
pressure shell, lead, nnd boion 
layers 

Adequate data for preliminary ORNL-1616, -2012 
design 

Estimated Full-Scale Shield Weights 

Effects of power, power density, Adequate data for preliminary ORNL-1575, -1947 
degree of div is ion design 

Act ivat ion of Secondary Coolant 

Estimated act ivat ion Adequate data 

Measurements for neutrons from Adequate data 
core 

Measirrements for neutrons from Adequate data 
heat exchanger 

Measurements of Short-Half-Lived Adequate data 
Decay Gamma Rays 

Experiments on Air Scattering Adequate data 

Effects of Shield Penetrations Test in progress 

STATIC PHYSICS 

M u  i t igroup Calculations 

Ef fects  of core diameter, fuel- Adequate data 
region thickness, reflector thick- 
ness, reflector poisons, and 
special  mater ia ls  

Ef fects of end ducts Calculations in progress 

C r it ico l  E xpsri men t s  

Cr i t ica l  mass w i th  various fuel Adequate data 
rogions - Na, fluoride, f luorids- 
graphite 

0 RNL-1575, -20 12 

0 RNL-14 16, -201 2 

ORNL-1947, -2012 

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

ORNL-1515, -1729, 
C F-5407.5, 

ORNL-1515, -1896, 
-2012 
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DEVELOPMENT PROBLEM 

Control rod effects (rough) 

End duct leakage 

Danger coefficients for Pb, Bi, 
Rb, Li’, No, Ni, etc. 

M O D E R A T O R  COOLING 

Estimation of Heat Source Distri- 

bution 

STATUS MAY 1956 

Adequate data 

Test data needed 

Adequate data 

REPORTS 

0 RNL-20 12 

Good estimates completed ORNL-1517, -2061 

Be-Na-inconel Corrosion Tests 

0 RNL-I 692, -1 816 Harp tests Adequate data 

High-temperature-differential, high- Some data 0 RNL- 1692 
velocity loop 

Be diffusion into Inconel and Further tests under way 0 RNL-1864 
embrittlement 

Etfects of temperature, h7, 
surface-volume ratio, etc. 

Some data 

Thermal Stress and Distortion Test Adequate data 

w i th  High-P ower Density 

ORNL-1771 

PUMPS 

Shakedown of Pumps with Face- Prel  iminary tests completed; ORNL- 1947 
Type Gas Seals more required 

Model Tests of Full-Scale Pump Tests completed sotis- ORNL- 1947 
factor i I y 

Endurance Tests of Full-scale Pump Tests under way ORNL-2012 

Fabr icobi l i ty  of Full-Scale P u m p  Tests completed satis- 

Impeller factor ily 

POWER P L A N T  SYSTEM 

Preliminary Designs Adequate dato ANP-57, ORNL-1255. 
-1215, -1330, 
-1 509, - 151 5, 
-1609, -1648 

Performance and Weight Estimates Adequate data for pre- ANP-57, 0 RNL-1255, 
liminary design -1215, -1330, 

-1509, -1 515, 
-1609, -1648 

Adequate data for pre- ORNL CF-54-2-185 
liminary design 

Effects of  Temperature, Power 

Density, Shield Division, etc. 
... 
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DEVELOPMENT PROBLEM 

REACTOR KiiVE'K16.5 

Theoretical Ana lyses  

STATUS M Y  1956 REPORTS 

Preliminary ann l y s  i s  

completed 

0 R N  L CF-53-3-23 1, 

ORNL-1835  

ARE Tenipesadure Coeff ic ient  

Me a sur e iiie n i s 

Tests completed sa t is -  

factor iI y 

0 RN 1.- 18 16 

Xenon Effects A R E  and analyt ical  resul ts 

favorable 

0 RNL-18 16, -1 924 

HYDRODYNAMIC TESTS 

Flow Separation at Core In le t  Many tests completed; work 

cont inu ing  

Y -F 15-1 1, 

ORNL-1692, - 1  947 

Ef fec ts  o f  Heut Generation in t h e  

Boundary Layer  

'Theare:ical analyses COM- 

p letcd for  ideal case; tests 

in progress 

Analyses and Tests in 

progress 

0 RNL-1701, -206 1 

Magnitude and Effects of Wall Tem- 

perature Fluctuations Caused by 

Nonuniformities in Fuel  Tempera- 

ture Structure 

F I L L  -A ND-DR A IN §YS I E M  

Preliminary Design Design completed 

H i  &-Temperature Tests Tests  planned for lat ter  part 

of 1956 

Cotnp leted I fAZARB ANALYSIS 

FACiLlTY DESIGN 

ORNL-1835 

Completed .4RT Design Memo 

Book 

To be completPd lat ter  part 

of 1956 

R E A C T O R  GrESBSN 

Detai led Proliminnry Layout Co (rip le ted  A R T  Design Memo 

Book 

Detai led Drawings ' lo be coinplsted summer 

of 1956 

Reac:or Stress  Analysis 

Creep-rupture properties of Inconel Some data; tests under way 0 RNL-1947 
under severe thermal cyc l ing  

Creep-buckling properties nf Some data; rests under way ORNL-191.7 
lnconel under severe ttreriiial 

cyc l ing  
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DEVELOPMENT PROBLEM 

Analy t i ca l  and experimental stress 
ana lys is  

Fabr icat ion 

Instrumentation and Control Re- 

q u irement s 

Test Program 

Operating Procedure 

DISASSEMBLY PRO B LEMS 

Ac t i v i t y  of Maior Components 

Beryl1 ium 

D i sa s sembl y Procedure 

Too l  design 

Hot cel l  design 

STATUS MAY 1956 REPORTS 

Work in progress 

To be completed summer 

of 1957 

ART Design Memo 
Book 

Del ineation completed A R T  Design Memo 
Book 

Program being prepared 

Procedure being pepared 

Adequate data 

Adequote data 

Work planned 

Work planned 

0 RN L- 1864 

ORNL-1947 

.... 
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FLOW DIAGRAMS 

F low diagrams for the ART systems are 

1 ~ Fuel  FiII-and-Drain, Enriching, Sampling, 

2. Sedium System 
3 .  Off-Gas System 
4. Cel l  Pumps Hydraul ic Dr ive Systems 
5. Reactor Pumps Tube Oi l  System 
6 .  Main, Auxi l iary, and Special NaK Systems 
7. NaK Pumps Tube Oi l  System 
8. Process Air System 
9. Helium System 
IO. Nitrogen System 
11. Cornpressed Air System1 
12. Process Water System 
The fol lowing system of nomenclature has been 

used i n  the f low diagrams. The designation of a 
component consists of three letters fol lowed by a 
numeral. The f i r s t  letter ident i f ies the f lu id  
system; the second letter identi f ies the part icular 
component i n  that  system; and the third letter 
identi f ies the power source with which the com- 
ponent may be associated. Occasional ly the 
component is not associated w i th  a particular 
power source, and the third letter i s  omitted. 
#hen there i s  more than one component w i th  the 
same set of letters, the letters are fol lowed by a 
nudoer to  dif ferentiate between components. 

