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REACTOR DESIGN AND DEVELOPMENT

ARGONNE RESEARCH REACTOR (CP-5) - G. A. Anderson

POWER BREEDER REACTOR (PBR)

S

Reactor Design and Evaluation - E. Hutter. L. J. Koch. 
M. J. Stockier (CRkfi). J. t. Wellman (CRkD)

Methods al fuel element unloading are being evaluated. as­
suming a bon-type fuel element, which would be applicable to the various 
types of fuel elements being considered. Shutdown cooling nd the fuel ele­
ments. and the activity of the fuel elements and adhering coolant complicate 
the procedure for removing these elements from the reactor. It has been 
assumed that subsequent processing of the fuel elements will require some 
cooling time following reactor shutdown. The most promising procedure 
developed thus far utilises this cooling tame by transferring the fuel ele­
ments from the reactor core to a storage facility within the reactor vessel. 
The fuel elements are kept submerged in sodium during transfer and in 
storage, and are not removed from the vessel until they have cooled suf­
ficiently to meet the requirements of the succeeding operations.

Work on the Argonne Research Reactor is progressing according to 
schedule. The Reactor Shield is completed and the graphite work is approai- 
mately half finished. Piping has been completely fabricated, disassembled 
for cleaning, and is ready for reassembly and leak testing. All control room 
panels are installed and interconnecting wiring is progressing.

; : : 
a a • •** **

Conceptual design studies of reactor configurations are being 
made to identify the engineering problems, and to suggest solutions and 
available alternates. The most promising concept developed to date la- 
vol* es a contained primary coolant circuit, or package arrangement, in 
which the reactor proper and primary coolant circuit are contained in a 
single large vessel. This approach eliminates all exposed piping in the 
primary circuit, and results in a very compact primary unit with individu­
al primary coolant circuits (probably four) surrounding the reactor. The 
design should result in the optimum utilisation of shielding, since all com­
ponents n the circuit requiring shielding are contained in a single shielded 
package. The "primary system package" approach requires that the inter­
mediate heat eachangers. and primary coolant system pumps be submerged 
in the coolant (sodium). This appears to be a feasible application for d-c 
electromagnetic pumps.

• * *
• «



tWNM 
<•••>

SSSSSM 
AM*

•.SMS

K«*M

•.MUM 
CM

B.

Two—Or Ok.p C«lcuUl>on»1.

The

tl rs M

KurU«r diffusion theory <akaUUon> in »pk»ric«J
geometry have been made in order to obtain preliminary etUmatei relative 
to the PBR.

A preliminary analysts is being made of a heat removal system 
for a prototype or pilot plant reactor. The objective is to provide the steam 
generating equipment end turbo-generator unit to permit demonstrating the 
operating characteris ci o< the unit, and also permit the llextbility of oper­
ation required for an experimental unit. It is anticipated that the prototype 
reactor must be operable over a wide temperature and power range as welt 
ps the reference design cosufilions. Me suits thus lar indicate that consider­
able operational flexibility can be achieved with only slight modifications in 
the plant arrangement.

The last group represents neutrons above the tission thresh­
old of U4* (asI.b mev) and the slow group neutrons below that energy, 
following macroscopic cross sections (cm"') were used;:

Design studios have been made of fuel element configurations 
for the * par tic slated fuel element.* The studies include facilities tor the 
handling operations, provisions for coalant flow, and structural stability 
particularly m the cere section. One design involves an element of hex­
agonal cross section containing triangular cross section tubes spaced on a 
triangular pitch. The tubes containing the "parties la ted fuel* have ribs at 
each corner which make contact with the flat side of each adjacent tube 
providing a stable structure and the necessary coolant flow passages. The 
hexagonal unit, approximately > m. across the Hats, provides a reasonable 
sine unit which permits handling of a relatively small number of "packages* 
m a reactor loading.
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• 47 of the neutron* go into the faat group and 0 5) Mito the *low group

Calculation* were made om the following general *y»temi

I Convertor

U

111

I They
are

Coro

V-» Pu‘”
o.jo

U4* IT1*

Na 0.55 0.40

r« 0.15 0.10

aeotrr 
ire

IMMM 
l«M

Brtrdtr

Pilot Plant (Converter or Breeder)

0 
I.NMM 
4M

inane
a. am 
com 
«U«M

C*M0
O.4MO 
0.M*

Standard Blanket 
Compo*iuoa (SBC)

Ref.
44

COMOOB 
O.M0

• Reactor engineering Divine* Quarterly Report. AML-Wll, March IS. 105) 
O-*.

Ref. 
44

Some of the r«*«uti given below were reported prewtoaaly. 
mcluded m order to facilitate comparand* with the new ree*Ma.

tf«0B
M*W uwwr

■li p* o

The <.ore redtua tor the converter or breeder was. Mi all caaea.
44.54 cm (volume v<|>*al to a cylinder with M ■ D e 50 Ml.). The pilot plant 
core radtuv wae 44.5 cm (I ZlB the volame o4 the full-aiae core). Unices 
other wise elated, the reference core and standard blanket compoa*uooe were, 
by volume traction.
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I. One-Croup Calculations

U**U4" PbNa F*

In the blanket th* flesion cross section of U4- was assumed to be aero.

Comparison of Critical Mass for Pb-Bi vs Na Cooling

Comparison of Critical Mass for UOf Core Alloy vs Uraniumb.

Cor*

X
X 
X

fission 
absorption 
transport

0.06*7
0.0775 
0.270

0.00210 
0.00910 
O.MJ

0.0551
0.0477

0 
0.0000106 
0.006

0.2469
0.0957

0 
0.002964 
0.296

0 
0.000520 
0.165

Uranium 
UO,

Volume Fraction 
(fits J,***

It ia estiniated that the 2* fissions tn th* cor* per LT4** fission would drop 
Irom .177 for th* uranium fuel to .105 for th* UO( fuel. This would have an 
adverse effect on th* breeding ratio, producing a drop of 0.09 (i.e.. if it were 
1.20. it would become 1.11). Furthermore. there would be less internal 
breeding with a resultant increase in the problem of control

Calculation* w*r* made tor a “Reference 25“ core and 
an infinite S.B.C. blanket. With Na as the coolant, the critical volume frac­
tion of IF4*’ was .0551. With Pb-Bi a* the coolant (in both core and blanket), 
th* misture was assumed to have cross sections equal to that of Pb of .90 
density. The critical IF4** volume fraction was .052*. Since the absorption 
cross section of Pb might be considerably lower than that assumed above, 
the calculation was repeated with this absorption cross section reduced by a 
factor of eight (th* microscopic cross section was reduced from .016 to .002 
barns). This changed the critical volume fraction of U*** to .0502.

Hi

The effect on critical mass of th* replacement of ail core 
uranium with UOt having a density 10 was investigated. Again the calculations 
were made on a “Reference 25“ core with an infinite S.B.C. blanket. When the 
uranium was replaced by UO, the critical mass of U4** was reduced about 10*5

This 
assumption should not prod-ice an appreciable error for the effect* under in­
vestigation.

In addition to the two—group calculations, some one-group calcu­
lations were made to obtain rough estimates ot various effect*. In the follow­
ing series of calculations, th* one-group macroscopic cross sections were
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Effect of Blanket Thickness on L«ai»g« Out of Blanket

3 ft1 ft 2 ft

0. 1440.251 0.007

Multi -Group Calculations3.

The first of these calculations has been

C. Fuel Elements and Fuel Media

1 . Corrosion - J. C. McGuire

A uranium-chromium alloy containing 20% chromium.
showed no evidence of corrosion after I. 3. and 9 weeks at 550C. Similar 
results were obtained on samples tested in Globe iron capsules.

Titanium, containing 6% aluminum, was unaffected after 
two weeks at 550C.

Semi-static corrosion tests of materials in liquid sodium 
are being conducted. The main program at present is a cooperative effort 
with the Detroit Edison Company in testing proposed fuel alloys. Unless 
otherwise noted, the tests are made in AIS1 type 347 stainless steel cap­
sules.

An effort was made to determine the temperature at which 
the natural surface film on Inconel X would be removed. Samples tested 
tor 24 hr at 150, 250. and 300C <402, 482. 572F. respectively) showed little 
or no effect on the surface film.

S.B.C. blankets of thicknesses of 1 ft, 2 ft and 3 ft. 
escaping the blanket per U21'

^H. Hurwitz. R Ehrlich. "Further Developments of Multi-Group Method 
for Intermediate Piles,” KAPL-39, March I. 1948.

Calculations were made on a "Reference 25" core with 
The number of neutrons 

fission in the core were for the three cases:

A multi-group diffusion theory set-up has been coded for 
solution by IBM. The method of solution and the programming are similar 
to that developed and used by KAPl/ It is anticipated that even with the 
large uncertainties in cross section, the multi-group calculations will afford 
more reliable estimates than heretofore possible to many of the problems 
involved in a detailed PBR design, 
completed and the results are being analysed.

A uranium-iron eutectic alloy containing 40 atomic pcr cent 
iron, showed no deleterious effect after exposure in sodium at 55OC (1022F) 
for periods of 1. 3, and 7 weeks.
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2.

tear drops wtth shrink bole

(1) Th* pa ch in* fraction tn th* >/• tn. tube I* not 
creased by lacrtiuf dropping height.

Th* results of th* packing testa of ball* manufactured under 
the a* varying condiuona allow th* following observations:

:!

•oo
9.020
> 

570
I

HyVac OU
29 
90

**• #

B«cau»« uranium or uranium alloy la to be used tor reacto- 
fuel at temperatures of bOOC and higher. data on th* amount* of fission prod­
uct* * leaping by diffusion from th* uranium metal into th* sodium coolant 
at the** temperatures ar* required to enable proper design of th* fuel ele­
ments (or fuel cans). Since corrosion of uranium also would be eap«ct*d to 
contribute fission products to th* sodium, additional hnowledg* of th* eetent 
of corrosion la necessary. Consequently, a dynamic JO gpm liquid sodium 
loop, of 20 gallons volume and 2-inch pipe aia*. is being constructed to study 
release of fission products and corronoa.

Only lead drops hav» been mad*, with th* following refer­
ence paramet. • a arbitrarily selected for comparison of variable*

Temperature of leant. F 
Nonlr diameter, in. 
Drop rate, drops/sec 
Drop rat*, gm/hr 
Dropping height, m. 
Quench medium 
Quench depth, in. 
Quench temperatur*. F

Tests have been made to determine operating character*
■ sties of equipment for the manufacture of metal balls. Th* apparatus 
consists of a resistance-heated steel pot and a needle valve-nonli 
arrangement tn the bottom for generating molten metal drop* which fall 
into a quenching medium placed directly beneath the pot. Th* controllable 
variables are: Molten metal temperatur*. nocale diameter, rate of drop 
generation, dropping height (distance between Up of noaale and surface of 
quenching medium), quenching medium, depth of quench, and temperatur* 
of quench. Th* product is classified according to screen sis* and packing 
fraction in j/0 in. ID tubes.

Escape of Fission Products from Uranium - M. Siv«ta

Manufacture of Ball-Type Fuel Elements - E. l». Carrier

• :• i

The drops are usually oblate spheroids or 
surface defects. A high degree of else control has been obtained, for 
eaample. 11 random sample* from on* melt showed an average diameter 
of 0.105 in., with the smallest being 0.100 in. and the largest being 0.109 tn.
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(4)

(»)

Fackiag Studies - W. A. NelenBali-Type Fuel dement

».

$

- • ♦ IO mesh
— IO • 12 mesh

The pecking fracUoo to UKrMMd w»ih increased 
Um^«ritar« otf quench.

The packing fraction is larger lor the oblate 
spheroids than lor the w*r drops.

>00.7 gm 
14.> go*

41 >.4 gm
1.4 gm

Gat faitr«^n>nl m W*K-5<««I Ball Columa» - WK. Aa4*rM« 
£7 1«. Cur rter. W. C. Daombafc. and J7 W. F rank

Th* highest packing IracUoe obtained was SB.7%. lor rolling oblate spheroids 
at the following screen analysis

The pecking fracUoa may be uecreaeed by de­
creased drop rata.

Moiling oblate apboroid• are those which roll freely down an inclined glaaa 
•urlaci. A typical low packing fraction for rolling oblate spheroids was 
41.1*. obtained for bails which were screened as followe-

The packing fraction la increased with increased 
lead temperature.

In order to determine bow balls would pack in a tube under 
compressive loads, a series of rompactions were made with lead abet «rf 
0.044 in. diameter ia a one-inch mold at pressures up to 12.000 pal. More 
flattening of the lead shot occurred at or near that surface of the compact 
which received the force. The compacts resulting from the pressing of 
lead shot at 4000 pal and 0000 psi (Figure 1). ia Lucite tubing with a Lucite 
plunger, show thia effect, eapec tally at the higher pressure.

A manimum preaaure of 1100 pel was required to remove 
the compacts from the molda. Usually when the applied pressure had ex­
ceeded bOOO psi. the upper portion of the compact cohered while the lower 
balls were free and able to fall out of the mold. An attempt to make a 
permanent compact was unsuccessful.

-? ♦ 0 mesh 
-• * 10 mesh

Prelimiaary teste have been made to determine the osteal of 
gas entrapment m liquid metal celemae packed with steel belle. These tests 
are related to a projected fuel element composed of email spherical particles

• a *
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LEAD SHOT COMPACTED AT 4.000 ANO S.000
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For the test* with sodium st bObC (I I UF). a a mail smount 
of ergon ga> is r»l««M4 at Uta beet mi of a rastaUM•**••!•< ><■ mi. Ill 
stainless steel tube 10 tn. high (tiled with l/lb Ml. diameter stainless steel

The spparatus for the (tret eaperimeat with NaK consisted 
of a vertical glass tuba closed by a rubbar stopper through which a hypo- 
darmK n a ad la could be Inserted. Tha tuba was about oar-third (Iliad with 
NaK and SAE SZIOO steel balls ware dropped into the NaK until the balls 
were visible at the top. More NaK was added to coaer the balls, and a 
hydrocarbon fluid added to protect the meniscus. A cathetometer was focused 
on this meniscus to observe the liquid level. One cc of argon. introduced at 
the bottom of the tube with a hypodermic syringe, lodged within the space 
between the outermost balls and the walls of the tube. Second and third por­
tion a of argon (1 cc each) were added in the same way; the third cc passed 
through, it was noted on disassembly that the balls had not bata wetted by 
the NaK and that large aggregates of Na«O were present.

For the second experiment with NaK. equipment was com­
pletely redesigned and procedure replanned tn order to eliminate the lack 
of wetting and the pretasca of Na<O- The apparatus, shown in Figure I 
consists of a tube which la partially filled with degreased, pickled end dried 
SAE 41100 steel balls. At the bottom is attached another tube bearing a 
stopcock which terminates in a sintered glass filter, by means of which 
NaK la admitted. Also located et the bottom la a abort length of small-bore 
rubber tubing closed at one end. through which the hypodermic needle is in­
serted. The top of the column la connected to an argon cylinder and a vacu­
um pump. For the teat, the apparatus was evacuated, filled with argon and 
re-evacuated; thia cycle was repeated twice. The ball column was heated 
with an open flame while under vacuum, argon was admitted, and the system 
re-evacuated in order to outgas the balls. The lower stopcock was then 
opened slowly tn order to admit clean NaK. The column coat si sing the NaK 
and balls was heated with a flame to Insure wetting. Thio was verified by 
observation after pushing out the NaK with argon pressure. The NaK was 
replaced, the lower stopcock closed, sad argon admitted at a pressure of 
one aimssphere. The level of the NaK was read on the cathetometer scale, 
the hypodermic syringe was inserted into the rubber tube, and argon was 
admitted m I -«c portion* The gas remained lodged among the balls until 
*be third cc was added. This was eh owe by a rise tn the liquid level, as well 
as by the absence of any hubbies rising to the top surface Os disassembly 
the balls were found to be completely wet by U*e NaK. except for three er 
four in the top center of the colusna

of fuel immersed in liquid sodium in a email diameter tube. It io desired to 
s sc er tain whether fission product gases, particularly xenon. will collect as 
bubbles acting as heat transfer barriers or whether the gases will pass up 
through the fuel bed into a collector above the element proper. The tests 
were made with NaK al room temperature and with sodium al bOOC (111ZF). 
in different equipment.
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cc argon at 400C

0 0.33

5 0.33

20 0.30

40 0.23

50 0.17

40 0.17

70 0.17

00 0.17

Xenon Diffasion Through Uranium - J. C. McGtUrt4.

Ex^«rUn«atai equipment ha* been co«»tr«U4 and t* now 
in operation to dttrrnrUM Cha diffusion rat* of *enon through uranium at 
rarlaws temperaturee.

bails submerged in liquid sodium. Volumetric measurements with an electric 
probe ara made at regular interval* to determine the volume at g*a remaining 
in the tube at atmospheric pressure. The apparatus is shown in Figure 3. Early 
test* with AISI type 440C stainless steel balls showed no entrapment. It is not 
known whether wetting of the balls affects gss entrapment, but in the later experi­
ments with Type 304 balls sufficient time was allowed to insure complete 
watting. A typical test with Type 304 balls produced the following averaged 
data, showing that approximately one-half of th* entering gas is trapped in 
th* balls:

Time, 
min.

Th* teat apparatus consist* of a uranium m*mbraa*. .020 in. 
thick and 11 eq la. la area, exposed to aesos at atmospheric prsssur* on on* 
side and to vacuum on th* other side at any desired temperature. In cast, 
the *xhau*t is cut off and the pressure increas* caused by diffusion of xenon 
through the membrane is indicated by a calibrated Ptrsni gag*. The diffusion 
rate c*a be calculated from the rate of pressure rise and the volume of the 
evacuated system.

These preliminary experiment* indicate that with this type 
of fuel element there may be a real dang«r of gas entrapment inside the fuel 
element, assuming that fission gases ar* generated and escape through the 
surface of the uranium ball* st a sufficiently rapid rat*. Future test* will 
be made using uranium ball* in convection—circulating sodium.
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Impr of UP, wtUi N«K toy Vacuum Technique
-SB

• . So4«w»n Filli 
Fm»I Cans -

PrallnUMn testa with argon ihtiwid a lignitic awl rise la 
dtffution rata at temperatures above 4SOC (B4ZF). latital tests with bob-* 
at temperatures up to BZSC (I157F) showed a* eirtremaly low diffusioa rate 
barely tn encase of background. Taata la the ur*mum beta phase range 
above bbOC (1ZZ0F) are to be made.