The letter abbreviations are OS fol lows: 

appended in  the fol lowing order: 

and Recovery Systems 

FIRST L E T T E R  

F l u i d  Systems 
Vue I 
Sodium 
Na K 
Process air 
Hydraulic f lu id  
Oil lubrication 

F 
N 
K 
A 
H 
0 

G Helium W 
Process water C 
Compressed dry air M 
Nitrogen 
Off-gas system (to absorbers) v X 
Vent system (to ducts) 

SECOND L E T T E R  

Components 
Blower 
Oil catch basin 
Heat barrier doors 
L i n e  
Heat economizer 
F i l te r  
Plug indicator 
Air control louvers 
Motor 
Pump 
Radiator 
Tank or sump 
Package unit 
Heat exchanger 

THIRD L E T T E R  

Power Source 
TVA power 
Diesel  power 

B 
C 
D 
L 
E 
F 
I 
S 
M 
P 
R 
T 
U 
X 

A 
B 

Where appropriate the fo l lowing designations have 
been added: 

S Supply 
Return r 
Breather b 

h Hot 
Co ld  C 

Upstream u 
Downstream d 
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SECRET 
ORNL-LR-DWG 15051 

LEGEND 

SCV SWING CHECK VALVE 
h S  HAND-ACTUATED SWITCH 
MAR M u L r i P O i i i r  A c r i v i T y  RECORDER 
MTI MCLTI?GINT T E V P E R t i i U R E  INDICATOR 
HC PIANO-ACTUATED CDN.rROL 
HV 'IAHD-ACTUATE0 SLOCK VALVE 
PI  P R t S S U S L  I*IDICATOR 
PT PRESSURE TRANSMITTER 
P'4 P R E S S U 9 G A C i U A T E D  YLOCK VALVE 
R A  RADIATION A L A 4 M  
XV DiSAS' Eh-ACTCATE3 BLOCK VALVE 

VALVE OPEN 

H VALVE CLOSED 

M THROTTLING VALVE 

G$3 SOLENOID VALVE 

CHECK VALVE 

3 EQJIPHE%T ;JEPITIFICATION 

PRESSURE ipsig) 

fo) FLOW l d m l  
i/ 

x 
STACK 

L t 
-r- / \  - 

4 
1 FILTER 1 
i----i 

I 
, v  

X- I9  
FROM REACTOR FUEL PUMPS 

SEE DIAGRAM NO 
OIL 
5 

I 
i 

CATCH BASINS 

DOWNSTREAM SAMPLE 
STATION -REACTOR 
VENT SYSTEM 

JISASTER IN CELL 
70 4UTOMI:ICALLY 
CLOSE BLOCK VALVE 

T 

L A Z Y  R O 3  
-COkTROL 

SEE PROCESS A:? FLC 
DIAGRAM 8 

f x-IO 1 T i P T i  
x-<I 'I I - 

SEE FUEL SYSTEMS FLOW REACTOR VENT SYSTEM i, 

DiAGRAM NO 4 

L A Z Y  ROD 
CDIvTROL 

A 3 TEMPERATURE, 'F 

ELECTRICAL CIRCUIT .._._ 

X.Zt,,C" 

SEL WATER SYSTEM 
DIAGRAM NO. I 2  pq :+ x-l 

U y FROM REACTOR FUEL 
PUMPS BREATHER LINES y 
SEE DIAGRAM NO. 5 i 

= J  p- CELL VENT SYSTEM m7-42 x-43 scv DISASTER IN CELL 
TO AUTOMATICALLY 
CLOSE BLOCK VALVE I d  

4 DRAIN SEE WATER SYSTEM 
DIAGRAM NO. ti c x - 3  

CHARC2AL ADSORYER 
IN CHARCOA: ADSORBERS .THE DASHE3 LINES 
REPRESEN: EMPTY PIPE AND HEAVY LINES 
REPRESENT CHURCOAL FILLED PIPE.  

Flow Diagram 3. Off-Gas System. 
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m N F l D E N T l A L  
O R N L - L R - D W G  15057 

SPECIAL EQUIPMENT ROOM PENTWOUSE 

1 O I L  REMOVAL LINE OiL REMOVm LINE 

I HELlUMSUPPLY LINE 

5lL RFMOVlL LINE \ OIL REMOVALLlNE 

1 HELIUM SUPPLY LINE 

I I L  REMOVAL LINE 

I HELIUM SUPPLY LINE 

OIL REMOVAL LINE 

: HELIUM SUPPLY LINE 

I l k  HEMOVAL LINE 

HELIUM SUPPL"i lYE 

i I " E N T L I N E  

OIL REMOVALLlNE 

j HELIUM SUPPLY LlNE 

~  VENTL LINE 
I 

~ I VENTLlNE / 

(BEARING LUBRlCATlON 
I (TYPICAL1 

-q Y O - 3 0  

i I, 

F! 

OK-BO IQ c 
OK-62 I 1 

I Q  
I C Y  

v I . 4  OK-02 
i 
I I I 

F E  

t s c v  OK-41 
: I  F E  

scv OK-12 
M-i 

O K ~ l O  

- 
BREATHER LINE I 1  

I S  
b 4 

__-___ --r 
I : I PI ' 

tj -- SCV SWING CHECKVALVE 
CS CONTROL STATION 

CFI CLI 
FA FLOWALARM 
F E  FLOW E L E M E N 1  
FCV FLOAT CHECK VALVE 

CONTINUOUS CONTINUOUS FLOWlNDlCATOR LEVEL INDICATOR 

*" 

I OIL F l i L  L INE- 
SEE OIAGRAM S 

SEE DIAGRAM 9 

A PRESSURE.psw VALVE CLOSED 

X THERMOCOUPLE ,HROTTLING VALVE 

-_-- ELECTRICAL ClRCUlT 

& SOLCNOID VALVE 

EaUlPMEhT IDENTiFlCATlON I 
I 

LUBE OlLSISTEM DRAlN- 

SEE DIAGRAM L 

Flow Diagram 7. NoK Pumps Lube Oil System. 
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VENT 

.SET POINT I 

VENT 
SET POINT 
17 

"c: 
H V I - 1 0  qQ200 MAX 

OPENS AT 
2 a 0  ~ 5 ~ 9  

G - 3 1  ig) HV::G-33 
ASV 

H V  G - 3 0  

c - 2 9  

11 ' ' 
\z n I HC 

R F E  

5 1 0 0  MAX 1100 MIN 

HV H V  

G - 6 0  PCV G - 6 2  

-.A I I /.. 1 TO REACTOR FUEL JUMPS 
( S E E  31AG9AM NO I )  

1100 

HV G - 6 7  

TO REACTOR SODIUM PUMPS 
G - 5 4  " C V  G - 6 6  ( S E E  D IAGRAM NO. 2) 

1030- 2 0 0 0  ti- 55 

HVhG-7 t  
HV 4 

1 
V Y  v u  I, 

I I TO i U E L  EXPANSIONTANK L E V E L  INDICATOR 
. .  

t i - 6 8  PC\' G- 7 0  ( S E E  0 :AGQAM NO ! I  
,-. G- E9 500-1000 

H S  , 

h,l 
HV 

TO FUEL OVERFLOW L INE L E V E L  INDICATOR 
(SEE DIAGRAM NO. 1 )  G - 7 2  P c 'V G- 7 4  A 
TO FUEL RECOVERY SYSTEM 
(SEE FUEL FLOW DIAGRAM NO. 1 1  

HV ! HS 
v u  n TO POST POWEQ FL'EL SAMPLE SYSTEM 

( S E E  FUEL FLOW DIAGRAM NO 1 )  "C v G - 7 8  

m G - 7 7  rn 

....... . ... . . . . .. Q ,. ... . . .. .. . i/ 
...... ..... .. . .. . . .. . . .. . . . . 

I r 
VEHICULAR E N T R A N C E  

30 ' HV G - 8 3  

i o  FUEL-ENRICHING SYSTEM AND FILL-AND-DRAIN TANK 
( S E E  FUEL FLOW DiAGRAM NO I )  G - 8 0  PCL' G - 8 2  

TO CONTROL R O D  SODIUM S Y N E M  
( S E E  D IAGRAM NO. 2 )  

G-31  

HV 2 -  I k 9 G - 8 7  HV 15 

L ,L 
r-. v u  Ti) L I ~ H I U M  INJECTION T A N K  - 

( S E E  S 0 D ; d M  FLOW DIAGRAM N 0  2 )  CELL G - 8 4  PCV G - 8 6  
G - 8 5  

HV G - 3 8  3 0  
HV 

h TO NaK FILL-AND-DRAIN T A N K S  
( S E E  NaK FLOWDIAGRAM N 0 . 6 )  G - 3 5  PCV 6 - 3 7  

G - 3 6  

G - 4 0  

-- 

CONFIDENTIAL 
O R N L - L R - O W G  I 5 0 5 5  

EQUIPMENT IDENTIFICATION 

SCV SWING CHECK VALVE 

i E  FLOW ELEMENT 

i l  FLOW INDICATOR 

FM FLOWMETER 

HS HAND-ACTUATED SWITCH 

HV HAND-ACTUATED BLOCK VALVE 

PA PRESSLlRE A L A R M  

V C  HAND-ACTUATED CONTROL 

PCV PRESSURE CONTROL VALVE 

PDT PRESSURE-DIFFERENTI A L  TRANSMITTER 

P I  PRESSURE INDICATOR 

PS PRESSURE S W l l C H  

RFE RESTRICTOX FLOW ELEMENT 

ASV AUTOMATIC SHUTOFF VALVE 

(0 FLOW, l i ters /24  hr 

LJ 

FLOW, cml 

A PRESSURE, p s i g  

e- OPENVALVE 

+ CLOSED VALVE 

+ rHROTTL lNG VALVE 

-tu- CHECK VALVE 

+ REDUCER OR EXPANDER 

70 A NaK PUMPS 
i S E E  NoK FLOW DIAGRAM NO. 6 )  

G-44 

TO REACTOR PUMP L i l B E  O I L  RESERVOIR 
I ( S E E  DIAGRAM NO 5 )  

k A  I I I TO NoK L U G E  Oti RESERVOIR 
V Y  --XI 

G-47 PCV t i - 4 9  ( S E E  N a K  L U B E O I L S Y S T E M  DIAGRAM NO 7 )  

G - 4 a  A U X I L I A R Y  EQUIPMENT PIT 

Flow Diagram 9. H e l i u m  System. 

129 





fb-W 

AH 
3 M VdS - -  

(9'ON WVHOVla Mol1 SW3LSAS YON 335! 

StlOlt7310NI TA31 dWnS dWnd HON 

lW133dS aNV 'AtlWIllXrlW 'NlVW 01 
I 

U3aNVdX3 YO tl33nC3Y 3NIl 

I LI 
3AlWA U3d0 

LN3A 
3AlVA H33H3 9NIMS 

w-1 'SM3CNllh3 6156 0001 LV N39CHllN 435 005'01 A8CNOIlVlS a1OH 11IM 

-1 

1133 9NIllI1 hF AS 
YO3 AlddllS N390MlIN 

i 
1 i 
i 

\H 

I 
\n 

! 





U N C L A S S I F I E D  
O R N L - L R - D W G  15092 

-WATER SUDPLY ( S E E  D i A i i l A M  NO $ 2 )  

A i R  r 
I 

1 
PCV 

AIR CPB 
AIR 

COMPRESSOR 

scv  

c - 1 2  CHEMISTRY LASORATORY 

HV 

S O L I 0  S S T E  LABORATORY 

-L 

TO PROCESS AIR BAC<FLOW DAMPERS 

HV 

(SEE DIAGRAM wo. e ;  H V  PCV H V  
,C-!7 

TO [ S E E  MAIM, FLOW AUXIL IARY DIAGRAM A N 0  NO SPECIAL 6 )  NoK PUMP SUMP L E V E L  lNOlCATORS 

c-22 

H V  

TO AUTOMATICALLY CLOSE 
ON "6" POWER FAILURE 

TO AbTOMATlCAiLY CLOSE 
0 N " A ' '  POWER FAILiJRE 

TO h a K  PL:JC. INDiCATORS AND COL3 TRAPS 
[ S E E  NaK SYSTEMS FLOW DIAGRAM NO. 6 ) 