A putty-type of Iwe! such ai a UOt-Nak tnlrturi that may be 
eatruded or pushed through a reactor hae advantages over solid fuel rode ta 
that growth distortion may be overcome end reprocessing of the component 
materials may be simplified. Consideration cd various methods of impreg­
nating powdered UOt with NaK led to the choice of vacuum technique. To 
determine whether UO, te wet by NaK, the mixing was performed wader aa 
argon blanket. Thia was done by outgassing the UOf and NaK in individual 
containers la a glass vacuum system and then adding the NaK to the UO( by 
inverting the NaK container. All the esperimewt* were per I or med la a dry 
boa.

The mlrror-iihe appearance of the inside of the heated glass 
container indicated wetting of the container and of the UO( powder by the NaK 
Microscopic examination under oil also showed that the particles of VO( were 
surrounded by NaK. The UO«-NaK misture was successfully extruded from a 
M cc syringe through the enlarged (>/• tn.) esit bole.

The compounds in their individual containers were outgassed 
at room temperature to a pressure of IO-* mm Hg. The UO4 was heated io 
JOOC (57ZF) and outgassed again to a pressure of l0~* mm Hg. The UO( was 
allowed to cool to room temperature under vacuum and then the NaK was 
added. Argon was admitted and the UOj-NaK mixture was heated to about 
HOC (about 1OZF).

Equipment hae been prepared for filling 1 m by > m. by 44 la 
fast exponential experiment fuel cans with sodium by drawing up molten sodium 
into the evacuated cans. For this purpose, a l/g-mcb pipe thread is to be pro­
vided is the brand top cove* and m the bottom of the can. The sodium will be 
removed by reverse-flow, followed by an ethanol rinse at MC (MF) to remove 
residual Na and Na«O. It is planned to use thia procedure on S4 fuel cat* per 
month throughout the course Of the experiment

and Cleaning of Fast Exponential Experiment
i. Mre4a
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Physical and MxhaaKtl Properties - A. K Dwight

Tfctrmal Stability T««<» - W. S Fagan10.

/

where « is the volume concentration of sphere material and a t* its thermal 
conductivity relative to that of the medium.

The thermal conducUvity of a «ruuum-B% plutonium alloy 
after 2-1/1 weight fxtt rent of the plutonium has hern burned up has been 
calculated to vary between 0.04 cal/'(cmXsecXC)at 1OOC to 0.04 cal/(c mXsocXC) 
at SOOC

h

An apparatus for high temperature thermal cycling 
(Figure 4) has been built to study the behavior of fuel element materials 
under temperature changes. The temperature cycling la accomplished by 
movi | the sample from a region containing hot eutectic lead-bismuth alloy 
to a region containing colder alloy, while controlling the bolding time in 
each environment and the transit time between environments.

Measurements have been made of the thermal conductivity 
of Type 44OC stainless steel balls la liquid sodium. The taperUMsully 
determined madectivttiee vary up to 10% higher than those calculated from 
Tareevs* equation The latter equation, in the form applicable to spheres la 
a homogeneous medium Is

•eeld-up «d alley cut the rod as it leaves the liquid and ewaers 
the gas reeuMa u» a very greet increase as the diameter of the rod and a re- 
duction ef the liquid level A redesigned apparatus is being built to ever* nene 
thia difficulty and to allow 24-hour unattended operation

The sample, welded into a NaM-filled emd-rolled cartas 
steel capsule attached to a Type 147 stainless steel red. la moved up and 
down tn a vertical pipe filled with molten lend-bismuth alloy Large di­
ameter sec tanas at the lop and battum ends of the pipe provide the aocesaary 
beat capacity A helium blanhet prevents aside formation at the gas-liquid 
interface.

The samples are uranium cylinders prepared by a powder 
metallurgy technique with resultant random orientation Que ■ ample. eye led 
404 times from ZOOC (>*2F) to 404C (I I12F). show1 ad no change in views! 
appearance and small dimensional change Another sample cycled 404 times 
from 2O0C (>42F) to 7 2 SC (I 1*7F) showed cenaaderable growth distortion, 
and deter Msrouoa A sample eye led from ZOO C( »tZF) to AZ SC (141 7F) has not 
been inspected

Irsi Ze(n-l) 
2* n - e(n-i j
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D Reflector and Structural Matartala

Mass Transport - C. H Scheibelhut

A dynamic system (loop) of Type >47 stainless steel has been 
designed and is under coo at ruction A schematic drawing of this loop ta 
shown ta Figure 9. The mam components are a high temperature (heat input) 
section. a low temperature (heat removal) section, a surge tank, an electro­
magnetic pump, a flow rate control valve. and an electromagnetic flowmeter, 
through which the circulating sodium flows in the order named. Auxiliaries 
include a secondary liquid metal-to-air heat exchanger system for dissi­
pating the heat attracted from the low-temperature section, and a bypass 
filtering system (or removing sodium oxide from the circulating sodium 
when operating at 10O to 11 AC (212 to 2>OF).

Much additional information is required on the causes and extent 
of mass transport and redeposition at containing materials and their corro­
sion products in liquid metal systems at high temperature It is intended 
initially to investigate the behavior of liquid sodium systems, both dynamic 
and static, employing containing material of stainless steel and maximum 
temperatures of 400 to 400C (752 to 1472F).

The high temperature section consists of a three-foot length of 
0.29 in OO, 14 gage (0.045 m wall thickness) stainless steel tubing through 
which electric current is passed longitudinally to effect the desired heat in­
put The design heat input is aero to 12 fcw. sufficient to provide a maximum 
sodium temperat-ire rise from inlet to out'et of about 2O0C (1OZF) at a 
sodium velocity of 29 fps. The low-temperature section consists of a re­
movable five-foot length of O 90 m OD. it> gauge tubing positioned concentri­
cally inside a two-inch pipe Sodium-potassium alloy flowing through the 
Msslsi and through a fin tube heat eachanger m the secondary system dissi­
pates Che heat to air At present, all the loop components are available and 
welding has been completed on some parts, such as the surge tank, the 
adapter elbows, and the heat •« hanger tee ends

Apparatus for study of the transport of radioactivity from stain­
less steel under static conditions ir> liquid sodium with various impurities 
and temperatures is also being built The lest sample (2-in length of 
irradiated l/g MS. QO stainless steel tubing and a similar unirradtated piece) 
are placed tn a 7-is long, I in OD. 14 gage stainless steel tube r* »ed at 
ewe end and connected to a > • m OD c uppir tube at the other e .or evacu­
ating and filling A schematic of the apparatus IS shown in F igurs 4. Sodium 
is distilled into the tube under vacuum and the tube is sealed and placed in 
a pyrometer—cesstrolled furnace The transport of activity is to be deter­
mined by rofierkeiiwril methods
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Il eactor Cooiaswi. H—» Transfer and Powr GtKraUoa

1.

5.

Sine* at would be deairablo to have aamplinf aqulpmant per­
manently connectod to tach liquid metal e«p»rim«ntal facility, an inexpensive 
and easily duplicated sampling apparatus baa been designed which, it la hoped.

Sampling end Analysis ai Liquid Metals -W.C. £>«ombsk. 
J. W.WMnphreys

The accarrtMe of corrosion an a liquid metal coolant system 
la dependent upon the presence of impurities. such aa oxides. an the coolant. 
Knowledge of the cMcastraUM ef impurities as important tn the operation of 
any liquid metal system aad to also required tn stud to a ef the purification at 
alkali metal coolants. The purpose of the present work to to provide adequate 
methods sat laclhUaa for the sampling, analysts, end purification of liquid 
metal coolants.

A portable apparatus has been constructed to facilitate the 
removal of samples of alkali metals from static or dynamic experimental 
systems. The sample la delivered at the temperature of the liquid metal 
system into evacuated metal or glass receivers. A schematic of the appa­
ratus is shown la Figure ?. Liquid metal la forced into the evacuated 
sampling apparatus by the preaiure eat sting in the liquid metal system. 
The sample flows from the system through a >/• in. OD stainless steel 
capillary delivery tube, through a bellow a-sealed needle valve and through 
an additional length of steel capillary tubing which terminates inside an 
evacuated chamber. The bellows-sealed needle valve and the entire sample 
delivery line are heated to a temperature equal to or greater than that of 
the liquid metal system. The delivery tube la located on the axis of a 
flexible metal bellows welded to the top of the vacuum chamber of the sam­
pling apparatus. Evacuation of the apparatus causes the bellows to collapse 
and the delivery tube to move > in. toward the bottom of the vacuum chamber. 
As the bellows collapses, it 1a tilted manually to direct the delivery tube into 
one of the sample receivers. The collapsed bellows comes to rest on a metal 
collar holding the bellows and the delivery tube in an inclined position aligned 
with a sample receiver. As the bellows in displaced vertically, the end of 
the delivery tube passes through one of several holes in the bottom of the 
vacuum chamber, and through the bore of a stopcock connecting a glass or 
metal sample receiver to the vacuum chamber. After discharge of some 
liquid metal >nto the receiver. inert gas is admitted to the apparatus to permit 
the bellows to expand and the sample delivery tube to be withdrawn from the 
stopcock bore. The stopcock is closed either before or after subsequent 
evacuation of the apparatus so that the liquid metal specimen is sealed in an 
inert atmosphere or under vacuum. Since four receivers are connected to the 
bottom of the vacuum chamber, the delivery line may be flushed and three 
samples obtained without allowing air to enter the apparatus. Vacuum leaks 
have been eliminated from the all-metal assembly; the apparatus will be 
subjected to sampling teste as soon as the vacuum pump and accessories 
have been mounted.
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2.

may be used to replace the portable unit. In the ahtrnale design. now under 
construction, the costly be 11 own is replaced by a piston moving tn two “O’ 
range which permit vertical displacement and rotation of the piston and 
sample delivery tube.

Three types of fuel elements for the reference design re­
actor were analysed to establish the highest permissible coolant tempera­
tures attainable with each type for an assumed maximum fuel element 
temperature limitation. The effect of velocities and geometry different from 
the reference design was determined for the flat plate-type. The other two 
types analysed were tubes containing (1) a mixture of fuel alloy particles 
and sodium, and (2) seven fuel alloy pins with voids between the pins filled 
with sodium.

Heat Transfer Analysis - L. E. Kintner, J. B. Reynolds, 
w. R . Simmons

The accepted procedures for the chemical analysis at 
alkali metals have been reviewed and steps taken to procure the apparatus 
and chemicals needed. For the determination of the oxygen content of alkali 
metal samples, two methods of analysis will be available: the amalgamation 
method, in which mercury separates liquid metals from the ovides; and the 
*urta method, in which liquid metal, but not the oxide, reacts with anorganic 
halide. In addition, an attempt will be made to employ vacuum distillation 
with induction heating to effect a quantitative separation at liquid metal from 
the oxide.

^Reactor Engineering Division Quarterly Report. ANE-5012, March 15. 1953.

^Liquid Metals Handbook. NAVEXOS - P-733 (Rev.), June, 1952, p. 207.

The reference reactor design^ was used as a base for 
comparison of these fuel elements. Where the core geometry was changed, 
the core power (500 mw) and the core volume (600 liters), and hence the 
power density, were maintained constant. The maximum to average heat 
flux was assumed to be 1.45 in all cases, and constant coolant temperature 
rise through all sections of the reactor was assumed. The physical prop­
erties. of the sodium coolant were assumed constant at 760F (thermal 
conductivity = 41.2 Btu/(hr)(ft)(F); specific heat ■ 0.305 Btu/(lb)(F); density 
« 53.2 Ib/cu ft). The film coefficient was assumed to be one-half of the 
value computed from Martinelli's theoretically predicted value for flat 
plates.For the flat plate-type element the transformation temperature of 
the fuel alloy (1202F) was assumed to be limiting, while for the other two 
types the boiling point of the stagnant sodium bond at atmospheric pressure 
(1612F) was assumed to be limiting. A sketch of the three types of fuel ele­
ments is shown in Figure 8.
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Fto* Flase- Type Ftl fcimwm

i

Th* effect of velocity on pressure drop
through the reactor cere is shown to Figure 12. The preliminary reference 
velocity of 25 fp* wee selected because of msuff tc lent data on errronon et 
higher velocities. However. Il corrosion i* not appreciable at higher velocities, 
it to pee alb to that coolant v elec it tea greater than 25 Ip* could bo since
even at 40 Ip* the pressure drop I* not untenable (Figure 12).

Increased velocity at constant cor* coolant volume re­
sult* to greater total weight rate of How (Figure 1 I). At reference cotoltiss* 
four eaternal circuit*, consisting of 12 in (nominal) pipe will handle the total 
flow of 15.400.000 lo/hr with an estimated total circuit pressure drop of 70 pal 
increasing the velocity to >5 Ips at an L./D of 1.0 increases the total How rat* 
to 21 ‘•00.000 Ib/hr. However, by increasing the asternal pipe circuit* to lh m. 
nominal sice, th* estimate* circuit pressure drop 1* th psi Thu* the mere**** 
flow rate may be partially compensate* for by increasing the eeternal circuit 
pipe diameter.

The highest castes' temperature* permissible with th* 
Hot plate-type element were calc stole* lor a rang* Of velocities from 20 to 
40 fps. feel plate touch****** from • 075 Mt. to • 105 » and length to di­
ameter ratio* of the act*** cere from • 7 to I The core composition wo* 
bold c an ataal at Mie reference design composition of 55* coolant. 15* 
ftaiatosa steel etructorai material, an* Ml* Inal alloy (volume per cent I 
The thermal conOuclivtty of statnlea* steel an* fuel alloy were assume* to 
be lb and lb.5 IMu (hrMftMF). respectively. Hot spot factors to allow tor 
devtofoa* to ashessewibly dimension*. heat Itoa diatributio*. an* (tar* dis­
tribution. err* inr io*** tn th* calculation uf maetmum cor* alloy temp- 
eretures. Th* fetal factor esi th* over-ail temperature difference from 
the masimum uranium temperature to the inlet coolant temperature 
was I. lb.

The result* of the analyst* ar* given to Figures 5 to tb. 
Figure* 7 to II inclusive. shew the effect af the variable* on th* inlet coolant 
temperature for a core power output *f 500 mw. Reference conditions in­
dicated in the figure* refer to the preliminary reference be sign plat* toich- 
ne** of 0.075 to., masimum coolant velocity of 25 fp*. an* length to diameter 
rati* of th* active cere of 1.0. Since an increase in coolant temperature re­
sults in higher permissible steam pressure* an* superheat, an* therefore 
higher thermal efficiency, it is desirable to have coolant temperature* a* 
high a* possible. From Figure* 7 to 11. It is seen that increasing th* coolant 
vetocitie* ha* the greatest effect on increasing coolant temperature* lor th* 
range of variable* considered. Increasing the plate thlchne** while voiding 
cor* volume and composition constant decreases th* tntot temperature and l* 
therefore not desirable. Decreasing th* plate torch**** tor constant cor* 
volume and composition bole* 0.075 to. would result In clad thichnesse* les* 
than O 007 to. and may increase problem* of fabrication and decrease toe 
rigidity of toe fuel plate.
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Bali-Type fuel Element

The temperature riae of the coolant for various flow rates 
is given in Figure 14. As the coolant temperature rise increases, the problems 
m designing the system to avoid thermal shock sccompanying a sudden power 
cutoff become greater. For the present, temperature rises up to 40OF have 
been considered feasible.

The ball-type fuel element, ss shown in Figure • (b). 
consists of fuel alloy particles. 1/16 in. diameter or less, packed in a stain­
less fteel tube. The interstices are filled with sodium which serves ss a 
heat transfer medium. The assembly is cooled by sodium flowing on the 
outside of the container tube. The assemblies sre arranged m the core on 
an equilateral triangular pitch to give the desired coolant volume in the active 
core (J ft diameter by J ft high).

:: £ H J 0

The variables m this analysis were the aise of the con­
tainer tube (1/4 in. to j/8 in. inside diameter), the per cent at core volume 
allotted to sodium coolant (15 to 55 per cent), the per cent of the container tube 
volume allotted tn fuel alloy (60 to 80 per cent), thermal conductivity of the 
fuel alloy (IO to Z3.Z Btu/(hr)(ft)(F)), and the beat transfer medium used inside 
the container tube (Na or NaK).

Increasing the velocity at constant core composition and 
volume may be accomplished without inc reasing the critical mass requirements. 
However, decreasing the L/D ratio would increase the critical mass. Therefore 
the gain in efficiency of the steam cycle is offset somewhat by the decrease in 
specific power and the advantages obtained by reduction of L/D will not be as 
large as the the rmal ana lysis indicates when the fuel requi rements are considered..

The stainless steel tube wall was assumed to be 0.020 in. 
thick in all cases. The coolant velocity was maintained constant at Z5fps and 
the inlet coolant temperature was assumed to be 560F. Uniform heat genera­
tion in ike mixture of fuel and sodium in the container tube was assumed.

The results of the analysis are given in Figures 15 to 19. 
Figure 15 shows the spparent thermal conductivity of the mixture of fuel alloy 
particles and liouid sodium inside the tube, assuming the heat transferred by 
convection of the liquid metal is negligible. Figure 16 shows the temperature 
drop through the fuel alloy - liquid metal mixture for the range of variable 
covered. Since this temperature drop is large, the effect at thermal conduc­
tivity of the fuel alloy and the method of computing apparent conductivity has 
an appreciable effect on the reactor performance. The method used was the 
one described by Jskob^ which gives values that lie tn between the upper limit 
obtained by assuming the resistances of liquid metal and fuel alloy are in 
layers parsllel to the heat flow and the lower limit obtained by assuming that 
these layers are perpendicular to the heat flow.

**M. Jakob. "Heat Transfer." Vol. I. p. 85.
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Pin-Type Fuel tktn«nt

st*

The temperature* obtained from the analog are subject 
to th* following condiUooi and assumptions:

Th* pin- or wire-type fuel element t* similar to the 
ball—type element except th* fuel alloy ta in th* form of seven ptn* in the 
container tube. Theoretically, thia arrangement provides 77.4* of th* tub* 
volume in fuel alloy. Therefor*, th* temperature* in this type of fuel ele­
ment are comparable to th* 40 % packing of th* ball—typ* fuel element.

The assumption* far th* analysis of this element are 
essentially the same a* for the ball-type element. The fuel element temper­
ature* were obtained from a Teledelto* electrical analog, which was designed 
by members of th* Heat Engineering Section of the Reactor Engineering Divi­
sion. Th* analogue model was mad* lor a >/• la. ID tub* of 0.020 ia. wall 
thickness containing seven l/g ia. diameter fuel alloy pins. Th* void space 
between the pins was assumed to be filled with sodium.

The volume par cent stainless steel ia the reactor for th* 
5/16—inch container tub* and 45* coolant volume mentioned above is 11.4*. 
This leaves 26* of the cor* volume for fuel alloy and 17.4* of the core 
volume for stagnant sodium inside the container tubes.

Figures 17. 10. and 14 show the maximum calculated 
sodium temperature inside of the fuel element for coolant volume of 55. 45. 
and 55*. respectively. The boiling point of sodium at 700 mm Hg abs. pres­
sure (16Z1F) is indicated as a possible limit for th* maximum stagnant sodium 
temperature, since boiling of th* sodium would generate vapor bubble* thus 
decreasing th* apparent conductivity of the mixture and increasing the temper­
ature*. Another possible limit would be th* melting point of the fuel alloy 
(estimated at I470F). assuming that the tub* could be pressurised to a few 
atmosphere* to prevent sodium boiling.

r. .*. :* * »• • a•Os a *• a * » • » ♦• • *«• •

Th* packing of th* fuel alloy m th* container tubes is 
approximately 60* If the particle* ar* not plastically deformed under pres­
sure. Th* thermal conductivity of th* fuel alloy, especially after it ha. been 
in th* pile for some time and contains fission products. I* not known. The 
thermal conductivity of 45* U*M - 15* f*u has been estimated as 16 Btu/(hr) 
(ft)(F) at 150OF. Assuming that the boiling point of sodium at atmospheric 
pressure is th* limiting temperature in the fuel element. Figure 14 show* 
that a container tube 5/14 in. ID with an inlet temperature of 560F. satisfies 
this condition. The temperature rise of th* coolant is 56 4 F with 45* of the 
core volume allotted to coolant. Thus, the ball-type fuel element with a lim­
iting temperature of 162 IF give* reactor performance comparable to the 
reference plate-type fuel element with a limiting temperature of I2O2F. Th* 
reason for this is th* thicker fuel element in th* tubular element with a long­
er heat flow path and correspondingly higher temperature difference through 
th* element.
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H«al Lab*ration tn Blanket

*

• a
• • •
• aH :•

The fission heat liberated tn tbe blanket alter 100 days 
of operation was estimated to be 7.7 * of the total core power. The estimate 
was made on the basis of spherical geometry with a Z ft thick blanket section 
composed of 80 * U**“ and 20* sodium coolant. The heat flux distribution 
thus obtained was assumed to be valid for the radial direction in cylindrical 
geometrv and a cosine distribution was used for the axial direction of the 
cylinder. The ratio of maximum heat flux in the blanket to the average heat 
flux in the core waa 0.05. and beyond the mid-point of the blanket tn the 
radial direction, the fission heat production dropped off to negligible amounts.

The subassemblies adjacent to the side of the core 
contained 19 roda of 0.99 in. OD (including 0.005 in. stainless steel clad) 
which gives a composition of 14* coolant. 82* U*M. and 4* stainless steel. 
The remaining subassemblies contained 9 rods of 1.42 la. OD giving a blanket 
composition of 15* coolant. 81* U4** and 4* stainless steel. The reason 
for the smaller diameter rods in the assemblies adjacent to the core is that 
the heat generation is higher there.

Another fuel rod type is a group of six fuel alloy rods 
bonded with sodium in an equilateral triangular container tube. This fuel 
element geometry simplifies tbe spacing problem since the corner of one 
triangle may serve ai the contact point against the side of another triangle. 
The thermal analysis of a core composed of thia type of fuel element is 
being undertaken.

Other types of fuel elements are being considered. One 
variation of the pin type discussed above is to make the central pin of the 
7-rod group of U4*-. This results in most of the heat being generated near 
the outside tube surface and lowers the maximum sodium and fuel alloy 
temperature by about 90F and 16OF. respectively. Another variation, putting 
the fuel alloy in a circular ring with a sodium annulus on each side and a 
U*» rod in the center (70 * fuel alloy), lowers the maximum sodium and fuel 
alloy temperature by 4OF and 110F. respectively.

With this beat production, and assuming the limiting 
temperature in the blanket was 1202F (same aa in the plate type core) the 
analysis showed that nuclear requirements of high U4M density in the blanket 
could be met with stainless steel clad U4* rods in a hexagonal subassembly 
2.562 in. across the flats. The total number of subassemblies required for 
the side blanket was 260.

• •• *

Results of the analysts showed that a blanket of tbe 
above configuration could be maintained at temperatures below 12OOF with 
proper orificing of the flow. The coolant stream for the side blanket is 
assumed to be in parallel with the core coolant stream while the upper and 
lower blanket coolant stream is assumed to be m series with the core coolant
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(1) Iat«rrrx4iat« Heat Exchanger

IO

410 529

• 90560

:

Flow rate. Ib/hr

Avtraft velocity. fps 

Inlet temperature. F 

Outlet temperature. F

NaK____
£1.800.000

The else of a shell and tube. counterflow, beat 
exchanger for transfer of 500 mw of heat from sodium to NaK has been calcu­
lated. The else IS based on the following conditions for the NaK and Mas

Log mean temperature difference. F
Over-all heat transfer coefficient. Htu/'(hr)(sq ft)(F)
Number of tubes required
Heating surface, sq ft
Tube length, ft
Approximate ID of shell, ft

(£) NaK to Water and Steam Heat E»chaa|tr>
{Steam Generator)

i

it
2.100
7.100

£5.000
£7
5.1

Na 
15.400.000

10

Suing of Heat Exchangers - L. L. Kintner.
Is. ft.M. Mounsley

Preliminary siaing of steam generator com­
ponents must be accompanied by an appropriate steam cycle. Steam cycles

stream. The total coolant flow rate required for the side blanket la about 
7.5^ of the core coolant flow which results in approximately the same outlet 
temperature for core and blanket coolant streams. The friction pressure 
drop in the blanket is about 8 pal.

Other types of heat exchangers are being con­
sidered for beat transfer between liquid metal which will take advantage of 
the relatively low pressure required and 'he exceptionally good beat transfer 
coefficients. Plate-type exchangers are being considered which have a mini­
mum amount of metal per unit volume for the heat to be transferred through.

The NaK was assumed to be inside the tubes.
The tubes were made of l/£ in. OD. 21 BWQ (0.025 in.), stainless steel.
The effect of tube diameter on the siae of the heat exchanger was found to 
be small in the range of tube diameters from 1/4 in. to 1/2 in. However, 
about five times as many l/4-inch tubes were required. The heat exchanger 
sine given below is based on l/£ in. OD tubes.
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The th«rm*I stresses in an unrestrained bimetallic 
fuel plate can be subdivided into two general categories.

6 Liquid Metals Handbook. NAVLXOS. P-7H(»rv ). Juno. 1952.

7E. C. King, and R. A. Tidball. "Heat Fiuxee from Liquid Metal to 
Boiling Water." NP-4O47. August 0. 1952.

are being studied to determine the effects of reheating, regeneration. split 
NaK flow, etc  for the NaK temperatures available. Appropriate sine a for 
those components may then be calculated.

(1) Thermal stresses due to temperature dis­
tribution through the fuel plate

(2) Thermal stresses due to the relative expan­
sions of the clad and core caused by the various temperature levels (r,^)

Calculations were made of the thermal stresses in a 
proposed stainless steel clad, uranium core fuel plate. .091 in. thick with 
a cladding thickness Of .007 in. (Figure 2>). No particular bond between the 
clad and core was considered but it wee assumed that there was no thermal 
resistance or lack of strength at this bond.

1

Prelimary estimates of a steam cycle assuming 
the NaX flows in series through a superheater, boiler, and preheater, indicate 
that a cycle operating at 1000 pain boiler pressure is feasible with the present 
reference reactor coolant temperatures. The over-all plant efficiency for 
such a cycle la about 20% . assuming 00% turbine efficiency, 790F superheat 
temperature. 2 la. Hg aba. condenser back pressure, and 1051 of the electri­
cal output for auxiliary plant equipment. Work is continuing on this phase to 
determine more efficient cycles.

a a saw

Rough estimates of the component sines for the 
above steam conditions have been made. The estimates include provisions 
for preventing the direct mixing of NaK and water. The reaction between 
Na or NaK and dry steam has been found to be considerably lower than with 
water.6 Therefore, la the superheater, single wall tubes were used. Since 
the reaction of NaK in water is more violent, double wall tubes were used 
in the boiler and preheater, with a detecting fluid (helium) between the tubes. 
Experimental values of the over-all coefficient for ouch a double-walled 
tube when generating steam with hot NaK was found to be approximately 
500 Btu/(hrXeq ft)(F) by King and Tidball.7 The approximate beating surface 
areas required for the superheater, boiler, and preheater were estimated 
to be J000. 12.500 and 11.000 sq ft. respectively.

Thermal Stress Analysis of Clad Plate-Type Fuel 
Elements - W. B. fUsm

ea 
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Outside surface

whore

.. n

the total stresses la Ute stainless clad (<^^>) and in the uranium cure (c( 
may be expressed is:

uniform thermal stress in the uranium caused by 
the relative espansions of the core and clad due to 
the temperature distribution tn the total thickness 
of the fuel plate.

dw 
(outside)

(center)

Tbe stresses and are further broken down as follows:

'Ju-T 
(outside)

(center)

Uranium core

Center

thermal stress m the center of the uranium core 
due to the temperature distribution within the uranium.

thermal stress at tbe outside surfaces of the uranium 
core due to tbe temperature distribution within the 
uranium.

to which the plate is subjected, l.e.. rolling temperature* . room tempera­
ture. and operating temperature. Therefore from the equation

u-o^

(crtiter)

*lt will be assumed that this temperature is the owe of original aero 
stress level of the bimetallic fuel plate Possible subsequent Beta 
stress reliefs may change this. Since the enact manufacturing process 
is not known, a rolling temperature of I »«OF was considered to be tbe 
aero stress reference temperature.

u * ®u-s
(outside)

Total stress a
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Stainless clad

Inside surface

Outside surface

where

sg(u>»id«)

°s(outside)

Uranium core

Stainless clad

^s-M, ♦ 3a-M,

»h«r».

U)

• -M • a

caused by the relative expansion of the core and clad 
due to the fuel plate temperature changing from

uniform thermal stress tn the stainless caused by 
the relative expansions of the core and clad due to 
the temperature distribution m the total thickness 
of the fuel plate.

thermal stress at the outside surface of the stain­
less clad due to the temperature distribution within 
the clad.

thermal stress at the inside surface of the stain­
less clad due to the temperature distribution within 
the clad.

°s-T 
(inside)

°s-T 
(outside)

• 0.
(inside)

°B-U

S-u

Cu-M, *

*: L

(1) rolling temperature to room temperature. and 

room temperature to fuel plate surface operating 
temperature.

respective uniform thermal stresses in the clad 
caused by the relative expansion of the core and the 
clad due to the fuel plate temperature changing from. 
(I) rolling temperature to room temperature and (2) 
room temperature to fuel plate surface operating 
tempo r atur e.

. H

■ ♦
(outside)

n

a xe u-Mtu-M *

** •• o a e o » O • a •a e •• O a• • e • aa e O a a asi * ♦-

and * respective uniform thermal stresses in the uranium
si

: **: 1 :*
• a • a



54

U ranium

(center)

-
Zc£, *

Stainle ss

u

T' (- «u )

e;

:

T~

• • 
* •

°u-T 
(outside)

o.-T 
(inside)

1 
" T

J 
c

<XU Wu
i

E, a, AT, 
0 ~ Msi

- as Si
Zc

-a* % ~ 

1__

1 E %

T*(gi>-oM)
• ? i__

z<e; £u

T' (a»-°4i)

jte; *
nu-M 

(outside)

£ 
s

The following equations were developed to ex- 
press the thermal stresses at various locations in the fuel plate.

Ou *u —aa s J J- . p
(outside)

■u ATU 
(1-Hu)

%

Es AT, “
o-.> j

u AT
(1 -M )

a,, 8U - a, 6, 

a
ZcE,* Eu

From the above definitions it can be seen that 
a j^g is dependent upon rolling or manufacturing temperatures and operating 
temperature levels rather than upon heat flux. The stress however, 
is proportional to heat flux and is not dependent upor these temperature level 
changes other than to the extent that some of the significant physical prop­
erties of uranium and stainless are affected by temperature. This means 
that, even with a uniform heat flux along the length of the core, there would 
be a changing total thermal stress value at any corresponding location in the 
fuel plate thickness as the location along the core length is varied. This 
change is due to the difference in temperature of the coolant. The actual 
total thermal stress values, of course, also vary because there is a flux 
variation along the length of the core.
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wh«r»

a temperature drop U» the BranioxnATb

c •F- (a temperature drop m the cladAT, Tool

AT,u

AT

T* «>«

heat floe. Btu/(hrX>4 ft) 

uranium core thickness a 0.041 la.

sOialess clad thickness a 0.00? la.c

T*

a rolling temperature. F

T^ a operating surface tempiratart ad tael plate. F

The material property values used were;
♦

1) a 10*E^ a approximate effective moduli od

10 a 10*E^ a elasticity od uranium for the

20 a 10*

27 a 10*Es • approximate effective moduli od

10 a IO*

« •
H

thermal conductivity od ataialees steel and uranium 
14 »tu/(hr>(ftXF) 

-) AT

M •

Q 
A *

KO *

various associated stresses and 
tamperatures. pet.

♦ |at„

■)AT» .Tool

•a 4—
* a: : s*
•• »«s

E, a elaaticity od Type >47 stainless

* (a ♦ 4c

Tf - 7»

To - 75
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ll * 10*

7 ■ io“*/r

11 k io"*/f

o.>** s

(l>

U)

(»

VsSW I

«rr«u>MArt ihmmal >:«ums» stamuMBSTBJM-OtdtO.
HA>IVM < OSl fUATC

Ttiori—t g»«»

HwiVrONMMMMb

C>—u*

HI

M

)

a «

PoiB»on*B ra*4o for uranium and 
•tainles* raa^eclivalr

•tool for Uao variout otrooMO and 
trmpuralurca. pat.

no

a^prox&mato avora<o coofficiotit of 
expansion for natural uranium

i sue 
wrs

•ana

-jts.ssa

avorifo coefficient of thermal 
expansion for Tyjse M7

uit

IMt 
t/ss 
ttta

r»aa 
sa^aoa
mt

ti.iaa 
suss

it.iaa

iatm
>atiu

1*1*0
mmm

<»»•«***••
i* •*<
aa*MH*

••fSS 
-less

♦40 
•aaaa 

•<a.m

••
: :■ . . .• *• ■•

The heat flax at the middle of the fuel plate 
length is **0.000 Btu (hr) (eq ft).

The heat flux at the inlet and discharge end 
of a fuel plate in a core is 4*5.000 Btu/(hr) 
(sq ft).

The fuel plate turlace temperatures at the 
inlet, middle, and discharge position of the 
fuel plate are MO. *OO. and *bOF, respec­
tively.

«s

- •
■«•

The uranium and stainless steel thermal 
Btresses shown in Table I were calculated tn an attempt to determine the 
approximate order of magnitude of thermal stresses that might exist in this 
type of fuel plate. This is partXuUrly true of that portion of the stresses 
that are caused by manufacturing or heat-treating processes. The following 
assumptions were made:

e » ■ :«« • •• • » ♦ • •
• • • • «• • ♦♦♦ • #.♦
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Heat Transfer Exp«r>m«nt» - K. D. Kucaen5.

Heat Transfer Teat F*cllilie«

*

• •
I

To reduct the short-circuiting effect the loop will cause 
across the tost sections, the loop will be b«Ult of sufficient length of >/4 in. 
stainless steel piping to keep the heat generation in the loop to within 
mat in the tost section.

The basic data obtained from the above mentioned tests 
will be used to design a liquid metal heat exchanger. the model of which will 
be tested in a second liquid metal test loop.

An electromagnetic pump will be used to pump the 
coolant through the loop. The required capacity of the pump is approxi­
mately 20 gpm against a head of bO pet.

The second loop will consist of I in. stainless steel 
piping. The sodium or sodium-potasslum alloy will be heated by passing 
direct current through the fluid. Direct current will flow into the center 
of a l-l/Z in. stainless steel pipe and flow out at each end so that l*k ends 
of the heater section are al the same potential. This will prevent current 
flow through the loop external to the beats- section.

The heat generated in the test sections will be released 
to the atmosphere in a sodium -to-air cooler of approximately 3*0 kw capaci­
ty. A blower will be used to supply cooling air.

A contract has been placed to provide a rectifier a 
source of direct-current power. The capacity of the rectifier will be from 
2 to 15 v at *0.000 amp.

The tubular tost section has been designed. It consists 
of a copper tube > ft long. 0.55 in. OD and a 0.25 in. ID with electrical 
terminals on each end. With these dimensions. 5** of the heat generated in 
the copper tube will be generated in the coolant.

The first test loop to be built will be used primarily 
for baste heat transfer data in a round tube, ^rectangular channel, and an 
annulus. The last sections will be heated electrically with direct current. 
The coolant will be sodium and/or sodium-potassium alloy.
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b.

Dv >

Both the rectifier end sodium-to-air cooler will be 
common to both loops.

A series of isothermal pressure drop tests have been 
conducted on four corrugated plate assemblies having corrugation pitch 
angles of 0, 10. JO. and 45 deg. respectively.

Pressure Drop in Corrugated Plate Assemblies - 
*. jt. Weatherhead

4 x net free volume 
friction surface

where the net free volume is considered to be the total space in the test 
section occupied by the flowing fluid. An aversge flow area of the test section, 
calculated by dividing the net free volume by the les* section length, was used 
to calculate the average test section velocity of ths fluid.