r - 7 4  
c - I O  c - l l  

1 

scv  

I C-65 

i 

I INSTRUMENTATION-AUXILIARY EQUIPMENT PI1 

' iNSTRUMENTATION-AUXIL:ARY EQUIPMENT PANEL 

INSTRUMENTATION-AMPLIFIER RACK 
b6 '5-20q 

c - 2 6  
INSTRUMENTATION-  T U N N E L  

I N  STRUM EN TAT ION - S rl0 P 

2 5  s c f m  HV 

20-3;q 
I N  STRUM EN TAT ION - S rl0 P 

2 5  s c f m  HV 

EQUlPMENT IDENTIFICATION 

HCV HAND-ACTUATED CONTROL VALVE 

HV HAND -ACTUATED BLCCK VALVE 

PC PRESSURE CONTROLLER 

SCV SWING CHECK VALVE 

HC HANO-ACTUATEC COKTROLVALVE 

P I  PRESSURE INDICATOR 

PA PRESSURE A L A R M  

PCV PRESSURE CONTROL VALVE 

PS PRESSURE SWITCH 

LCV LEVEL-ACTUATEG CONTROL VALVE 

L C  L E V E L  CONTROLLER 

R F  FLOW RESTRICTOR 

0 FLOW, scfm 

VALVE OPEN 

VALVE CLOSED 

+ THROTTLING VALVE 

CHECK VALVE 

FOUR-  WAY VALVE 

WATER R E T U R N  
(SEE DIAGRAM N 0 . 1 2 )  

Flow Diagram 11. Compressed Air System. 
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PRESSURE ALARM 
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POSITION ALbRM 
POSITION SWITCH i 1 I PUMP I 

X V  LEVEL-ACTUATED CONTROL VALVE 
MAR MULTIPOINT ACTIVITY RECORDER 
PX PRESSURE SWITCH 
TCV TEMPERATURE-ACTUATE0 CONTROL VbLVE 
TE TEMPERbTURE ELEMENT 
XV DISASTER-ACTUATED CONTROLVALVE 

c> FLOW.4Pm 

EUUIPMENT IDENTlFICATlON 

E- THCRMOCOUPLE I N  WELL 

T5MPERATURE. 'F 

PRESSURE, psig 

$) ORIFICE 

C FIRE HYDRbNT 

D HOSE CONNECTION 

blR CONDITIONER G z  LUNCH ROOM ' I  
J - t TO STORM GRAIN 

I TOCONTROLROO 
I ~ SODIUM DENS'S-SFF VAPOR CON- 

~ 

~ DbG-AM 2 -). 
I 

EXISTING AIR COMPRESSOR 

HOT WATER HCAT'R 

AI R-CONOITIC'NlkG COMPRESS0 

I 

TO SANITbRY SEWER 
THROUGH blR GbPS 

,- TOILETS AND LbVATORlES I .  I .  
I .  , .  I .  dr I . , , ,  I . . , .  : " "  

, . , I  

TO REACTOR VENT 
LINE WATER JACKET 
SEE DIAGRAM I c 0- 

TO REbCTOR SNOW TRAP- 
SEE DIAGRAM I 

- 4 i, 
i 

i TO FILL 
TANK S 
SEE 01 

, ,  

e- TEMPERbTURE-SENSING BULB 

D REDUCER 

NORMbLLY OPEN VALVE 

M THROTTLING VALVE 

H NORMALLY CLOSEDVbLVE 

bh RELIEF VbLVE 

I WHEN SWITCH 
CLOSED1 ,- 

I 
- 

i 
t 

ro STORM ORIIN 

w - 5  

_ _ ~ ~  

HV 
w - 3  

I_. 
2 i 
I w- 

t 
v w-52  IV w-5 '  

-A 

i v  

7 
nv 'w 95 4- 
&--p 

NOTE DISASTER INCELL 1 
TO bUTOMATlCALLY CLOSE ; 
BLOCK VALVrS 

-.. 
R W M  AIRCOOLER w-18 

~ \/ 
I i  

T O t r L L  
ANNULUS 

-; 

bYD STORM DRAIN- - 
SEE DIAGRAM 3 

FROM X-IO 
RESERVOIR 

TO STORM DRAIN a 
OR HOLDING POND 

CELL PENTHOUSE VENT nous AUXlLlbRY EOUIPMENTAREA 1 1 

Flow Diagram 12. Process Water System. 
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Appendix B 

PHOTOGRAPHS OF REACTOR MODELS AND STAGES IN THE 

CONSTRUCTION OF THE ART FACILITY 
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6-1. Preliminary Model of A R T  Reactor, Heat Exchanger, and Pressure Shell Assembly. 
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B-2. Section Through the Core, Reflector, and Island of the A R T  Model. 
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B-3. Model of ART, Including NaK Piping and Cell. 
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UNCLASSIFIED 
PHOTO 15410 

6-7. View looking north showing the rear wall of the original Building 7503 and the early stages of excavation 

Behind it for the extension to accommodate the ART. 
can be seen the excavation for the instrument and control tunnel. (Confidential with caption) 

In the foreground is the deep excavation for the reaetar cell. 
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8-16. View looking north taken from the south end of the high-bay extension and showing an  i n i t i a l  stage in  the 

erect ion of the reactor ce l l  water tank. The curved steel  ponels containing nozzles, in the upper left, w i l l  be joined 

in to  a r ing  and located on the anchor bol ts shown a t  the bottom center and thus become the support r i ng  for the inner 

vessel  of the reactor cell. (Confidential w i th  caption) 
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6-22. View looking west  and from inside the cooling a i r  duct showing the stainless steel facing over the insulated steel liner of the duct. The 

supply end of  the duct is the opening shown in the center of the photograph. 



3 

6-23. View taken inside of the main a i r  duct  from the base of the discharge stack showing the partian of the duct in which the NaK-to-air radiators 

w i l l  hang. A t  the r igh t  center i s  the exterior facing of the ce l l  water tank and the sleeves through which the NaK pipe l ines w i l l  pars. Above the duct 

i s  the penthouse. Below the duct i s  the radiator pit. 





6-25 View showing the southwest corner of the auxiliary equipment room. This room, which wos used during ARE operation as the heat exchanger 
pit, is being modified to servo a s  the auxiliary equipment room and will house the lubricating oil pumping system and the hydraulic drive equipment. 



164 



1 

165 



El 



L66LI OlOHd 
031=l1SSV13Nfl 



168 



7 

- 

oking souhwest toward the modified building. In the foreground ore the two top heodr for the cell tanks whieh hrrve k n  removed to 
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Rod, ORNL C F - 5 2 - 1 6  (Feb. 2, 1955). 

CF-55-3-161 (March 28, 1955). 

Coefficient of React iv i ty ,  ORNI.. CF-55-5-76 (May 11, 1955). 

ORNL CF-55-5-100 (May 13, 1955). 