The tests were conducted in the Small Scale Heat Through­
put Loop at a uniform pressure of 1000 psi and at water temperatures of 1OO, 
ZOO. JOO. and 40OF for each assembly. For all the water temperatures the 
flow was increased from minimum to maximum and then decreased to the mini­
mum. Approximately 75 friction points were determined for each assembly.

The electromagnetic pump will have a capacity of 100 gpm 
al 50-60 psi of head.

•a. Y. Gunter and W. A. Shaw. "A General Correlation of Friction 
Factors lor Various Types of Surfaces in Crossflow." Trans. ASME 67. 
(1945), pp. 64J-660.

• •• *•

All assemblies were alike except for the angle of corru­
gation. the angle between the incident flow direction and the corrugation axis. 
Each assembly consisted of fifteen ZS aluminum. 14 gage (.064 in.) plates 
stacked such that adjacent plates had the diagonal corrugations at alternate 
angles.

The lest data was correlated to the standard friction 
factor - Reynolds Number presentation by using the Gunter and Shaw® volu­
metric equivalent diameter

Piping and fittings for both loops have been ordered.
Standard stainless steel valves are in the shop being redesigned with seal­
ing bellows to prevent leakage. Drawings of the sodium-to-sir cooler design 
are being prepared. Most of the component parts of the cooler are now on 
hand. The electromagnetic pumps srs being made available.
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BOLLING REACTOR HEAT T* ANSFER EXPERIMENTS

Boiling D«n»ity Te»t» - A. S. Jameson. E. A. Wimunc

JI inclusive.

Channel Geometry

Material

3224 205

8.6824 it 31.65
n.9IS95

24 5. J5 4

24 16.1 9.68i

“A* Nickel 9.275 24 14.2

3.25

1.97

"A" Nickel

"A" Nickel

"A" Nickel

Type JO4 

"A* Nickel

1/8

1/4

1/4

1/2

Width, 
in.

10

5 - 3/4

4-1/4

(•)

(b)

(c)

(4)

(•)

Heat 
Water 

Volume, 
liters

Heat 
T ransfer

sq ft.
Open ing.

in.

No. of 
Flow 

Channels

Fig- 
32 Height, 

in.

The test results are given In Figure 24. The data for 
both the aero-degree and 45-degree plate asser.iblles showed little scatter 
and were used to determine the test curves for the 10-degroe and 30-degres 
plate assemblies which showed an abnormal scattering. It was observed that 
the plates of both the 10-degroe and the 30-degree assemblies had loosened 
in the holder during testing, the reduction in total plate thickness being from 
1/32 to 1/14 in. Thia loosening of the plates in the holder is believed to be 
the cause of the excessive scatter in the iO-degree and 30-degree plate data. 
In evaluating the tost points for curve plotting, it was assumed that the in­
crease in pressure drop with the increase in angle of corrugation was directly 
proportional to the change la angle of corrugation since the angular change 
of direction of tbe fluid was directly proportional to the angle of corrugation. 
Using the curves for the sero-degree and 45-degree plate assemblies as the 
reference, the curves for the 10-degree and 30-degree plate assemblies were 
interpolated both as to slope and intercept and appear to fit the bulk of the 
data reasonably well.

The natural circulation boiling density tests, originally reported 
in ANL-49219 have been continued and extended to cover a range of variables. 
The results obtained from these tests are shown graphically in Figures 25 to 

The following tabulation Hats the pertinent information regard­
ing the test sections for which density data have been obtained.

9j. R. Dietrich, D. C. Layman. O. A. Schulse. "The Proposed Boiling 
Reactor Experiment.** November 12. 1952.
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*

Th* le*t **<tlCM»* (Figure Ml which were essentially r««l*U»c* 
boater*. err* all fabricate* th* same way. from 1/M in. sheet fol*** tn 
m«*<*4*« » in. width*. with th* coolant choanal («rmW between th* loMt. 
At th* ends of th* Aarrugnt** wclMn, 1/4 tat. thick. <1 in. wide copper plates 
•were brilta to uniformly di*trltouf* th* heating current a ton* th* b*igbt. Th* 
channel opemnga w*re maintained with two Teflon *pe<*r comb* later to* at 
hath to* an* bottom of th* a**««nbly tapciat to th* h*at*r fold*. Rigidity •< 
th* unit wa* accomplished with taro electrically insulate* spacer rod* between 
th* capper terminal plat** at top an* bottom

A further check to determine representative steam void* over 
a gr*at«r number of channel* »ai made by using a flat ctnum tevret. 
with exposure face dimension* 1/4 to. by Z-l/S In. In use. th* cerium 
aoarc* wa* poaittono* on th* tank wall each that th* flat *«po*ur* face waa 
normal to th* rhanael art*. Thia aoarc* waa utiltao* during th* atmospheric 
pressure toot* of th* !/• tat. chann«l *uba**embly. th* results of which ar*

Fewer to th* submerge* real a vaace koater (Figure 11). waa 
conducted through l-l/d to. flamtlrr capper electro*** **r*w*d into thr*a*« 
e* bosses brsso* at th* mtd-b*igM of th* t**t section tarminal plat**. The 
capper *l*ctr*4*a were electrically insulate* from th* tank wall* by Micarta 
adaptors an* water leakage wa* prevented tey ”O" ring* mount** in th*a*apt*r. 
Th* bo* bar cownoction* between th* M.9M*anp. I 1-velt rectifier terminals 
an* th* teat sectaon electrod*a were wat*r-*coola* to prrvrat overheating.
Water cooling of th* electrode terminals. in th* etc laity of th* boa bar cannsct- 
or. wa* *l*o noceaaary. Th* beat rejection to th* electro** cooling water. tai 
addition to th* b**t loss** to th* our r own* lag* were account** for toy con­
ducting boat lore t**ta

Th* measurement of th* *t«am ***** forme* Curing the boiling 
process wa* by atte*«tUo* of gamma ray* directed through th* tank. Two 
sources were use* during th*** fests. Th* fir*t Mere* tri** wo* a l/l tn. 
*iam*t«r collimate* natural uranium shielded flaaion product oourc*. la 
um. th* source wa* locate* again at owe side of th* tank *<acb that th* beam 
wa* parallel to th* flow channel*. Th* Geig*r-Mu*U*r counter tub* wa* 
also correspondingly position** with It* Mil parallel to the channel walla 
and such that maaimum sensttivtty wee obtain**. With th* l/d la diameter 
beam, th* number of channel* surveyed era* a function of the channel width. 
To check the steam votd results, over a greater number of channel* with 
th* fission product ooorc*. th* letter waa mounted at an angle of M> degrees 
with the channel anta. Th* indicated voids with th* etollgu* source setting 
wer* lower at the earn* power deasity aa shown tn Figure* 24 an* XT. than 
that obtain** with th* *ourc* directed *tr*eght through and parallel with th* 
chann*> wall*. Th* reduction m indicate* steam volume fraction can be 
attribute* to the relatively dead boiling none la the choanal ad>ac*nt to th* 
low heat flu* copper terminal plat*, erhich wa* partially scanned with the 
obligue setting of the source an* C-M tube.
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Tt«U to <trt*rmin* th* effect ot wa’er level tlxn* th* heated 
channel top were rarriH ®u< and th* results ot thia wee stigatida are »*>»■* 
tn Figure »*.

For oil test* reported, th* test sec ticsn completely shrouded 
so that th* steam bubble* could not leave th* flow channel and enter the 
down> omer Teflon »hr»<» in « onto* t with th* tetri* «M th* test sei tio*> con­
stituted the shroud Ounng tr.es* tests th* ratio ot th* down* omer t low 
crorc'irctionrl area to the rj»er flow area was Irom . J to 4 I
Change* tn th* >te*m voids du* to th*** variations we** not detected

Further teat* to determine the effect of deeMomrr area sis* 
to riser flow area were tarried mat with damper* tn a tailed tn th* downcomer 
•Oct toes The variation tn th* steam void* with th* dampen wide open and 
full cloned w*» negligible Full blocking of th* downcomer* was not com­
pletely possible due to ci*aran<* between damper and tank wall* The opposlt* 
effect was observed when damper restrictions were installed abov* th* heater 
top L-arge i«u reave* Mt the steam void fraction were observed

shown tn Figure *’•» He.wliielv good agieement be(»»et result* Witts th* tint 
• *riun< source and the st raight-through directed fission product *uur.» can 
be noted with the *»< option ot the diac repanc * tn the result* with th* source* 
located at th* “near top" position ot the heater Ar. accounting ot tin* div* 
< repan*, y baa not been completely resolved

F«oth sources were calibrated to yield conversion <** counting 
rates to void Iriclioni in the calibration setup th* actual test section or 
a dummy sei ti m. was placed m an open tank, m a hortrontai position will 
th* i harm*; wall* verttca Th* corresponding total thi< krvesa ot steel 01 the 
tan* walls T*t Ion ot th* -ide shrouds, and aid* wet* ■ annulus w-*r* re­
produced its th* calibration aetup Th* source was mounted with its aai« 
vertical and underneath and tn contact with th* lalibratM* tank I he <J~bd 
counter tube was mouatec abov * th* test section, at a h>**gM • or»e»pondmg 
to ti>* distance between the test section tank wall*, and tn line with 'hr 
source »»i» Successive >n» rrmrnti ot cold water to th* tail between the 
bottom and top levels ot the test heater, with th* corresponding . ounlrt 
readings for each water level conati-uted th* calibration It e result* ot 
the calibration ar* shown m Figure M With the fission prod-ui source 
and th* O-M tub*, th* ■ a I lb r at i on curve was taken th* same tor a-• > lest 
sections since th* <aiit>rauor> test points lor th* individ-uai subassemblies 
agreed well within th* accuracy ot th* measurements

Th* normal operating procedure during any power rur was to 
11* the desired power level, and operating pressure (when above atmosj >*ri< I. 
and adjust the make-up seed flow rat* until th* pressure metered teed rat* 
and aubmergen* • (th* water level above th* teat section top), were all constant 
Not until these . onditi<w» were stable were th* counter readings observed 
During such a test run. -tablin' was further indicated bv the agreement be- 
tween auccesstv* counter readings
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succ e ssf ul.

A source of major uncertainty in the test result » can be 
attributed to the purity Of the water used during tests.

m. channel. 9 tn. long subassembly and the I

Attempts to meter the water circulating rate were not too 
Various pitot tube units were installed at the bottom ot the 

heater but fouling of the static holes made them unreliable

_ All tests except
those lor the I 4 in. channel. 9 in. long subassembly and the 12 tn.-24 tn 
long stainless steel unit were conducted using laboratc ry ‘tsp" water which 
had a total hardness ot 60 ppm calcium and magnesium. The subassemblies 
after test had definitely been scaled and the flow resistance effected. Scaling 
was heavier on the side of each plate in the direction of the negative terminal 
and increased progressively in magnitude on the plates closer towards the 
positive terminal. Portions of channel* of the l/8 in. subassembly were 
partially blocked with scale.

Holing Experiments to Deterrtune Natural Circ ulation How 
kites -AS Jameson. D. If Wen*

It wax observed that the use ot di'■tilled m*xe-up water did not 
c np>etely eliminate the scaling, but did reduce it in comparison to that re­
sulting with “tap“ water fhake-up feed. This was due to the steel tank and 
the corresponding accumulation of deposits during the sustained evaporation 
pe rtod s.

The -tamless steel test section was designed primarily tor 
burnout determination The results are shown graphically in Figure Ji. 
(luring these tests it was necessary to add additional height to the tank to 
reduc e splash-over This was not completely eliminated even though the 
chimney added was 9-1 2 ft over the heater top The burnout point indicated 
by flu* tuatmg voltage a—d ejection ot molten metal trom the tank top. was 
reached at a power density of 109 kw per liter, which corresponded to a 
thermal heat flux of 140.000 Btu (hr)(*<j ft) Figure J6 shows the test section 
appearance after burnout

In order to check the results of the water-steam density experi­
ments with the folded multi-channel heaters described or page 9<*. a much 
smaller and simpler apparatus, made primarily ot glass in order to permit 
visual observation, w as rr-anuf at tureu, The apparatus consisted ot a 0 496 
in. OD by >1 in active length. 220-volt. 2*00-watt < tipper cslrod unit mounted 
in a >6 in long Pyrex tube • >! such sire a- to provide ann pli ranging from

During the tests of the short. 9 in length, 1 4 in channel sub­
assembly it was observed that the water surface oscillated about 1 cycle 
per sec. This see-saw. swashing action was also observed during the burn­
out te st* of the long (24 mJ, I 4 in. channel stainless assembly. This cyclic 
motion most like.y occurred with the other units tested but was not noticed 
at the time be< ause the tank top. for the pressure runs, was installed



FIG. 36 
APPEARANCE Of DISASSEMBLED STAINLESS STEEL HEATER 

FOLLOWING BURNOUT AT 109 *«/LlTER
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With an in hw liter beyond a certair
the i;o» t»e« one* ignatable

ultl

»» • 4<>w» . Wrier

An tlifmpl will be mad* to the rotameter*
cceaalv* prt»«urf drop Ml the e»r« a»w| by • »* <M »<riou»

The maaimum heat flu* r««ch«d in tn*** teata

if the inlet temperature wa» athewibi to ««•» moep that 
«PI ><>>in;«tv , £** balm* .•tarttiwi temperature. the flow became uti»uM« 
• » >rdi< by *harp change* in the r«or location ir rotan eter tube

(«huh cau»e an » 
«l«ctrom«fh«tic ll*»tn*t«r* 
wa* ZT.OOO IMu (hrK*q t*J.

A density tube (Figurt »7) wa» designed. built and teatad and 
found to give reasonably good agreement with the den*it> a* me**utad with 
th• li**ior» produ.t source During th* t«*t» it *•* Mtrticry to water cool 
the static precwure hot* to wteam formation Thi» feature w*«
incorporittd in the tube* to be u**d during the ftORAX Lipenmrnl

(!) Mooed !• liter the larger annulua give * larger 
How. th* mactmum value* occurring at approximately I* bo liter At thia 
poarr the i lb tn annulus pa»**d IbO pp< (1-0 tpa) and th* 1 a in rnnului 
passed 400 tiph (I I Ip*1 Hott-- Mbits appeared to iMh a'e a lev » Ung trtt *’t 
How at la hw liter The 1 lb in unit indicated a alight de* reuse Mi How 
from ll to *a bar liter With the modi!tc ation «M the present power «upp*y. 
it la l.oprd to tie able to raia* the I * in unit power input from U is liter 
to Id i« liter

w-th the testing <M I l» and I • mi annuli *«» *• *-w liter (baaed 
ar Ihyrggi tube water volume) at appr ^aimatela atrrw <ph* r i< pre*a»MM» and 
»atur*fe«j i». er water, it w*» found that

1 i*» Uli **« a* apt Wdairwd At •»« n end «e the e>**» wa- at­
tached a ’i sr ieep by • **> •lameter brae* plenum cfeambev Meiviag 
pre»».»re ’ap-,. thtr men.- i»up ■ e tmmb.e % and t»**eu >..*» i». a *--it t; ■■■«•■■ the
i*-w*r pier *r»'< •- each contained a wMMiii c.opper ■ air'Og ;,*•**»■ »-** i eating «he 
water *p **> .ifuritii* temper where In order to ma*e a complete nabar* 
circulatMM ctr<uad. a >»UMrh Sr nodule ■♦© pipe •*• < <mnd« ted m pa>MiU*i 
with the pier sm chamber - Fgr.ec tub* • p.enum ihamM? a em»».-v to act

At the e«it end i»’ each d*»wn« <*mer we» p < r<: « bane 
tee rotimrfr r » m paraiie. to dl'ide up and measure the flow rate in 
additi«»r a bypae* Imm> wa* prowiddd «« that the rdametrri mcghi he by- 
pa»*e« • nen denred A. piping waa covered {**>« ept or. the »• in Pv«» 
• ength*) witr maulatior. to minimi** heat ioaa
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HEAVY WATER BOILING REACTORS - FEASIBILITY STUDIES - M. Tr«»bo*

The
It

The reactor designs discussed below wore developed as refer­
ence drawings for studios of atomic power plant economics. Whila it is 
recognised that a great deal of development work must be carried out both 
in the field of power plant engineering and reactor engineering, the designs 
are believed to limit the elements of uncertainty to a minimum.

Transient Tests - R. Schilts

The requirement of a rapid response thermocouple, for observing 
fast fuel plate temn»raturt changes, during the proposed power excursion 
BORAX tests resulted in the design of a thermocouple which t a capable of meas­
uring temperature transients of better than 15C/ms.

Transient tests of the thermocouple, in which each wire is indi­
vidually percussion welded to the heat-emitting metal surface were conducted 
by pulse resistance heating of the metal.

The apparatus. shown schematically in Figure 18, consisted oi 
an 0.25 tn. OD by 0.035 in. wall nickel tube 4 in. long at the center of which 
was welded a 22 gage (0.025 in. diameter) chromel-alumel thermocouple. 
Heating of the tube was provided by a low voltage transformer which was 
controlled by a timer and magnetic contactor in the primary circuit. An 
attempt to weld the two thermocouple wires in an equipotential plane to 
eliminate 1R pickup due to the heating current was unsuccessful. Therefore 
the IR pickup was balanced by -means of a potential obtained from a resistance 
circuit which in effect shifted the a-C potential of one lend to that of the other. 
The resistance of this balancing circuit was kept high (approximately 1OO© 
ohms) to minimise the effect of a third thermocouple junction formed by it. 
The power measurements were made for the central 1 tn. section of the heat­
ed element since it was felt that a temperature gradient existed from the 
center to each end. It was assumed that the temperature and heat flux were 
uniform in this section the mass of which was 3.b5 gm.

The results of four tests are shown in Figures 39 and 40.
average rate of change of temperature varied from 25C/ms to JOC/m». 
will be noted that at power cut-off the temperature trace has reached at 
least 90* of its final value. This error is probably duo to the thermocouple 
wires acting as heat sinks. The points of inflection in the temperature trace 
are what can be expected from a sinusoidal type heating.

The thermocouples which will be attached to the surface and core 
alloy of the fuel plates will be of 40-gage wire and thus should increase the 
response rate above that experimentally determined with the 22-gage couple 
wires. Figure 41 shows the details of the thermocouple mounting on the 
BORAX fuel plates.
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General

Bod«r Pr««»ur«1.

•r plant

i.

•9

The changes in reactivity associated with th* rise in temper­
ature and bubble lorm.Uon ar* listed on page OS.

It i* likewise important to avoid any too great variation in 
• k" related to small variations in th* boiling. Thia might lead to very un­
stable condition* which could make control of th* lyitem problematic It 
would also mean that th* reactivity at th* upper end of the reactor would b* 
much smaller than at th* lower end wb«r* th* bubble formation ha* not yet 
started.

Temperature Coefficient

In case of heavy water boiling reactors th* temperature and 
density rhararteriatic* *r« similar to tho»« of pressurised reactor* of th* 
CP-7 type- This 1* self-evident up to the point where th* boiling tempera­
ture is reached. Th* increased temperature will cause a gradual decrease 
1* •V; a* boiling develops this will cause * further decrease.

it is essential that the change in reactivity 1* negative for 
any incresse in bubble formation. thi* condition ia easy to estab'ish in case 
of DfO-moderated reactors. The situation I* more complicated for light 
water.

For thi* reason, it ia an important advantage Us case of 
0,0 boiler* that the boiling can be confined to a relatively small area of 
each "call.* The water boils only inside the fuel tubes while most of the 
moderator area I* unaffected. Therefore, the behavior of such boilers can 
be predicted reasonably well. i-ight-water boiling has much more influence 
on reactivity of a pile and condition* would be les* predictable without ewperi- 
ments a* a background.

The obvious advantage in connection with Soiling Reactor* 
or "Atomic Boiler*" is that th* steam is delivered to th* power plant *t ’full 
value" at the same temperature and pressure which can be tolerated la the 
reactor. The steam cycle efficiency, therefor*, can be higher than would be 
possible if secondary heal eichanjeri were employed.

The power which can be eirtracted from the channels in a 
boiling reactor depends largely on the mas* flow of »t**m. and thereby on 
it* density and pressure. Thi* condition obviously encourages operating 
with high steam pressure. Th* reactor designs studied are considered for 
steam pressures of SOO to TOO psi*. Superheating of thi* steam in a se< ond- 
ary reactor is visualised a* a possible future step in the pr er plant devel­
opment.
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Fuel tltmrnu-

(I)

(»

(4)

*0 Re actor Engine*ring £>tvi»*o» Semiannual Rrjjort. Juna 15* 1^S>.

■MUM

•i 11

Any wstvr-cooled power reactor, boiling or not. depends on 
fuel platss and clodding having • of tic lent mechanical and chemical stability

The subsequent design shown in Figures 42 and 4> was 
based on the following specifications and sssumpAions.

•*
■

OO 

• •4wr

It

to withstand high temperature water and radiation for extended periods.

The cladding and its welding must be completely 
tight and corrosion resistant.

It ad ration damage must not change the dimensions 
and cause the fuel to rupture the jacket.

At far as possible, a metallurgical bond shall euist 
between fuel and cladding.

Should a rupture or a * pin bole" occur, the subse­
quent rate of corrosion of the fuel alloy must be 
noei-catastrophical. thus allowing time to exchange 
the damaged fuel assembly. The reactor designs 
provide for the use of unloading devices to permit 
exchange of fuel assemblies while the boiler is 
operating, la case the monitoring system should 
report a damaged fuel atrtp. at is hoped that the 
assembly c«M» he exchanged before the damage has 
spread.

(1) The heat transfer from fuel pistes to coolant is 
accompilehsd by natural convection maintained by means of the lower 
density «J boiling water in the tubes. Preliminary estimates iodicatod that 
this could be done at a satisfactory rate. F^perlmenis are being conducted 
on a smaller scale with electrically heated plates, initial results are re­
ported on page >4.

B. Heactor Typo 1 - Spherical Boiler

I. heactor Design 
a

The preliminary design o< a lar^-scale spherical boiling
reactor was previously described m ANU-4041.**

(2) A maximum heat flux of >00.00© Btu/(hrXaq ft) 
was assumed. This value was derived from different sources and is believed 
to include a reasonable safety margin. Ns experiments "to full scale" have 
been attempted to conclusively determine the factor of safety.
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(5) The total power rating of th* reactor *• titimttrd
to be I Oh0 mw .

Design Data For Boiling Rractor Type *

20Roller tank diameter. ft

14Core diameter, ft

12
172

itHum/btt at control location*

10

u
Number of fuel exchange opening* 

Radial reflector thickness

Core height, ft 

Number of fuel tube* in lattice

(7) Due to the movable reactor core, th* control 
tyitem mull be essentially limited to central vertical rod*, liquid poisor. 
tubes in th* core and con'rol by lowering th* moderator and reflector level 
Furthermore, a change of steam pressure will change the fluid density and. 
thereby, the reactivity.

Th* subsequent reactor designs. Type II and 111. 
are better suited for control r«M* throughout the cor*.

(b) Moisture separation would be accomplished by 
separators installed outside and above th* reactor with th* precipitated 
water drained back to th* tank.

: J H

(>) It was considered that th* boiler tank could be 
built to operate safely at a pressure of 750 psi. Th* lark is spherical with 
a diameter of 20ft. Th* spherical shape offers the bed relative strength. 
The tensile stress in a 1 tn. thick wall would be 15.000 ,»*i under normal 
circumstances. This must, however, be considered in ciMiectisn with a 
shell temperature close to 5OOF. The shell sections would have to be weld­
ed together in the field and stress relieving facilities would have to be pro­
vided.

n e

. M.. 0,0

f:i i\'\

(4) Th* design is considered to be the largest site 
feasible of this type and operating pressure. In fact, it is only made pos­
sible by avoiding the ewtensive perforation of the shell which is usually 
required for fuel eschange purposes, onlv ten such fuel hole* have been 
allowed The eichadgi of fuel assemblies is accomplished by having the 
reactor core installed on what amounts to a turntable inside the reactor 
tank This feature can be engineered, but it could undeniably be the cause 
of complications with regard to safety devices and control rod*.
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Reactor Physics - H. P l»kend*rt*n2.

Buckled Zone Flat Zone

rt>4Thickness of fuel (no sllof) .124

.124 .144

b0.02

2b.10074.100

005 .004

Radius of flattened aone ft

4.1)

.04 • 04

.705.014P

Weight <*f uranium tn pile, lb 

Net luel thickness ■ %ot U***

Height of flattened sone, ft 

For hot. boiling condition 

f (including senon)

0,0

720

Cooling surface, »q ft 

Moderator and coolant

Pressure, psi 

Saturation Temperature. F 

Total amount of 0,0 in system, tons 

Pile power generated, mw 

Maaimum flu* for heat transfer. Btu,/(hr)(sq ft) 

Net electrical output if l),O steam used 
directly, mw

Vertical reflector at each end. in. D,O

Lattice arrangement -fuel tubes spaced in. 
in concentric circles with 
?4 m. radial increment

Fuel in reactor tons

Fuel assembles - Uranium plates 0.104 tn. (buck­
led sone) and 0.124 in. (flat sone) 
with 0.010 tn. sircomum cladding 
inside of stationary fuel tubes. 
Clearance between plates - 1/2 in.

- Zirconium tubes. »n. ID with 0.0)0 
tn. walls

Thickness with 0.010 in. eirconium 
clad added, in.

Enrichment. *Cot U** tn uranium

f: *:• : ■



Buckled Zone Flat Zone

1.0151.015<
1.1071.107n
1.011.10

212.212.
» 104.IO*.

I

>0.564.5

1.070

Boiling Reactor Type 11 -Pressurised Tube SystemC.

Raactor Design1.

The de-The reactor design is shown in Figures 44 and 45. 
sign is based on the following assumptions and requirements

The maximum heat Hum peimitted ia taken to be 
This should provide a margin of safety better than

(2)
>00.000 Btu/(hr)(sq ft).

no.
20.5 a 10"*

M*

B1 

51 of power 

Conversion ratio .02

7.2 a 10'*

140.

251 a IO"‘

Average flux at 1.060 mw 

Average conversion ratio for reactor 

Average flux in reactor at 1.060 mw 

kcff hot. boiling 

*•<11- no* boiling 

•ef( room temperature (70F) 

k«f( room temperature

.055

0.4 x 10**

1.00 (with xenon)

1.015 (with xenon)

1.072 ( with xenon)

1.120 (without xenon)

The Type 11 boiler was designed primarily to overcome the 
limitation in regard to sine and power which is inherent in Type I. and. at 
the same time, to avoid the necessity of a movable core. When the si Me is 
not limited, the allowable heat flux can be chosen as low as desired for safety.

(1) Although natural convection contributes to the 
circulation of coolant the plans include motor-or turbine-driven circulating 
pumps which can handle any volume of liquid water that may be found nec­
essary to secure the heat transfer from fuel plates *r tne boiling water in 
the tubes. The separation of water f rom the steam takes place tn two steam 
drums placed above the reactor.

4.1 x 10'*

i ./ ..
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»•

(4) Th* tank A* equipped with fuel «icha»(t hole* for 
•«ch one of the fuel tube*. This is feasible due to the lower pretture in 
the tank and because the arrangement allow* space for circumferential 
reinforcing ring* between row* of fuel hole*.

(S) Th* Type 11 design can be made for reactor* of 
any large power rating which may be desired. Th* prierni plan i* based on 
2400 mw at a throttle pressure of bOO pat. Greater capaciUct would merely 
require a longer reactor and boiler tank. Furthermore, th* system could 
be extended to *t*am pressures as high a* lOOO psi if deaired. Th* latter 
should only be considered if secondary cycle* ar* used or it the boiler were 
to operate in connection with a super “heater. nuclear or conventionally 
heated.

(b) Increased clad thicks*** has been used in 'hi* re­
actor. The airconium cladding la specified to be 0.020 in. minimum and not 
lee* than 0.040 1*. at th* edge* cd the fuel strip*.

Th* fuel is natural utinism in th* buckled rone 
and slightly depleted uranium in th* flattened sone (V*M * 0.415^1. All 
th* uranium is to be alloyed with c< of airconium for improved dimen­
sional stability under irradiation.

(J) Th* structural strength of th* boiler tank is no 
longer a great problem because th* high pressure botitng water la confined 
to th* tube system. Th* tank is primarily a moderator and preheater tank 
which arbitrarily carries a pressure approximately one-hall that in the 
tube system. The wafer reaches a temperature of only 2OOF while in the 
tank. High temperatures are. therefore, avoided in the steel shell. The 
tank diameter is 14 ft. It* length, which determine* th* capacity of th* 
boiler la 44 ft. This 1* an important departure from th* conventional re­
actor proportions.

(•) Th* control system consists of horiaontal rods 
distributed between th* fuel rod*. There would be space enough for any 
number of rods which may be considered desirable.

(7) The stationary pressure tubes which contain th* 
fuel and th* boiling water are $ in. ID. They are spiral welded airconium 
tubes (wall thickness 9./B2 in.) designed to hold the pressure with a safety 
factor of 5. In case of an accident. It will be possible to replace any owe of 
these tubes with moat of the shielding intact.

109 However, realistic experiment* will be needed before the exact 
factor will be known. This flexible design could tak* car* of considerable 
variations in heat flu* requirements.

n
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Design D«l« lor Bolling Reactor Trp« IS

I*

7

Hoilor tank diameter. ft

Core height. ft >

Cor* «i4lh. ft

Cor* length. ft

Reflector at each end snd »»4«. ft

Reflector at top and bcuotn. ft 

Width of flatten** rone, ft

IO 

l<4 
41 

»♦ 

1

Pressure drop test* tn two-ph*** flow have been 
conducted on a mock-up of an •••ernbly of twisted strip*, th* result* are 
reported on page 141.

Each fuel assembly consist* of >7 fuel strips, which 
are flattened rod* of tlrcosium clad fuel. 0.7 in. wide and 0.270 in. thick at 
th* middle (fiat son*) and 0.240 ha. thick in th* buckled mm.

Sample* of fuel rod* of this nature have been pro­
duced by th* Argonne Metallurgy Die I* ton When the originally round rod* 
ar* rolled flat, th* cladding material gains an increased thickness along the 
edge*, which 1* an advantage for the present application with the fuel strip* 
being supported only at point* of th* edge*. Th* minimum thickness of clad 
ding i* 0.020 in. at th* flat *id** and 0.040 la. or more at th* edge*.

Figure 47 show* th* installation of th* tub* and 
fuel assembly. Th* segmental space* between th* fuel wrapper sheet and 
th* S tn. tube will fill up with slow moving liquid water, which functions a* 
an insulating layer, it 1* estimated that not mor* than about 4 < of th* 
generated heat 1* transferred to th* moderator by coafucUoa through th* 
tube walla. Thi* beat serves to preheat th* feedwater which passe* through 
the moderator tank before entering th* boiler tub* system

Th* water channel* between strips ar* between 
4/lb in. and >,/• in. wide. Th* circulating water will be pumped into the** 
chann*lt with a minimum velocity c4 4 fps increasing to about *0 fps at 
th* top where on*-seventh of th* mas* flow will have changed to steam A 
cross section of a fuel assembly made of >7 such strip* is shown tn Fig 
ur* 44 together with an alternate assembly which uses round rod* furniabed 
with helical rib* Th* strip* or rod* are twisted in such s manner that 
they only touch on the edges or rib* while together. They form * beaagon 
bundle which is contained la a heaagon *ri|4>*r sheet o» 0 O >O sirconlum 
This whole cartridge forms tr»e removable fuel assembly which is placed 
inside th* 4-tach fuel or boiler tube in th* reactor
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56 ft 5 in

in rtactor

Unities »rr»«|»m«nt

Fuel used In reactor

141

5/16 to i/«

250

100-200

600

466

575

840

2280

2400 (
42.000

500,000

616

7.7 x 10*

Moderator D>O

Prtnuri. paia

Temperature. F

Boiling DtO

Pressure. psia

Temperature. F

Total amount of D*O tn system. tona 

Total number of fuel tubes

• 60 row* in length, spaced 6.2 in. 
times 14 rows in width, spaced
9 in., every other of the 60 rows 
staggered to form a triangular 
lattice with approximately 60 deg 
angles.

• 105.000 lb natural uranium in 
buckled sone plus 177,000 lb de­
pleted uranium with U*** • 0.655% 
In flat tone.

Uength of flattened sone 

Number of fuel tubea

Total weight of uranium, tone

Fuel assemblies - Uranium plus 4% sirconium
alloy with 0.02 in. sirconium 
clad. 57 strip* per tube; 0.70 in. 
wide.

•40 (406 in flat sone ♦ 354 in 
buckled sone)

Total reactor power, mw

Cooling surface, eq ft

Maximum flux for heat transfer. Btu/(hr)(aq ft)

Net electrical output when DjO steam used directly, mw 

Steam production. Ib/hr

Cooling channel clearance, in.
Stationary fuel tubea - Zirconium with 2-f % tin spiral 

welded. 5 m. ID and 5/32 In. 
walls.

Power transferred from cooling surface, mw
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Condenser back pressure, tn. Hg

Total D(O mass flow through reactor channels

Reactor Phy»tc> - H. P. Iskenderian2.

F lat ZoneBuckled Zone

.238.210

.278.250

.635.72

.1348.1348Net fuel thickness x

.936.934

.829.842P
1.0301.030€

1.2651.330

1.0101.078

165.165.

92.96.

486.354.Number of fuel tubes

1 .047.922Conversion ratio

62.237.8

f

Throttle pressure, psi 

Condensate removed by intermediate separator

261.

300 m 10**

257.

38 x 10**

11% crt flow 
at 25 psia

7 times steam 
production

600

Per cent of total power 

Average flux at 2,400 mw 

Exposure 

Average conversion ratio for reactor 

Average flux in reactor (2400 mw) 

Maximum/average flux, in width 
in height 
in length

1 .04
1 .24
I .02

M2

B2

E2

1 .00

8.1 x 1O‘»

Thickness of fuel including 4 wt % Zr 
alloy, in.

Thickness with 0.020 in. Zr clad added, in.

Enrichment. % of V**’ in uranium

%of U2M

7.4 x 101’

754 mwd/ton « 44.3 days

8.6 x 10*’

For hot boiling condition:

f (per lattice cell, including xenon)
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1.17

1.54

1.00

1 .003

1.016

1.069xenon

Boiling Reactor Type III - Horizontal Pressure TankD.

48 and 49.

The control system will consist of horizontal rods as
in Type II.

The proposed design of the Type Ill boiler is shown in Figures 
The conditions applied to this type are as follows:

The study of the specially designed semi-pressurized horizontal 
tank used in Type II revealed the possibility of building this type of tank for 
pressures as high as 600 psi. With this pressure limitation and with the 
same fluid for moderator and coolant, it would be possible to operate with­
out extra strength of the fuel tubes within the reactor. This would, of course, 
result in considerable saving of zirconium and would lower the parasitic 
neutron absorption.

Maximum/average flux, within fuel tube cross section 

Over-all maximum/average flux 

keff hot, boiling, with xenon 

kejf hot, not boiling, with xenon 

keff at room temperature, with xenon 

keff st room temperature, without

(6) The steam outlets are all placed at the outer ends of 
the boiler tank to avoid conflict with the fuel openings

(7) The upper segment of the tank forms the steam auct. 
The height of the reactor core will, therefore, be somewhat smaller than 
Type II if installed in the same size tank. This will decrease slightly the 
power output per unit length of tank.

(8) The preliminary moisture separation takes place at 
both ends of the boiler tank near the steam outlets.

(1) As in the case of Type II, circulating pumps are depended 
on for sufficient coolant flow.

(2) The maximum heat flux allowed is 300,00 Btu/(hr)(sq ft).

(3) The structural strength of the tank depends on laminated 
reinforcing rings placed between the rows of fuel exchange openings. Further­
more, the shell temperature is kept low by means of the return condensate 
water. The pressure is limited to 600 psi.

(4) Inasmuch as the length of the tank and the reactor core 
are not limited, the total power capacity can be determined solely by eco­
nomic considerations.

(5)



A

*Z

/i
*

I

»

t
MELL’S. .'5

,L.