Solution, ORNL CF-55-9-40 (Sept. 9, 1955). 

i : ~ e l  f ) U V Z p  Tank ,  ORNL CF-55-12-47 (Dec. 9, 1955). 

1 955). 

ORNL CF-56-4-29 (April 4, 1956). 

and h l o d e ~ a t o ~  Compositions, ORNL CF-56-6-40 (June 6, 1956). 

(June 29, 1956). 

ORNL-2113 (July 5, 1955). 

CR I T l C A L  EXPERIMENTS 

D. Scott and B. L. Greenstreet, Reflector itloderated Critical ,4ssembly, Experimental 

D. Scott, T h e  First Assembly of the Small Two Region Reflector-hloderated Reactor, 

D. Scott, The Second Assembly  of the Small T w o  Region Reflector Moderated Reactor, 

D. Scott and  R .  M. Spencer, The  Second Assembly  of the S m a l l  Two  Region Reflector 

5.  L. Greenstreet, Reflector  Moderated Critical Assembly  Experinzental Program -- 

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

K .  M. Spencer, Preliminary Critical Assembl ies  of the Re/lector-Moderated Reactor, 

8.  L. Greenstreet and R. M. Spencer, T h e  Second Assembly  of the  Three Region R e -  

R. M. Spencer, Three Region Reflector Moderated Critical Assembly  (EXp3ii7Aental 

Program, ORNL CF-54-4-53 (Apri I 8, 1954). 

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

ORNL CF-54-8-180 (Aug. 26, 1954). 

Moderated Reactor (Part I/) ,  ORNL CF-54-9-185 (Sept. 27, 1954). 

Part I Z ,  ORNC CF-54-10-119 (Oct. 19, 1954). 

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

ORNL-1770 (Nov. 22, 1954). 

flector Moderated Reactor, QRNL CF-54-11-150 (Nov. 24, 1954). 

Resu l t s ) ,  ORNL CF-54-12-189 (Dee. 28, 1954). 
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R. M. Spencer, Three Region Ref lector  Moderated Critical Assembly  with 9 -in. Inccmel 

J. W. Noaks, Preliminary Evaluation of Possible  Poisons for Use in the A R T  Control 

R .  M. Spencer, ' f 'hree Region Reflector Moderuted Critical Assembly  with lG+in. Inconel 

J ,  W.  Noaks, Eualuation of Reacl iv i ty  Characteristics of Control Rods and hlatwiuls 

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

J. W. Noaks, Evaluation of ART Control Rod itlateriuls, Part IV. T h e  Variation of 

J.  W. Noaks, Evalrrution of ART Control Rod Materials, Part V. Addendum t o  Parts 
I-IV, ORNL CF-55-5-147 (bhy 20, 1955). 

E. V. Sandin, Reflector Moderated Critical Assembly  Experimental Program - Part I l l ,  

ORNL CF-55-5-181 (May 27, 1955). 
D. Scott, J. J. Lynn, and E. V. Sondin, Rejlector Moderated Critical Assembly  with 

End I?uct.s - Exp~r imen ta l  Program (Experimental R e s u l t s ) ,  ORNL CF-55-6-96 (June 
16, 1955). 

S. Snyder et  al . ,  Tbree Region Reflector Moderated Critical Assembly  with End Ducts 
and %-in. Inconel Core Shells. ( 2 - 2 1 - 1  Neutron Flux Measurement ,  ORNL CF- 
55-10-142 (Oct .  28, 1955). 

D. Scott et al.,  Three Region Reflector Moderated Critical Assembly  ruith End Ducts. 
Experimental Resul t s  wi th  CA-22, Enlarged End Duct h d i f i c a t i o n ,  ORNL CF-56-1-96 
(Jan. 30, 1956). 

D. Scott et ul., Three  Region Reflector Moderated Critical Assembly  with End Ducts  - 
Experimental Resul t s  with CA-23, Enlarged Island Modification, ORNL CF-56-1-97 
(Jan. 30, 1956). 

i6 
Core Shel ls ,  ORNL CF-55-1-123 (Jan. 21, 1955). 

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

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

Potentially Suituble for Use  in the A R T .  Part  II, ORNL CF-55-4-&?1 (April 13, 1955). 

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

React iv i ty  with Control Rod Diameter, ORNL CF-55-4-178 (April 29, 1955). 

CORROSION 

L. 5. Richardson, D. C. Vreeland, and W. D. Manly, Corrosion by Molten Fluorides, 

G .  M. Adamson, Exumination of Ri-Fluid Loop N o .  1, ORNL CF-53-7-19 (July 29, 

W .  Inouye, Scal ing of Columbium in Air, ORNL-1565 (Sept. 1, 1953). 
G. M. Adamson and R.  S. Crouse, Examinntion of L F  Pump Loop, ORNL CF-53-10-117 

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

G.  M. Adamson, Metaflogrupbic Examinulion of Forced Circulation Loop No. 2 ,  ORNL 

W. D. Manly, High FIOUJ Veloc i ly  and High Temperuture Grudient Loops, Q R N L  CF- 

W .  0. Manly, h t f ? T i ~ n  Report on Static Liquid Metal Corrosion, ORNL-1674 (May 11, 

G. M. Adamson and E. Long, Exumination of Sodium, Heryllium, Inconel Pump LOG/IS 

W. K. Stair, 7 h e  Design of a S m I l  Forced Circ:~lat ion Corrosion Loop, ORNL CF- 

G. M. Adamson and R. S. Crouse, Exurtiinmtioiz of F i r s t  Three Large Fluoride Pump 

G. M. Adamson, R. 5. Crouse, and P. G. Smith ,  Extrmimtion of 1~lclmel-Fluoride -3o-D 

ORNL-1491 (March 17, 1953). 

1953). 

(Oct. 6,  1953). 

from Ri-Fluid Pump Loop, QRNL CF-53-10-228 (Oct. 27, 1953). 

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

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

1 954). 

Numbers 2 a7td 2 ,  ORNL CF-54-9-98 (Sept. 13, 1954). 

54-1 0-97 (Qct. 11 ,  1954). 