/ y
/

f

ErSr-W

i 

niHIHHHH

na. «e 
vfHtlCM WCTIO o« •0HI«6 «»CK» ”* III

a

• :•r

*

■

r. /

r
 J

k 4 
»

■

—
: 

Z
» •

 • 
* «

* «$
«*
 • 

=-
» -« -I

■ - •■
. • & '■

 'M
a*

.»
**

* '‘1
1 1

11
 

■ *
 * 

* -H- *
• < 

-7
-' J



ffl» »»»<*

k. ♦» *■<•«<.

♦<* “ |,..n>nw —mw ir
.1 t»w*»

. I «•■ « » >

*Mtt t »«••**« Wfc

•- • «~{ *»•• ♦.•-» ’p
• • * •

*

lift. 4» "
*trriCM cams MCtim o» I 
mmi •.«& •rnctm rn

I oo

A
Ah » »

* • ' •
/ 

* I :4

z A

? ..lAffl
'• . BL

 *■.■ 
.1

KS
X•

 ■
* •

■|

, T*
 "• 

r?
-. :

» ■ r«
1*

 ♦ 
.. A

t. 
•

L.
!7

 .*
j«
.



101

H*at Flua Ulmit to Moiling tora

Not

ibl* heat flu* in boiler

•ri (I)
-

b*t>.O<K) Atu/(hr) (aq ft)

A pr*1 tmtMry »a<imai* on to* pernut 
Type* II and til area calculated «•<"« to* equation

Typ** II and III boiling reactor* emplcrv forced tlftuhiloa to • 
rat* of 1 lb of total flow pa* a Ing through th* reactor tor rack pound of at* am 
generated Thia la comparable to ratio* w* 4 for eaiating op*rating boiler*. 
Th* arran|enwnt allow* for a certain *«We.' *.1 or if icing to be applied at to* 
lower end* of each fuel tube* which might ua* too large a portion of th* flow. 
Th* orifice* can be changed a* d* aired

At prevent. natural circulation tn a reader i* uncertain 
a great deal can be done to regulate thaa circulation Forced circulation 
ha* been Introduced in many modern boiler plant* and would aeem to be 
particularly uaeful la caa* of boiling power reac tor* oath to*ar higher rat* 
of h**t tranafer per unit area.

A* mentioned earlier. large acai* eapertmenta will be nec*aaary 
to order to aacertato to* beat flu* limitation* to to* type* of reactor* dia- 
cuaaed. However. th* heat flua. defined aa Atu (hrRaq ft), may not alwaya 
•ertr* a* a criterion to determining to* margin of aafety. a large < ooling 
•urfac* and too email a flew of water paaatng through toe cooling channel* 
would reault to a too high ateam quality with too low cooling capacity

(q/ a) maa •

Applying Eq. (I) to toe point of the i Manuela where th* aub* 
cooling a* aero and th* water velocity a* atlll at a minimum (equal to to* to* 
let velocity (t.lfpa)iwr get

(q/a) maa • 4 a 10* a v

(0) The reactor to aubmerged to a concrete ba a to filled 
with water (auitably inaulatod) or oil for ehielding.

(10) Only a temporary atudy ha* been mad*, a* yet. of thia 
deeign and ita calculation a. It ia mentioned her* a* it would aeem to be a 
type which would b* practical for aom* intermediate aia* of a plant.

* t) a v’ '*• 4000 (t

* *•. H McAdam*. «t al. “Heat Tranafer at High batea to Water Otto 
Surfer * Hoi ling.*’ ANl»*44b*. l>*. ember. I *40

At toia point of to* channel. to* actual heat flua la •climated to be ^bO.OOO. 
corresponding to 100.000 at th* center The factor of aafety againat burnout
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For cent steam
Pr«M«r«

by weight toy relwme

1.000*•0.000»».S *o 552s.oooUCUA
*50.000it. 0 *oVCUA aao.ooo

so >T.iUCLA
SOOMlFur* we 04.
2005T.5Fordo*
SOO090.000

*5014 1 a*.0*0.000

>.l >0.000

2.050.000

1.000.000

2.050.000

Burnotrt fins. 
Bto/(hrM*4 <»>

Mass F »*»w 
lb (hrX*41 ft)

•leg**' le*

>.050.000

1.100.000

510.000

I.FOO

i.lM

Suggested ma« 
>00 000

IO.

>1.
51.

Th* Tyge II reactor *• conacdere* to utilise but ia not limited 
to th* use <M moderator an* c oolaat The boiling itguld is confine* to th*
high gressure tube system an* it <auM he entirely segaraled from the 
moderator It ta rear»i»«ki» that th* coolant ceuM ba light w*tar and that 
the moderator roat4 ba either heavy water or graghite The yrevent glan

To determine th* amau-l of «aa«»r»*ll»m in this design, 
realistic boiiing esgerimenta of th* tyge yianned by the Heat Engineering 
Section will ba necesaary In any case. it ia fait that th* cent rolled forced 
circulation will eliminate a great deal of tba uncertainty

Boiling Ma­
ae tor

should. therefore. be 2-0 as far as tbie traaaMUo* gomt is concern** 
R* (I) ia roaa»*ere* agglicable for aefoclUea between 1 aa* 12 fpa 
an* for greaaores from >0 to 50 gala 11 i* eager to* tbat ibe grogoaa* 
higher gresaores will Uacreaae tba aafety margin Tba egoatioa also refers 
to egwleaiawt Oiameters of aggrosimately 0 52 io., wbicb are of the or*er of 
n»agmt»»*e <a*«r con ante rat ion

,<fW H Jews. F A L*tr». 'Analysis Of Heat Transfer Ksraost Freaa^re 
Drag an* SMMMMOy f>ata foe Higb-Freaawre Water.* AMt~-5*2T. May, 1551

A regort by Jons an* Letter11 ceec lw*ea tbat un*er tbe ctrcom- 
iteMaa tbat agylie* to their esgerimeots. bornowta occur when steam greali- 
»<*• are allowed io esc ee* »O< by weight As mention** grtfvloosly. the 
mgor content in the Tyge tl bolter tubes Is only allow** to reach one-eewenth 
of the total flow (at*am gwality * 14 2*). The regort also refers to data from 
esgerimenta carrie* owt by Fordo* an* by UCIA Some of these data dealing 
with wet steam generation aggesr aggllcable. a fe* tygical aaamgles are 
tabwlatad
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Th*

TH*

System 4

Typical characteristics tor each of these systems are tabulated

4, and * in Figure 50 employ natural <ir<ulatt<m.
rractar* are Types I. ®U and »**

Systems 4. 5. k. and ? in Figure *1 lore rd circulation
rraclor* are Type HI tor System 4 and Type tl for Systems 5. b. and 7.

F ■ fc(l*>l at Some Design Conditions On Neutron tionorr.) and 
f!Jt 151 or RSeb • f

■» * *
to. therefore, merely one application of a aiatem which employe an inOicidual 
fuel tuba eyatem for preaourtaed boiling fluid Heart water io « hoeen in the 
preeenf cate due to the special emphaaia on neutron economy

System I te the reactor with a spherical tanh. whereas System «» 
is a Type tl reactor with cylindrical tank and high pressure tubes 
is a Type tit reactor operated without eacese lube pressure.

Systems l»

U Type II in operated w«h same pressure in the tube system and 
•m the moderator tank so that the tube wall thichneeo cast be limited to to., 
the conversion ratios » on be improved by approsimately 4<

The boiling 0*0 reactore which hav been described above can 
be operated; <l> with natural circulation or forced trcuiation. (2} with 
egwal preosuree tn reactor tank and fuel tubes, or (>| with escese pressure 
in the boiling fuel tube system The power wtll depend on the system chosen.

System f is different from the first sis m that it ordains both 
a primary 0*0 cycle and a secondary H*O cycle The problem cd keeping 
0*0 and HgO separated would be transferred from the turbins condonaer to 
the high pressure hrsl e*« hanger.
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SYSTEM I SYSTEM 1
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♦

We also define

> and gk(r.s> *r« uniquely detrrmin- 
(r.o). which must <orr»«p<>txi to a

*t: *■
•? : .*
ti*.

Method tor Calculation of L-org-Trrm Changes m Rttctori - 
RU Avery

Although the flux la described in terms at a multifrwup model, 
thia is not essential to the method of solution. Thia la done for definiteness 
and also because multi-group diffusion theory techniques will probably be 
computationally the most feasible.

Before the quantities n^(r.x) 
able, the initial distribution of atoms nl( 
critical assembly, and the type of control must tee specified.

During the lifetime of a power or production reactor some ma- 
ter la la will build up or tee burned out. control devices must be introduced 
in varying degree to maintain reactivity, and the flux and power distribution 
will change The problem of calculating these and other related effects may 
tee characterised by saying that we wish to determine: nl(r.x). the number of atoms 
per unit volume of material jat the point r at the “time" *. andl^r ,x). the neu­
tron flua la the kth energy group at thepoin. r at the “time" a. suitably normalised.

The variable x need not be the actual time. In some cases it 
may be more convenient to use some other variable to measure the age of 
the real tor (e.g.. fractional burnup of the fuel, time integral of the flux, 
total number of fissions, etc .).

to* »*• •• a a «* * , . •• * < ♦• a to ♦

We define a to be the cumulative neutron path length per unit 
volume m the first (highest) energy group at r • O (i.«. .xis the integral of 
the prods* t of th* time and th* flux in the first energy group at r ■ O).

r.a) a path length m kth energy group at r at "time" a 
unit patK length in first energy group at r • 0

• »» 

* * *

The essence of the following method for obtaining th* function* 
nMr.a) and Pk(r.x) i* to expand both of th* functions ui a power series in a.

M I i

Therefor*. ♦k(r.x) ia proportional to the neutron flux with th* 
normalisation *k**(o.x) • I.
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(1)

(2)

V-

G

where

*

nj(r.x) ■ n^(r)+xnJ(r)4x'nJ(r)»x*n^(r)t .. 

•^(r.x) . •Hr)^«lk(rhxi>1k(r)ix’®,k(r)*

i ■ a. absorption (fission ♦ capture)

c. capture

t. fission

r. removal by scattering (elastic ♦ inelastic)

tr. transport

arL-~k is the cross section for transfer by scattering from 
1 th to kth group

fraction of fission neutrons born tn group k
»»•). number of neutrons emitted per fission by material j-

■ the microscopic cross section for 1-th event in material j 
for energy group k

1 
>£nXr.M>aJ

• ^(r.x) • 0

G s number of groups.

°L»

We begin by requiring that the steady-state diffusion equation be 
satisfied identically in x (i.e.. at all times).

♦ <4 k

_ J»»Ar .x)?^ £

♦k(r.xj
u.

°1 k

" * *s *

From n^(r). the initial distribution of atoms one can obtain ♦£(r). the initial 
fljux distribution. Having obtained •£(r) one can then obtain nj(r). Knowing 
n'J(r) on* then obtain* pj fr) from which one obtains nJ(r) and so forth, alter­
nating between th* n£(r) and ths d£(r). The serie* approaches the true solu­
tion so that on* cut* off the serie* when the desired degree of accuracy ha* 
been reached. Where thi* point will be depend* primarily on how large a 
value of x is being considered (i.e.. the degree of burnout). A detailed de- 
•cription of the m*thod now follow* :

- ------ Vd^r.x) - £nJ(r.x) I 

tr k----------------------- j
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Symbolically Eq. (S) may ba written;

H (r.nJ'4(r.x) • 0

(4). . • 0

b-l
>^4r)»«(r) • V D/ir< . »/(r* k)

G

•KVDf(r) '. ♦hr. -

•/UHVQ^lr) dfiei

i

i

;X (?<”■■*

’• b

J)

- E^(rl [«J h*o{

- Z-tf*'’ [ 2 **4

♦'•ajE| (£•*«£■•» lij •#<«■>

•*: *-j :‘j
•.* .J :.i

i *-b) *zi /) r)«9 DftrWaftr)

If we aow substitute Eq. (1) and (i) utbu Eq. (». and then collect terma con­
taining the same power of a. we obtain an eqoateoa:

i aj) t -

i x>

a/(r> VDhrWftr) - (jaf(r)[ 1 b~l
Jr a])*?*"

H irie^r af(r> .»h»>- ['1 k^r

U JI 1 •: <

l^(r)da(r) •nHt(r)al(r>*«iH4(r)41(r)e- •
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etc.

• • .C* • 1. -

and

6^1 interim e) (ha)

•itiaterfaca) (bW

♦ ? (iat»rh( e> (be)

el* .
and

<w• o
<TW

<T«)

etc

(*•> 

(»W 

<■>.

Earh 
acres* boundaries

Odd

In addition to the requirement that the steady-state tiltiwMO 
equation be satisfied lor all a (in each region) we alao require that tor all 
■ the usual boundary conditions be satisfied. l.e. continuity of fl us and cur­
rant across boundaries, vanishing of flun at outer (rat repainted! boundary, 
finiteness everywhere. etc. The boundary conditions on the fius imply that 
each of the da have to satisfy the boundary conditions. sine e they are to be 
satisfied tor all a.

D*(r) is defined by; 

___________ 1____________
* Z r*^<r)r>uU(r)rs4nJ(r)« H

The require”-mt that Et|. (<) holds lor all a implies that

H»(r)*e(r) s 0

Hjrtd.fr) • 0

H,(r)*,(r) s 0 

ate.

• • •«
♦ *» a ee»

♦ a •
a •

| E F:
: t. L*

• Ofcr* nd[(r) •a,D^tr>« • • •

Hjrtd.fr


DMtr.»).»*lr.tJ

• «

wr

(ba)

(•tel

o?<rf. ♦£ <r> (•*)

et. .

I

(Tn I»)(<•» • i

»{«*»> * •

Hr)•U*»>

»«•

Krom £< (I) we have

(IO)

But we may ala» obtain

a a k
dnMr.n) 

sr

I 10 
—rf

Ea< h siMt tee <#a- 
> tinwoiaa a< ro«» 

ta'WMiarir*

la addttxm. from the aaraadtMtaMi «t Ho.aj * I. we have aa 
a •ormalirrtoo ua the f Hr)

J. we have that

»k(r.«) (11)

»_.j (“<•>. wht« te represents the rrt.tor in ita initial « oadition may 
tee aiivwi immediately We now aha* h»>w havutg obtained thr) we « an ab­
late n/(r< and «t» general. obtain wJ(r) <aa< e we Know all the ff •*' *kal we
. an alternate between the i and the n *> obtain aa many ter ma aa deaired.

The e^uattoao in (*l are tn tee nulved wader the teowndary « <»aditn*na 
in (hl. (T). <•’ and <0t.

D^CrleaDlHr)

T*» Satisfy the condit*c.n of loMmuily ol mrrent.

► 2_«i k»h(r.«)’a’,(r.«) 
te»l • * 1k-Z|e<W->» k

‘Ohrf* V Stir) •a#t(r)»a‘4t(r)’- •

. C^trlwhH** |o^.-«hr»*Df(rr.^(rJj

»hr)«D?(rr«0hr»-l*hr) l^lr)] • •

haa te> tee . uatimwuwa a< roaa teowndariea lor all a
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>*(r) (I 2a)

G
(12b)

nj(r) (12c)

assoc lated with

I
•’ i

• l/l. k**(r)-«J(r)^ kdf(r>-<^(r)^ "A k*f<r>

: :
■• ♦

G

: :

•*Hr)
G

h

Having obtained a aulution to Eq. (9*4 one then applies Eq. (12b* 
tn order to evaluate the nJ(r). These n^(r) are then uaed in Eq. (Sc) along 
with some new a'°**roMrl necessary to achieve criticality. The control 

thia aJ*”,*r<*Ur) has to be introduced quadratic ally in a.

G 
r.J(r) • -n^(r) L i

where p labels the type ol atom (al any) which produced atom ) through some 
reaction of cross section o .. We now substitute Eq. Cl) and (2) into the 
right hand side of Eq. (Il), equate it to the right hand side of Eq. (10). and 
finally equating terms which equal powers of a in the resulting equation, we 
obtain:

G G
* "^h U *<F-» “ "T'^i’Ff-O

Having applied Eq. (12a). using the*]* obtained in the solution of 
(Sa), and thus having obtained the n) we are la a position to solve Eq (Sb). 
At this stage a dec ision as to the type of control desired has to be made. If 
m Eq. (Sbl we use only the nJ obtained from the original nJ. in general there 
will be no solution to Eq. (Sb) satisfying the boundary conditions given by 
Eqs. (»*b). (7b). (Sb) and (9b). Thia of course, is due to the fact that, an 
general, the reactor either loses or gains reactivity with time and is there­
fore. no longer critical unless control devices are introduced. We. therefore, 
introduce one or more nJontrol(r) into Eq. (Sb) such that it yields a solution 
satisfying the boundary conditions. The control associated with the nJ ,‘n,ro*(r) 
is. therefore, control that has to be introduced linearly m n.
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NF(x) x xN,*x*N1*x,N>*- - . (13)

be the number of fissions that have occurred in the reactor at time x.

NF»2xNFt3x*Nff • (14)

ones.

■/ & (15)dV

Let us also assume that atoms of type A and a* are the fissionable 
Ther efo re:

dNF(x) 

dx

• *: 
: : :

dNF(x) 
di

So far nothing has been said about the actual solution of the vari­
ous equations (5). Equation (5a) is. of course, the usual criticality equation 
and can be solved by the usual multi-group diffusion theory techniques. The 
subsequent equations given by (5) are of the same nature except that instead 
of being a set of linear homogeneous differential equations they also include 
inhomogeneous terms (containing the previously determined £'s). However 
the multi-group equations are solved by iteration assuming an inhomogeneous 
fission source, so that the presence of additional fixed inhomogeneous terms 
should cause no basic difficulty. The same limitations on geometry will exist 
as in an ordinazy criticality problem. Thus, if the problem is being worked 
in spherical symmetry we can only introduce control dev.ces having this 
symmetry.

Once we have obtained the functions n-J(r.x) and >^(r.x) to the 

desired number of terms, we might wish to express the results in terms 
of some variable other than x and therefore want the relationship between 
this variable and x. This will usually be fairly easy to do. For example, 
suppose that we wish to operate the reactor at a total constant power cor­
responding to P fissions per second, and want the relationship between the 
time, t. and x. Let:

In an actual problem, there usually will be only a few type atoms 
in whose long term changes of concentration we are interested. The others, 
say the structure and coolant atoms. even if they suffer transmutations the 
resultant atoms have nuclear properties which are sufficiently unchanged 
to make it unnecessary to find the change in concentrations. Also, ever for 
the atoms in whose long term changes we are interested, there may be cer­
tain nuclear properties, such as the scattering cross section, which are un­
changed by the transmutations. If this is the case, then one would certainly 
simplify the problem by not considering any changes in these macroscopic 
cross sections (i.e., set the z^^#(r) 3 0 whenever they multiply the micro­
scopic cross sections of these unchanged -properties.
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N.F (I ba)dV

dV

etc.

Therefore, from Eq (1 >) we obUin:

(17)

(!•)

- • •

(Ibb

There are. however, cases. where it will not be possible to defer 
to the end of the problem the relationship of a and some other variables which 
can be used to measure the age of the reactor, particularly the time.

>.F

Expanding n(r.x) and g(r.n) in the right hand aide of (15) and equating terms 
corresponding to equal powers of x with those in the right hand side of (14) 
we gbtain

Nf . 1/2y^dn^rk^en®^^] d£(r) ♦ [ ■*(* n®(r)cFfc]

diP(r,x)
di

-•J(r.s)E~J kdK(r.x)»np(r ,x)^E^p .«>-«J(r.x)*J j-

«y *Kr)^

which gives us the relation between t and x

g

♦ m'n/7

By definition N^(x) • Pt.

In Eq. (11). it has tacitly been assumed that the transmutation of 
one atom to another occurred directly with some microscopic cross section 
and that no radioactive decay period was involved. Usually, in the chains of 
interest thia la not always true, but often it is a good enough approximation. 
However, if the approximation is not sufficiently good we may proceed as 
follows. It is. of course, now necessary to specify the conditions under which 
the reactor will operate (i e.. at what power of flux level). Eel ua take the 
same example as before, operation at constant power of P fissions per second. 
Furthermore. let ua now assume that as m Eq. (11) atoms of the type j may 
be produced from atoms of type p with the cross section ®(p—..j) but in addition 
are also produced by radioactive decay from atoms of type d with a time con­
stant A". Also instead of being destroyed only by absorption of r neutmp we 
assume that type j atoms may also be destroyed by decay with a tune coa--^. 
slant If we include all these proc eases the ani'-tfous equation to Eq^(lf) 
becomes*

id(r.n)** £ 
dx

* ■ > [bni
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From Eq. (17) w* h*vt:

(I*)

n^r) . (20.)

(2Ob)

i

etc.

Oi.-Croop Calculation of Lo«q-T.rm Changes in a Spherically 
Symmetric ^ast Convert*r.

Comparing Eqs. (1O) and (IS) and. aa uaual. equating terma with equal powers 
of a we have:

*♦*

»J(r) • 1/2 I -«j(r) JL aJ k*^r

C

k»l ’

:• •: •:? t ~ *: 
..•s !h *•

The method described above has been applied to calculate some 
of the long term changes in a fast converter. The model used la that of a 
spherical core SO cm tn radius surrounded by a spherical blanket bO cm 
thick. The core and blanket composition* are initially uniform. For aim* 
pile tty. th* problem is treated m a one-group picture and the solution car* 
rted only to the first order correction tn th* flua distribution and to the 
second order in the atomic concentrations.

c

o
p—J >k •*<'>—)*•?■<*>—^jCtaTCr) J

**♦ e« • • • •a .« « •# • • ,• an*♦ «« no

With the above simplification* th* problem can be solved analyt­
ically. The chief difficulty of the one group pictures is the lack of a* appro­
priate fission cross sect ion lor V***. particularly near the cor* blanket interface 
where th* energy distribution and bonce th* average UtM fission cross section

dt Nf INf n 
da ' P * P

From Eq. (lb) we see that depend* only on n, and g* and there­
fore nJ(r) may be directly evaluated; nJ7 depend* on t^. ag. Sa and •». all of 
which are already known by the time nJ(r) is to be calculated. Tkerrfori. 
the calculation is carried on m the same sequence, escept that now. of course, 
it depends on the power, since the various n^(r) depend on the power.
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—1* a**(r a)d(r.K) (la)

aw
[a" ■"(r.W-c? n**(r jt>] g(r.*) U<)

Fisa ton Product a (F). by owe 'atom’ of F we mean the fission 
products resulting from one fission.

The atoms whose coscratrahoM as a function of time and position 
will be investigated, are:

da“(r.a) 
Ja

• “~a* n**(r.a)d<r.n)d»'*(r.a) 
<K

dn*’{r.a) 
2n

a MM * #■■■*
• a * •• a a a *d

• a • • •
• • a • a

la a very rapidly varying function of position, in an attempt to r»duce 'his 
difficulty the f is a ion cross section of U***. aa such. was set equal to aero, 
and its effect wan taken into account as a "fast fiaeton effect.” Specifically, 
the fission cross a action a of the other fissionable isotopes were increased 
by an amount designed to take into account the 11"1 fissions. The main 
error introduced by thia method is that it neglects the diffusion of the neu­
trons from the place of birth to where they cause a fast (lesion. Thus the 
fast fisaiona in the inner region of the blanket which are caused by neutrons 
leaking from the core will not be accounted for. but will be assumed to occur 
in the outer regions of the core. However, this effect should not vary par - 
Ocularly with time and. therefore, the results of this calculation, which are 
primarily concerned with effects which do vary with Ume. can be adjusted, 
with results obtained from a two-group calculation, so as to largely correct 
this error.

The structure and coolant atoms (S and C). are assumed to not 
change from their initial concentrations. We take into account the effect 
on reactivity due to absorption of neutrons by the fission products, but they 
are. of course, not thereby assumed to be destroyed. Therefore, the number 
of fission product "atoms” la also a record of the number of fissions that 
have occurred and their rate of growth corresponds to the fission rate la 
this calculation all radioactive decay periods will be neglected.

.U

Defining a as the cumulative neutron path length at r • 0. and
Mr.*} sa the r at to of the path length at r to that at r a 0 at "time” a. we

• a * • • •*neo • a a see
• O • • » • »eo

a a a • • • • •a a son a • a
e«a d • •• a a is

w"* U») 

(*•) 

Pu"* (4d) 

Pu** (40)
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(M)

(4)

(*-)

* *
e •

CM
(•b)

(6a)

(6b)

CM
(7b)

-T(r) 

—**(r) 

-T(r) 

<(r)

(Sa)

(Sb)

(2)

(»

-f*(r)
■rw

• • 
• •

1

• * • • • •»*
*::

• •• *

dn**(r.n) 
At

d-r(r.a) _ 
4*

d.s * c 
d* ~

also, expanding ■ and 6 in a power aeries in k. we haws

wMr jt) ■ —£(r)*as3(r)*s*a^(r)*- - .

d(r^t) • • >(r)*^,(r)»x<d1(r)e- . .

diP(r-a) b

[c£ -nrjO-o* n-(r^)] *<r.«)

[of a“(r.x)»af .-(r.«)«r -~(r--(r.a)] f(r^

(!•)

(M)

^(r)*i»U(r)*. • •

S«baUt«tM< Eqs. (2) and (>) ia*o (1) aad thee equating terms of equal powers 
ofi ia the right hsnd sides of Eqs. (1) and (4). we obtain:

• -«£?•»•*( f>*s4r>

• -l/lijf^rtoalrJ+sf^rbiWl

• l/*{(cr)‘«r(r>6i(r)-e5M,(rH,(rj

• - ^“-nridalr)

- l/*{ bnr)6«r)-<rn'>*A»l}

• | ?c"»i“(r) - ji*-J’(r)] 6«(r)

• »/*{ [ *i(r)

• [ -<?jr’4*(r)] •i(«r)}

-T(r) -fa?^(r)^4M>(r)] d^r)

-r(r) • i/*{ (er-r*n«‘>-<4*’^tr)^rdr-r(r)»(or>M^r)] •&>

• [ ?JM’(r)->~-r(r)) ♦.(<)}

-T(r) - [ rjM^r)e-f*-nr)*-f<*(r)^|S»r(r)] 6.(r)

• • « 
• o •<s • •

UuO . n
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(10)

D»V*0k<r)*C««b(r) • 0 (Us)

D,V**,(rhC.0l(r)*Cl0.(rhC14(r) • O (11b)

J

The sJ# being defined through Eqs. (5a)

:

• e assume that none of the changes in atomic concentrations 
will have my effect on the scattering properties and. therefore, each region 
will retain its uniform diffusion constant.

1

Equation (11) was obtained by substituting Eqs. (2) and (3) into 
the one-group diffusion equations and then rrquirbq that each of the coef­
ficients of the various powers of a shall separately equal aero. Equation (11a) 
corresponds to the constant term and (11b) to the term linear in s.

The one-group diffusion equations for each region are. with the 
assumptions that have been made.

C« * als

I to (9a). and b) represents the atoms 
that are inserted linearly in s for control purposes. 1

-J(r) -

• s so
■ ♦ * • •«

c, - I b} oi 
J ’

if(r> - 1/2 {[ -ef*ci*nF(r)

-0r<Of(r)] •:(r)e[O}M*(r)^tM^r)^4’n?’(r)>4*nr(r)] Mr)} (9b)

* C(r) - »« * C(r) - 0
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and

•4 - -
Th* solution of Eq, (Ila) la:

• in l^r

and

•oB^ * ^oB

(14)

oc
and

(1 »)• A1B AoBcoah kB(RB-r)

I

where

siU) -

-Ei (-«) •dt

and are all well tabulated function*.

• . • : < • * -• .

co* t 
t

CoB 

doB

*}c(r) • Ajc 

C*c

-kBr)-e

• tab kB(RB-r) 

kBr

i co*

2 ek®TEl(-kBr)-e 
I

Uet kJ .

rtU) • £

I1?/* ®1B

co* kcr

c.W.

,CiBAoB
ftBrCiS t

• in k^r C|c

kcp ^^-o<

her ISit^rJ-S.Ol^r) -am kcr CHkcrJ-CiOkcr) ‘}

<4.

St
l •

<r2kB»<B .

C1B

k»rE,(-

-kBrE.(kBr)

♦oc<r> *

* >ta 1 
— dt

• • •
a *• • • • aa « * a ♦

♦oc aatiafie* the required nortr*alt*at*on condition. (o) ■ 1. 
A()B is an arbitrary constant which is to be determined by the boundary 
conditions. The solution of Eq. (11b) i«:

-2kBR» r-k»r £,( jfcBr).e
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The boundary conditions on 0( ar»:

(lb-)•lc(o) • <*

• ■ 0 (Ibb)

(ibc)

(Ibd)

♦ DIB(RC)• doBDoc

I

However, this type of control will not be used in this problem.

Core Blanket

RB « 1 IO cm t • 00 cm■ 50 cm

0.20
0.10

Ooc

d *oB^c^

dr (Ibd-)

dQ|a(*c) 
dr

d
dr

>*c<»Q
d r

The last boundary condition is of this simple form only because 
we have assumed that the diffusion constants remain unchanged. Had thia 
assumption not been mad*, the boundary condition on the current at the inter­
face would have been:

d •.
♦ Olc <*c>

A|c. A1B. and BjB are arbitrary constants to be determined by th* boundary 
conditions. Cj c and CjB are not arbitrary but one or both of them will be 
adjusted (thereby determining the amount and type of control) ao that the 
boundary conditioM will be satisfied.

Ln some problems we might be willing to assume that the scat­
tering properties are unchanged by the various nuclear reaction*, but want 
to consider the possibility of introducing uniform scattering into a region 
for control. In that case all of the above equations would hold, with (Ibd") 
replacing (16d) and the definition of C, in Eq. (11b) containing the additional

term. C*.

* ♦ • * «■ ♦-*
• • a ♦ •• * •
a a e* *

♦lc(*c> • ♦ibIRc) 
d*ic(*c,.D 

~d7--o#B

The following constants and croas sections ar* used. The composi­
tion of core and blanket io initially-

Na 0.55
«•* 0.15
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The rthU»

The following microscopic cross sections (barns) were used.

25 za Na40

0.0000 3.031.0 0.25 0.40.
0.0000 0.030.19 0.2 0.40.3

-0.0000 -0.03-0.25 4.3942.025

-0.03-0.00003.25 5.005-0.25'blanket
3.57.07.0 7.0«tr

0 01.0 1.9 0«f
0.00470.0220.04020.0402

asume that:

• .29a .10

.21

and 'blanket tor ** where ff« vffy - c .

and

f

From the blanket composition and the cross section

DoB - 1.10529

00045444. kn a .0044459

y a kBt a 5.04795

a 4.2233

amounts of 25 and 20 wots determined by the condition that the 
reactor be initially critical.

f La a io a 
(product) 
"atoms*

fissions 24 
fissions 25

fissions 24 
fissions 49

fissions 2F| 
fissions 49/1

U

fissions 20\ 
fissions <9Jrorf a

NslO-*4

in obtaining ^rs

vf .[1 ♦ 

or

(mioni
fissions 25 blanhrt

obtaidt
v

fissions 20' 
fissions furore

* • sa • • •• • a

a .334 
Unkel

•« 

’core

' 5
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The cor* diffusion consUurt is independent of Ute 25 to 2* ratio and lot

Doc • 1.7405

U w« define * • th* initial criticality equation ta:

* cot * • 1 •

which yields

t^c * .0025454*10* and .055*57

From th* boundary conditio** at th* interlace w* obtain:

AoB • .0151404

Th* initial flu* distribution la. therefor*:

•ojr) . (17a)

^>B(r) - .174*4 (17b)

and C*b may now be calculated and ar*:

(1*)

*5.454

Th* aet of four equations (14) may now be solved Cor th* four 
unknowns Ajc. Cjc. Ajb and Bib sad we obtain.

sin .047*015 r

We choose io obtain criticality by adjusting C|c for criticality 
and setting Cjb equal to a*ro (l.*.. we will introduce enough uniform croas 
section in th* cor* to maintain criticality but will introduce no control tn 
the blanket).

■

sinh .0*44454 (110-r)

Cse.

Cic

1O*AU • > 000)54 54 

1O*Cjc * 00244)4t 

a >.55742*10

* .0054745. he • .047*015

Vol 25 
total vaUhon*

- -.00524504*10-*

u

C»B • .OlShSlnlO"*

a e 2.54007, 

from which w* obtain:

■ye-- (!♦« coth y) 
uoc
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The reuniting Own »,(r) b»co«n»«:

io“»lc(r) • -.MOJMi*

and

I «*»!><») • -53?bZalO

ZoStr) d* . .0Z5431S

I(r) dV . .3173*3

I

ror* or bloakot. 
forwtrO mettooda.

•k»r» * i* defined aa the integral of the product of the tuna and the flue at 
r a 0.

• • • • •O • ■ .i :

♦ IhZbZZ co. ^r-.J27750 Qd^r) 
(l*a)

VB 'blanket

fBU) • J {>[ aJ£.(-o)

<CU) • ~ [ >St(a)-atCM)] -«UKX tCiU)-Ci(ta)]}

•jB(r) dV a 01b557fcil0~“ 
blanket

• aa •* *• a

*• • • • •

The fluaea 3y(r) and »i(r) defined lb Eqa- (17) and (It), together 
with the value of Cjc which attpulatea the amount of control neceaaary. and 
the varu.ua n^(r) and n^(r) defined toy E*e- (») tkrouc* W and which may oow 
bo aaaluatad comp 1 ata *Uba aoliattoa of th a pro bl am ia thia app ro a imatioa.

•>c(r) dV ■ .13M33b1O"~

f ffecO) <V • -»»73« 
* 'cora

4-------- -- b3.*M 2-
hnr h

Tho Quaea 3e(r) and f,(r) are plotted in Fipuro SZ. The flua d la tri button at 
anv a ia giaea in thta flrat order approalmattoa toy:

The total number of the varuiua type a to ma ut the core or blanket 
can toe ototeuted from the mtegrala of the fnacUoaa t*(r). d$lr). d|(r) over the 

Thoae functtoaa can toe evaluated analytically by atraight 
Their numerical valuew in thia problem are:

• * * *
" ••• .* aana

.OOOZZ**7 iB (hBr) 

(19to)

-ZkBRB .-“rHlal-e^Citn)

•oB(r) dV • .003001*1 
blanket

varu.ua


■.AVtOV iT.O.l..7-I4.B1

> * ~ I0**0,

1.1

:

::
o.t

IO to 10 40 ao w ieo no

•»
•€-7-11457* 

.*•>.HAST

FIG. 52
initial flub distribution.
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c.

U“* - U*»* System1.

* Cnrichrr>M>t initial Conversion Ratio

.50 TO 1.0 1.1 1.2
t>0 .*0.•o i o 1.21.1

• T2 .TO .00 00 1.0 1.1 1.2
•o -TO •o .00 l.l1.0
00 .TO •o 00 1.0 l.l

1.00 •TO .oobO .oo 1.0 1.1
1.2» .TO .OO 0Ooo 1.0 l.l
1.50 .50 -TO •o .oo■ OO 1.0
1.75 .50 .40 .TO .OO.00 1.0

.50 .TO .SO.Oo OO 1.0

•T» be reported m future wxltt Central Station Water Reactors.

Work to conUBMiaf on Uta system. At present. the following 
range of enrichments and initial conversioa ratios have been investigated 
and curves of i note pic content an a function of irradiation time have been 
prepared.

fins ton products 

structure • moderator ♦ a mon

S t

• X* 
c

h♦ * •» » *

ftj •
X'

- where f

Therefore, when the 3. and X** are known for a specific re- 
f f a a

actor, the values of X* andX* can be determined for the isotopic abandonee 

curves and the reactivity variation can begc-iciiiy determined for a given point 
in the reactor.

• xm 
a 
I.

The variatton ol reactivity in represented by

• nd n represents the thermal atlliaatton and the number of neutrons released 
per capture tn fuel, respectively.

T
a

Variation of Reactivity with Irradiation Time in U*** - U*** sad 
Th***"- U*** Systems* • f. C. Carter
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540 1.150 540 1.420as

540 7450.0 0 1.040

lOO 2.0 >•5 540 >40

2.02 n 2.02

2.05 2.05

Th*** - V***

WK—
*

14

te.