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

Pump I,oop Number 4695-1, ORNL CF-55-3-179 (March 28, 1955). 
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G. M. Adamson and R. S. Crouse, Examination of Sodium-lnconel Pump Loop 4689-4, 

ORNL CF-55-4-167 (Apr i l  21, 1955). 
G. hi. Adamson and R. S. Crouse, Examination o/ Fluoride Pump Loops 4330-A and 

4935-1, ORI‘IL CF-55-4-181 (Apr i l  26, 1955). 
G. M. Adamson and R. s. Crouse, Examination of Fluoride Pump Loops Numbers 4695-2 

and 469j -3 ,  ORNL CF-55-5-97 (May 11, 1955). 
R. S. Crouse, E .  Long, and A. Toboada, Examination of Sodium lnconel  Beryllium 

Loops 4667-3 and 4907-7, ORNL CF-55-5-123 (May 12, 1955). 
G. M. Adamson and R. S. Crouse, Examination of Inconel--316 Stainless  Steel-Sodium 

Pump Loops 4689-5 and 4689-6,  ORKL CF-55-6-24 (June 2, 1955). 
G. M. Adamson and R. S. Crouse, Ef fec t  of Heating Method on Fluoride Corrosion. 

Examination o/ FIuoride P u m p  Loops 4935-2,  4950-1, 4950-2, ORNL CF-55-6-99 
(June 14, 1955). 

H. J. Gray, Evidences of i2.las.s Transferred Material in inconel and 316 Stainless  S tee l  
Sodium-to-Air Radiator, ORNL CF-55-6-89 (June 15, 1955). 

G. M. Adamson and R. S. Crouse, Examination o f  Short-Operating T i m e  I.oops Numbers 

4695-4 and 4695-5, ORNL CF-55-7-66 (July 8, 1955). 
G. M. Adamson and K. S. Crouse, Examination o/ Loop 4?50-3- lncae l  wi th  a UF3 and 

U F 4  Mixture in Zirconium Fluoride, ORNL CF-55-8-76 (Aug. 9, 1955). 
G. M. Adamson and R. S. Crouse, Examination of lnconel-Fluoride Pump Loops 4935-3 

and 4935-4, ORNL CF-55-8-96 (Aug. 12, 1955). 
G. M. Adamson and R. S. Crause, Examination o f  Final Loops in  T ime Series  Numbers 

4695-.‘D(2) and 4695->c(2), ORNL CF-55-8-151 (Aug. 19, 1955). 

4935-5 and 4935-7, ORNL CF-55-10-31 (Oct. 5, 1955). 

Loops  4950-4 and 4917, ORNL CF-5510-32 (Oct .  5, 1955). 

York Radiator No. 1 Failures, ORNL CF-55-10-129 (Oct. 31, 1955). 

patibi l i ty ,  ORNL CF-59-12-117 (Dec. 22, 1955). 

A l l o y s  in Liquid Lead,  ORNL-2008 (Jan. 10, 1956). 

1 956). 

Metals; I. 
1 956). 

ORNL CF-55-5-148 (May 24, 1956). 

ORNL CF-56-6-58 (June 10, 1956). 

-13,  ORNL CF-56-6-79 (June 1 1 ,  1956). 

Circulated Fuel 70, OMNL CF-56-6-161 (June 29, 1956). 

ORNL CF-56-7-9 (July 5, 1956). 

R. S. Crouse, J. 1-1. Devon, and E. A. Kovacevich, Examination of Fluoride Pump Loops 

R.  S .  Crouse, J. H. DeVan, and E. A. Kovacevich, Examination of Miscellaneous Pump 

R. J. Gray and f’. Patriarca, hletallographic Examination of O R N L  Radiator No. 1 and 

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

J. V. Cathcart and W. D. Manly, T h e  h!ass-Transfer Properties of Various hletals and 

J. H. DeVan, Examination of 5HE-C Res is tance  Heater, ORKL CF-56-5-145 (May 31, 

J. V. Cathcart, L. L. Hall, and G. P. Smith, Oxidation Characteristics of the  Alka l i  
Oxidation Rate  of Sodium Between -79 and 48OC, ORNL-2054 (May 22, 

R. J. Grey, Metallographic Examination of High V e l o c i t y  Heat Exchanger (SHE No. I ) ,  

T. Hikido, The Role o f  Chromium in the  ,Mass 7’ransfer At tack o/ Al loys  by Fluorides, 

J. H. DeVan and R. S. Crouse, Examination of Hastelloy B Pump Loops 7425-12 and 

J. H. Devon and R. S. Crouse, Examination of Pump Loops 7425-14 and 7425-15 Which 

J. H. DeVan, Effect  of Temperature on Depth of At tack in Inconel-Fuel 30 Pump Loops ,  

W. D. Manly, Fundamentak of Liquid-Metal Corrosion, QRNL-2055 (July 12, 1956). 
J. E. Van Cleve, iVetallographic Examination of 1 . H . E .  N o .  3, ORNL CF-55-7-82 (July 

12, 1956). 
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J. H. DeVan and R. S .  Crouse, Examination of ORNL 1 arid 2 Intermediate Heat E x -  

J .  E. Von Cleve, !Metallographic Examination o/ S . N . E .  No. 2 (ORNL No. 1 j  [ f ea t  E x -  
chUngers, Type  IHE-3,  ORNL CF-56-7-135 (July 20, 1956). 

changer, ORNL CF-56-7-130 (July 27, 1956). 

CHE MISTR Y 

T. N. McVay, Petrographzc Examination of Fluoride Fuels,  ORNL CF-52-6-127 (June 20, 

C. J. Barton, Fused S d t  Conipositinns, ORNL CF-53-1-129 (Jan. 15, 1953). 
C. J. Barton, Fnsed Salt Compositions, ORNL CF-53-10-78 (Oct. 9, 1953). 
E. Orban, Data on the NeF,-NnF System, ORNL CF-54-4-47 (April 27, 1954). 
R. F. Newton, Effects of Fission Products on Performance o/ n Reactor Using Fluorides 

F. F. Blankenship, i lnulysis of Salt Mixtures, ORNL CF-54-5-189 ( b y  25, 1954). 
E .  Orban, Measurement of the Stubility of Lithium Hydride, ORNL CF-54-5-47 (May 26, 

C. J. Bartan, Fused Salt  Compositions, ORNL CF-54-6-6 (June 2, 1954). 
J. C. White, SoIiihiility {of Compositiorr 50 i71 Water, ORNL CF-55-4-18 (April 4, 1955). 
J. C. White, A. S. Meyer, Jr., and D. L. Manning, Differential Spectrophotometric De- 

J. C. White, Determination of Iron(i!l) in Mixtures of Alkal i  Metal Fluoride Salt, ORNL 

C. J. Barton, Fused Salt Compositions, ORNL CF-55-9-78 (Sept. 16, 1955). 
J. C. White, Determination o l  Traces  vf lron(1ll) in NaF-L iF-KF-OF with 7'hiocyanate, 

ORNL CF-55-9-96 (Sept. 20, 1955). 
D. I. Manning, A. S. Meyer, Jr., and J. C. White, The Compleximetric Titration of 

Zirconium Based on the Use of Ferric Iron a s  the Titrant and Disodium-1, 2-Dihy- 
ciroxybenze-3, 5-Disulfonate a s  the Indicator, ORNL-1950 (Sept. 28, 1955). 

W. J. ROSS, A. S .  Meyer, Jr., and J. C. White, Determination of Trivalent Uranium with 
Methylene Hlue, ORNL-1986 (Nov. 7, 1955). 

J. C. White, Chemical Exurriiiution of Cold Trap from Intermediate Neat Exchanger T e s t  

Stand No. 1 ,  ORNL CF-55-11-102 (Nov. 17, 1955). 
J, C. White, Determination of S r r i ~ t L I  AmourLts o/ Tantalum in NaF-LiF-KF and in N u F -  

LiF-KF-(IF ORNL CF-56-1-49 (Jan. 10, 1956), 
4' 

J. R. Smolen, Phys ica l  Properties o/ Boral Used in Lid Tank Mockups, ORNL CF- 
56-1-94 (Jan. 23, 1956). 

J. C. White et al., l_)etermination Tririulent Uranium in Fluoride Salt Mixtures by the 
Modified Hydrogrir Evolution Method, ORNL-2043 (Feb. 10, 1956). 

J. C. White and A. S .  Meyer, Determinatim of Traces of Aluminum in Nal"-ZrF4-UF4, 

ORNL CF-56-3-10 (March 1, 1956). 
J. C. White, A. S. Meyer, and B. L. McDoweII, l?eterminatinn of Dissolved Oxygen in 

Luhricating Fluids, ORNL-2059 (March 9, 1956). 
J. C. White, Procedure for  f he  Detmniination of Oxygen in Socr'ium and NaK by the 

/listiZlttion Method, ORr\lL CF-56-4-31 (April 5, 1956). 

30, 1956). 

1 952) * 

Q S  SollJent /or Fuel ,  ORNL CF-54-5-40 (May 7, 1954). 

1 954). 

termination of Beryllirrm, ORNL-1909 (June 24, 1955). 

CF-55-7-103 (July 22, 1955). 

4 

P, A. Agron, 3. S, Borie, Jr.8 and R. M. Steele, [33-Na2UF,, ORNL CF-56-4-199 (April 

R. E .  Thoma, X-ray Diffraction Results,  ORNL CF-56-6-25 (June 4, 1956). 
J .  C. White, Determination of Microgram Amounts of 7'itanium in the Presence of NaF-  

W. J. Ross, A, S. Meyer, Jr., and J. C. White, Detprniination of Boron 2'72 Fluoride Salts, 
Z r F  -UF4 ,  ORNL CF-56-6-111 (June 20, 1956). 

ORNL-2135 (Aug. 7, 1956). 

4 
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M E T A L L U R G Y  

A. Des. Biasunas, A Simplified Apparatus for itfaking Thern2al Gradient Dynamic COT- 

W. D. Manly, Status  of Columbium, Beryllium, and Lithium, ORNL CF-54-4-162 (April 6, 

E. E.  Hoffman and P. Patriorca, Heat Exchanger Fabrication, ORNL CF-54-5-88 (May 

G. P. Smith, M. E. Steidlitz, and L. L. Hall, Flammability o,! Sodium Alloys  at i f i g h  

H. lnouye, Neutron Shield for A R T ,  ORNL CF-55-7-94 (July 18, 1955). 
R. J. Gray and P. Patriarca, hjetallogmphic Examination of ORNL HCF Radiator No. 1 

H. Inouye, Use of Boron / O T  Neutron Shielding, ORNL CF-55-12-3 (Dec, 1, 1955). 
R. s, Crouse, h!etUllOgrUphic Exaniination of Thermal Convection Loops and Capsule  

J. H. DeVan, Preliminary invest igat ion of lnconel Cas t ings ,  ORNL CF-56-2-56 (Feb. 13, 

R. J. Gray and P. Patriarca, itletallographic Examination of PWA HCF Radiator No. 2, 

R. Carlander and E. E. Hoffman, Transfer of Carbon Between  Dissimilar hletals in 

H. Inouye, M. D'Amore, and T. K. Roche, Nickel  Base  Al loys  for High Temperature 

M. R. D'Amore and H. Inouyc, T h e  Extrusion o/ Covrposite T u b e s ,  ORNL CF-56-4-123 

R. J. Gray, ,$!etallogTaphic Examination of f f i g h  Veloc i ty  Heat Exchanger (SHE No. I), 

p. Patriarca e t  al., Fabrication of Heat EXchUnger.5 and Radiators / O T  H igh  Temperature 

T. Hi kido, Screening Evaluation of Experimental Nickel-Molybdenum A l l o y s ,  ORNL 

rosion T e s t s  (Seesaw T e s t s ) ,  ORNL CF-52-3-123 (March 13, 1952). 

1954). 

17, 1954). 

Temperatures, ORNL-1799 (June 15, 1955). 

Failures, ORNL CF-55-10-129 (Oct. 31, 1955). 

T e s t s  Performed by WADC, ORNL CF-56-2-26 (Feb. 6, 1956). 

1 956). 

ORNL CF-56-3-47 (March 12, 1956). 

Contact with hlolten Sodium, ORNL CF-56-4-73 (April 2, 1956). 

Service,  ORNL CF-56-4-121 (April 16, 1956), 

(Apr i l  18, 1956). 

ORNL CF-56-5-148 (May 24, 1956). 

Reactor Appl icat ions,  ORNL-1955 (June 14, 1956). 

CF-56-7-35 (July 10, 1956). 

HEAT TRANSFER 

H. c. Claiborne, A Critical Rev iew of the  f,iterature on Pressure Drop in .woncircular 

H. F. Poppendiek and L, D. Palmer, Forced-Convection Heat Transfer in  Thermal 

W. S .  Farmer, Cooling Hole Distribution /or Reactor Ref lectors ,  ORNL CF-52-9-201 

W. S. Farmer, Heat Generation in a Slab for a Non-Uniform Source of Radiation, ORNL 

H. F. Poppendiek, Estimates  of Heat and Momentum Transfer Characteristics o/ the 
(LiF-48 M 70 ,  BeF,-52 M %) and (NaF-LO M %, KF-46 M %, 

H .  F. Poppendiek and L. D. Palmer, Forced-Convection Heat Transfer in Pipes  with 

w. R. Harrison, J, 0. Rradfute, and R.  v. Bailey, Generalized V e l o c i t y  Distribution /or 

w. B. Harrison, Forced Convection [ f e a t  '1-ransfer in Thermal Entrance Regions,  Part 111, 

H, W .  Hoffman, Preliminary R e s u l t s  of Flinak Heat Transfer ,  ORNL CF-53-8-106 (Aug. 

Ducts  and Annuli, ORNL-1248 (May 6 ,  1952). 

Entrance Regions - Part 11, ORNL-914 (May 26, 1952). 

(Sept. 3, 1952). 

CF-52-9-202 (Sept. 4, 1952). 

T w o  Fluoride Coojants: 
ZrF4-44 M Z), ORNL CF-52-11-205 (Nov. 29, 1952), 

Volume Heat Sources, OHNL-1395 (Dec. 2, 1952), 

Trcrhrrlent Flow in 14nnuli, ORNL CF-52-12-124 (Dec. 19, 1952). 

ORNL-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 Heat Sources Within the Fluids, ORNL CF-54-2-1 
(Feb. 1, 1954). 

J. 0. Bradfute, T h e  Measurement of Fluid Velocity by a Photographic Technique, ORNL 
CF-54-2-37 (Feb.  4, 1954). 

D. C. Hamilton, F. E. Lynch, and L. D. Palmer, The  Nature of the Flow of Ordinary 
Flu ids  in a Thermal-Corivectzon Harp, ORNL-1624 (Feb. 23, 1954). 

L. D. Palmer and G. M. Winn, A Feasibility Study of Flow Visuulization Us ing  a Phos- 
phorescent Particle Method, ORNL CF-54-4-205 (Apri I 30, 1954). 

H. F. Poppendiek and L. D. Palmer, Forced Contection Heat Transfer Between Parullel 
Plates and in Annuli with Volume Heat Sources Within the Fluids, ORNL-I 701 (May 11, 
1954). 

M, W. Rosenthal, H. F. Poppendiek, and M. R. Burnett, A iMethod for Evaluating the  
Neat Transfer Effectiveness of Reactor Coolunts, ORNL CF-54-11-43 (NQv. 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 (Nov. 5, 1954). 

D. C. Hamilton et al., Free Convection in  Fluids Having a Volume Heat Source, ORNL- 
1769 (Nov. 15, 1954). 

J. 0. Bradfute, QurrIitutive Veloc i ty  Information Regarding the A R T  Core: Status 
Report No. 4 ,  ORNL CF-54-12-110 (Dec. 14, 1954). 

H. W. Hoffman and J. Lones, Fused Salt Heat Transfer - Part I 1  Forced Convection 
Heat Trans fer in Circzrlar Tubes  Contuining NaF-KF-f.iF Eutectic,  ORNL.1777 (Feb. 
1, 1955). 

H. W, Hoffman, L. E). 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. 0. Bradfute, Qualitative Veloc i ty  Profiles with Rotation in 18-Inch 
A R T  Core, ORNL CF-55-3-15 (March 1, 1955). 

H. F. Poppendiek, Status Report on Forced Convection Experimental Work in Converging 
and Diverging Channels with Volume Heat Sources in the Fluids,  ORNL CF-55-3-174 
(March 24, 1955). 

F. E. Lynch and J. 0. Braddute, Qualitative Veloc i ty  Profiles in 18-lnch ART Core 
with Increased Turbulence at Its Inlel, ORNL CF-55-5-132 (May 10, 1955). 

J. 0. Bradfute, F. E. Lynch, and G. L. Muller, Fluid Veloc i ty  Measured in the 18-lnch 
ART  Core by a Particle-Photographic Technique, ORNL CF-55-6-137 (June 21, 1955). 

F. E. Lynch, Qualitative Velocity Information Regarding the IR-lnch A R T  Core With 
Vane  Set N o .  2 in Entrance, ORNL CF-55-6-173 (June 27, 1955), 

6. L. Mu1 ler, Qualitative Veloc i ty  Informution Regarding the 18-lnch ART Core with 
Turbulator Vane  Set No. 1 ut Entrance, ORNL CF-55-6-174 (June 27, 1955). 

L. D. Palmer, G. M, Winn, and H, F. Poppendiek, Investigation of Fluid Flow in Helical 
Brnds o/ the ANP In-Pile Loop, ORNL CF-55-4-183 (June 27, 1955). 

G. L. Muller, Qualitative Estimates of the Veloc i ty  Profiles in  the 21-Inch ART Core, 
ORNL CF-55-7-92 (July 20, 1955). 
D. C. Hamilton and F. E. Lynch, Free Convection Theory and Experiment in Fluids 

Having a Volume Heat Source, ORNL-1888 (Aug. 3, 1955). 
H.  F. Poppendiek and L. D. Palmer, Application of Temperature Solutions /or Forced 

Corzl/ection Systems with Volume Heut Sozlrces t o  General Convection P r o b l e m ,  

ORNL-1933 (Sept. 29, 1955). 
6. L. Muller and F. E. Lynch, Qualitative Velocity In formt ion  Regarding the Quarter 

Scale Model of the 1s-Inch ART Core nnd the 5.22 Scale Model of the 2i-lnch ART 
Core with the P and W Swirl Nozzles at the Inlet, ORNL CF-5510-48 (Oct. 3, 1955). 
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G. L. Muller and F. E. Lynch, Qualitative Veloc i ty  lnformation Regarding T w o  Constant 
Gap Core Models, ORNL CF-55-10-49 (Oct. 3, 1955). 

F. E. Lynch and G. L. Muller, Qualitative Veloc i ty  Profiles wi th  a Rotational Com- 
ponent ut the  Inlet of the 21-1nch Core Model, G. F. Wislicenus Design, ORNL CF- 
55-10-50 (Oct. 3, 1955). 

J, L. Wantland, Thermal Characteristics of the  ART Fuel-to-NaK Heat Exchanger, 
ORNL CF-55-12-126 (Dee. 22, 1955). 

J. L. Wantland, A Method of Correlating Experimental Fluid Friction Data for Tube  
Rundles of Different S i ze  and Tube  Bundle to Shel l  U'all Spacing, ORNL CF-56-4-162 
(Apr i l  5, 1956). 
H. W .  Hoffman, Thermal Structure for the Region aeyond the A R T  Reflector - Supple- 

me-nt I ,  ORNL CF-56-4-129 (Apri l  17, 1956). 
H. W. Hoffman, Fused Salt Heat Trans fer ,  ORNL CF-56-7-85 (July 20, 1956). 

PHYSICAL PROPERTIES 

M. Tobias, S. I. Kaplan, and S. J. Claiborne, Densi t ies  of Certain Salt Mixtures at  

J. M. Cisar, Densities of Fuel  Mixtures Nos. 25 and 25a, ORNL CF-52-5-209 ( h y  28, 
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