Pu*~

• •

If the flu* distribution throughout the reactor is known. it 
is possible to determine the change in isotopes and reactivity for the reactor 
as a whole.

Pu*“U«* Pu«*

»•* «ee 
- • e a 4 ~ 4 s a
* * a • 4 4*4
• • • a a e 4 e

• 44 4 4 4

U***

The series of reactions which produce fissionable isotopes 
is shown in the following diagram. ,

The variation in reactivity for the specific conditions listed 
below has been calculated with initial conversion ratios (ICR) as parameter 
and is presented in Figure 5>.

: :LM

°c

initial Thermal Flux • 4.4 a IO**

Enrichment s 72* U“*

Initial U*»* e 2.320 a IO** atoms/ton

1.000 mwd/ton s 52 days • 4.44 a 10* sec

Fissioa/mw a *.l a 1 o“/tec

Cross section/fission products ■ 50 boras/fission
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isotopes is considered to be

. ♦ NU1* U*»»

u<» 0 a

U**

(0

%

sec

»•sec

U*“ u4” Th1"

• • •* see

7 
o 
o

•9
o 
o

5M
514

50 
2.J7 
2.40

450
549
101

2.12
2.50

°a
af

n

OU'M

O«M 
0

d N 

dt

d N1 
dt

nU*»
♦ (1-p) {n

U*M 
a nu*M

•(t) ■
dN^”

dt

d Np«*” 

dt

- .

- MTh**’ X™*** - NP•1*,

*

_ MTh1M xTh*M

“ : K* ; • * •

Th1*’ 
— - 0

. Np«1M Xp«'M

- n^m

d nU*m 
dt -nU1”

tr»»» a

d 
dt

*
Initial fins a 4.4 * I O'* neut rona/(cm*X>ec)

Cross section for fission products * 50 barna/fission 

*T**W • .495 * 10”’ 

xp-‘M .

... M . < u Th* *,r‘aUon of reactivity as a function of irradiation time
was determined for the followtnf set of conditions and is shown on Fifurt 54.

Fissions/mw-sec a 1.1 M io*

Th**1 
• *(0

. a13”'*
" °c ♦«)

u*M J

u1**
♦(«)

o^a
•(»)

U*4 •(«)

equation* which define the production of ai*nificaat amounts of fissionable

(t)-0-p>{w ♦ N^” X” n
* ** n
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V

D.

i

It Ut’recogato** that there t* very little pr*c*4*wt 'or toe 
4**ign of ttoriwn meter* an* that toe con4>tton* ctar**a may tee unrealistic, 
therefor*. it t* planned to make a parametric atotfy ever * wide range of to. 
ttial conversion rattoa.

-

1 *Reactor ltogia**riag Divieio* Quarterly A eport. AML-Mil 2. Marek Ik. 1041, 
p. 24.

L

Shield lag Maa* ar *m*nta to toe EBR (CP-4) - C. D. Cart**. 
M P.Tubtois

Tk* effect* of toe rrginn* of 4 iff er eat rompooittoa can be seen 
from toe chaagtog stope* af toe corvee- Th* toermal fl us attenuation length 
ever tke last 20 cm ta tke top concrete akleM two feet thick la apprunimately 
• cm.

Ta* result* from U*’* counter* and wire* eapoeed tn kale N* 1 
*re ktova to Figure 94. Tke V** flaatoa rate aad tke copper da to ar* aor- 
mal*a*4. independently. to unity at to* car* coater. Becans* toe relative 
cross sections af Co* aad Ma vary with neutron re orgy tpectrwn, little 
significance skould ke attached to tke p***tae of to* copper and manga**** 
carve*. Tke approatmate coanpoaitiou of tke reactor througk which toe 
traverse* wer* made la tod ice ted at tke kutitoir of to* graph. Tk* sat of 
a cadmium caver over toe U“* counter a* well a* over tke wire* showed, 
a* enpected. toot no significant toermal floe enisled below toe large regions 
of void which are above toe tong fool rod aasemhly.

rLl

A* a* aid to understanding th* efflcloacy af to* upper shield of 
toe Kaperimeatal Breeder Reactor, neutron flua traverse* have been mad* 
along a*** passing through tke cor* ceoter aa4 toroapk toe laser blanket 
Small fissioa pal** rowater** * wtto coattap* of U*». Pw**. Mp**. U** **4 
Tk*4 were eaeB. 1* a44ittoa. capper aa4 manga**** wires w*r* tor*e4*4 
torowgk iron ehleMiag plage aa4 tow*r*4 tote empty thimble* Tk* ware* 
w*r* eapoaeP with aaP witooat c*4mtam cover* wklck coeaiate* of catosuwm 
tablag wttk a 0.010 to. wall tolctasea*. Traver*** wer* ma4* torowgk tke 
car* canter to ro4 poaitlo* Mo. I **4 torowgk tk* inner blanket to ro4 po*t- 
ttoe Mo. 479 which la at a ra4iw» of 11.4 can. The ro4 pttitoaa in tk* core 
and toner blanket ar* shown to Figvr* SS. All m***wr*meota wer* ma4e 
•t pile power* of 0.45 kw aa4 ahov*.

Data wer* collect** with tke U** an* wire 4et*ctora tor potato 
beginning below tk* cor* an* *ai*n*tog oat through to* concrete shiel* aker* 
to* reactor. Wttk tk* tkreahoM Oetectora. 4ata w«re collect** up to appro*, 
tmately 100 cm above tk* cor* center lln*.

•
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FUEL ELEMENT DEVELOPMENT

Corrosion
«

1.

H
• » ♦ • e • a

* • *
• • • 4

• • • ■
• ♦ • •
• • • 4

As partofan • valuation of fuel materials and fuel elements for 
possible use in kig h-tempera Cur e. water -cooled reactors (2OO-5OOF). a study 
is being made of methods to minimise tenout corrosion effects usually ac­
companying exposure of unalloyed fuel material to water. The uranium-water 
reaction produces corrosion products of approximately twice the volume of the 
original metal, this reaction proceeds rather rapidly at temperatures above 
JOOF.

"j• 1

• ••

The study is directed primarily toward evaluating fuel materials 
that would have considerably more resistance to water attack than pure ura­
nium in the event of failure of the protective clad. It is known that some 
uranium alloys and uranium oxide have improved corrosion resistance over 
that for the unalloyed metal. Corrosion testa sre currently being made on 
these materials, and data are included for uranium oxide, la addition to the

Figure 57 compares the data obtained from the fission <• maters 
in rod position No. I. The data are normalised to unit fiastoa rate for U*** 
at the core center by using relative fission cross sections previously deter­
mined.^* For some of the traverses, an iron rod one foot in length was 
hung below the counter to reduce neutron streaming in the hole. The dif­
ference tn the resulting counting rate was barely detectable in the tank 
above the core. Aa expected, the fission rates fall off near the edge of the 
core more abruptly as the fission thresholds increase. At greater heights 
this variation among the threshold materials is less pronounced. At a 
distance of *0 cm above the core center, all the attenuation lengths lie 'be­
tween 11 and 1) cm. The characteriatics of the thorium counter used in­
validated the data obtained in the core. At distances beyond 19 cm above 
the core center, the thorium data should be reliable with the exception that 
the normalisation is in doubt.

• d *
• • ••
• • •• 9 999 • • •

Traverses were made through the inner blanket rod poo tion 
hole No. 279 with U*° and Np"* counters and with copper and mang »eoe 
wires. The features of the plotted curves w ire quite similar to the • ob­
tained for rod position No. I with the exception of less intense flux, as 
shown in Figure 5g.

**S. Untermyer. •Fission Kate Measurements in the Experimental Breeder 
Reactor (CP-tM ANL-ddll. AprU IB. 1952.

High-Temperature, Water-cooled Reactor Fuel Elements - 
J W Frank. W™ W. Galbreath. Jr.. A. if. Koebuck



FIG. 57 
FISSION RATE TRAVERSES. 
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2.

* J. J. et al, "D»v»lopm»nt of Zirconium Clad Urnnium Plates
for Reactor Fuel," ANL-5076. May 6. 1953.

Zirconium Clad, Natural Uraaiwn Platas - R. M. Robinson 
and Metallurgy Division

corrosion behavior, it is necessary to evaluate the results of rapid develop­
ment of corrosion products on the stability of a fuel element following failure 
of a clad. Thus, additional testa are being made to observe the effect of 
corrosion of fuel material on a simulated can structure.

Samp lea. prepared by the Argonne Metallurgy Division for 
the evaluation of sirconium clad natural uranium plates, were corrosion 
tested in a large-scale thermal syphon autoclave. Slow recirculation of 
water past the samples was accomplished by the use of internal heaters, 
internal baffling, and an external cooler. The eamplee were examined for 
bond failures after exposure for 24 hr at 336F. 41 OF. and 4S2F. respectively. 
The plates were then exposed for 120 hr at 462F to complete the test.

;Li

Corrosion tests have been made on samples of uranium dioxide 
having specific gravities of 5.0. 9.3. 10.3. and 10.6. The samples were fabricated 
by the Metallurgy Division using extrusion, slip casting and hydraulic pressing 
techniques. The samples were exposed to either 500or 600F water, either degassed 
or containing dissolved oxygon; one sample waa tested at 600F in both liquid and 
vapor phase. A description of the samples. test conditions. and test results ar e 
given in Table U. The data indicate that the UOj tested to date is slightly more 
resistant in degassed water than inoxygenated water. A small amount of yellow 
oxide formed on the samples tested in degassed water, indicating that the samples 
underwent moreoxidation in the presence of oxygen. The effectof temperature 
was not apparent in the data. It was noted that the water resistivity decreases 
about the sameamountas that experienced in corrosion tests of highly resistant 
materials such as stainless steel.However, the pH decreased from a value of 
about 7 to about 5.5 in the 500F test and from about 7 to about 6 during the 
600F test, indicating that there was some solution of the UO, in the test wster.

All plates were fabricsted by a modified picture frame proc­
ess. Graphite-melted uranium was clad with Grade III crystal bar sirconium 
by a combination of gamma and alpha rolling. Two groups of plates were 
tested. The samples in Group 1 consisted of two plates. 42 in. long (Nos. 51 
and 52). Both plates were reduced 1 1% in the gamma phase. m the alpha 
phase, and cold-reduced 12% after removal from the steel can. A 1/2 in. 
wide strip of nickel was flash-welded to the exposed sirconium st each end 
and a 1/2 in. wide strip of copper was flash-welded to the nickel. The de­
scriptions of the second set of samples, tested as Group 2. are given in 
Table Ill. Further details on the fabrication will be included in an Argonne 
Metallurgy Division topical report.**
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475 ppm

14 to 14 ppm

Corro»>o» at Natural Uranium and M*<i>«»iu»n in Diphenyl • 
A. M. hobin»on

During the first 24-bour exposure at 33*F of Group 2 plate*, 
a all* 2 ia. lo*< appeared oa plat* 24A cauamg exposure and onidation of the 
natural uranium. Th* plat* was removed and th* test waa resumed. A de­
fect la the cladding apparently cauaed this failure. Th* *irconium cladding 
oa plat* 2*A wa* 0.005 in. thick, that on all other plate* wa* tn th* rang* 
0.010 — 0.025 in. thick. During exposure at 410F and 4*2F. th* top and bot­
tom welded section* of one of the 42 in. long plate* fell off. No further bond 
fa .lure* were detected.

a« ••• *• a •a * • • •• * * »• • at- *■• a

Plate* 53 and 54 had a large amount of yellow precipitate 
along the weld bond* between the nickel-copper and nickel -al rcomum strip*. 
Analyst* of the deposition showed 30% sircoaium. 20% uranium, and l*% 
nickel. plus looser amount* of other element*. Most of the plate* had a 
coating of loos* gray-black powder and red-brown corrosion product*; whit* 
powder wa* prevalent along th* edge*. Spectre-chemical analyst* of th* 
red -brown powder showed greater than 20% iron. 0.2% copper. 0.*% «ir- 
conitam and 1% uranium (only metallic ions ar* identifiable by this type of 
analyst*). A possible explanation for the large amount of uranium depositing 
oa plates 53 and 54 is that some uranium may have been exposed during 
welding of th* nickel and copper strips to th* airconium; the exposed ura­
nium may have adhered to th* weld during clean-up of th* welded area.

During the test of Croup 1 plates, the pH vsried from 5.2 
to 6.47. while the resistivity ranged from 460.000 to *3.000 ohm-cm. Th* 
pH of the water sample* taken during th* test of Group 2 plate* varied from 
6.2* to 7.05. while the resistivity was fairly constaat at 160.000 to 1*0.000 ohm- 
cm. The plate* exposed a* Croup I were coated with a loos* gray-black pow­
der. with whit* powder along th* edge*. A yellow powdery coating was observed 
near the bond between th* copper strip and the airconium.

Result* of static corrosion test* off two samples off natural 
uranium and one sample of high purity mag-esium in diphenyl at 5O0F in 
stainless steel autoclave* are summarised tn Table IV. The volume of 
diphenyl used wa* computed to be sufficient to submerge the samples. The 
first test wa* made with air present m th* autoclave; the second test wa* 
man* with air evacuated from the autoclave. The exact composition of th* 
uranium sample tested first is unknown, th* major impurities in the second 
uraatam sample are:

• a • ♦♦ • • - . i
» aw* • ••J • •* • • • *• • • a• • • a• a a *4

•j
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4.

TaM. V 

4a*< l—.

Standard fr«« raorgiet (A. F) •• functions of temperature 
caKuiaM at 4OOK «*d oOOK (about 111 and aZlF) for several rMctiona of 
interest tn current realtor studies at Argonne are given w Table V.

The result* show that natural uranium and coupled samples 
of natural uranium and magnesium may have satisfactory corrosion resistance 
to 400F diphenyl tf usvgen and water are rm ludvd The corrosion resistance 
ot magnesium to 500F diphenyl with a slight amount of uirygen present is 
satisfactory, the resistance of uranium does not appear satisfactory in the 
presen. e >j( oaygen.

ar
Cal pw-eu»se 

sees: ___  see*

lAiciLA^io rstt aNsnoiKs at s«vm amp fpft 
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Chemical Thermodynamic s of Reactor Materials - W. K. 
Anderson and 3 'H Frank

I
-•a

OiMoii Barta. X tlfflnnhem. 4_>. 7 IS*41.

G N Lewis. M Randall. ‘"Thermodynamics and the Free Energy 
of ChemiKai Substan.es.* (New York: Med raw-Hill. 10SS).

U.S. Dept, of Interior. Bureau of Mines Bulletin 4Tb.
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B. Heat Transfer ExprnmfnU

’ : H*:

Pressure Drop Studies on Twisted Ribbon Core Aj»ftnblir» - 
A. B. Schults

Twisted flat wire fuel elements appear to have several good 
features for reactor core construction. They can be built into a core »»- 
sernbiy which is structurally self-supporting, except for thin tubes to sep­
arate the wires from the control rods. The water passages can be accurately 
controlled dimensionally. and warping or swelling of the wires cannot ap­
preciably change the sine of the passages. Good mining of the bulk flow of the 
coolant minimises local hot sones and uniform local mining may break up laminar 
flow and permit some relaxation >f hot channel factors. Point contact between 
adjacent wires is not considered critical from the standpoint of cooling. Almost 
any metal to water ratio can be obtained by proper selection of wire thickness 
and width. In particular, the larger ratios of metal to water can beobtained with 
a supporting structure that does not interfere with the water flow. By rolling to 
an elliptical shape, a tight mechanical bond of the cladding can beaaaured.

A coordinated mechanical test program has been set up to deter­
mine the pressure drop through core assemblies composed of twisted wires 
with variation of flow rate, metal to water ratio, pitch, and change of water 
density (by introducing air).

: : F :

Reactions showing large- negative free energies have a high 
probability of occurring, while those with large positive free energies never 
occur. Reactions with intermediate values of free energy up to a positive 
value near ten-thousand cal/ gm -mole may sometimes occur, but are some­
what indeterminate. Therefore, the data of Table V indicate that sodium 
will reduce the oxides of such structural elements as iron, chromium, and 
nickel, and that uranium will reduce sodium oxide. In the water systems 
there is confirmation of the empirical fact that UOt is the stable form of 
uranium in the presence of either liquid or vapor phase water. Apparently 
water or steam should oxidise titanium and tirconitun; the empirically known 
fact that these metals have fair stability in hot water can be explained on 
the basis of the formation of oxide films which are impervious to further 
attack.

The range of wire sixes being considered at present are 0.0J4 in. > 
O.14d in.; 1/ib in. x !/• m.; 0.104 in. a 9/B m.; and 7/lb in. x 19/16 in. The 
configurations include closely-packed cores with tubular passages for control 
rods; bundles of wires encased in thin-walled tubes heterogeneously arranged, 
and bundles of wires encased in closely-packed tubes with central control 
rod spaces.



142

gesulla

**2■* *

Tto» •»»' aiiembh consists ft a * luster of nbU>««
«• M*. long retained » a »•««* (timet natal t>»«4m<>h*l channel fermwi toy 
a Lucite tab* as stoowa w Figures )1tol> Th* M»M so tar
leave been I 4 in. ■ J Ha. ribbon* twisted to 4-tnch. 12-inch. and 24-inch 
piUh. Taata on th* 4-inch F»«*k were made to determine tbe eatrem* 
taitl limit. and th* 24-inch p»l*b th* fUMaat pit* * ®< *■>▼ po*aible interest. 
The ribbon* h»*e a metal to water ratio of I 4.4 (Figures 44 and •*). The 
ribbons ar* twisted from 1/4 Mb. « I 14 «a. cold-rolled round edge flat steel 
wire cummrr.ially available These »rr welded at one end to) la al, >• *■»• 
•tool plate* which are po*itw»ned «a *iot* is ttoa end of ttoa Lu< »l* tube.

Taata w*re rw* at water Dowa from 44 gpm up to 204 gpm 
at in< rement* of 4) gpm Air and water miafwrea were rwa at dewaitias of l.r. 
4.4. 4.4. 4.4. 4.4 and 4.1 to obtain data •»•< 4 might toe applicable to two-phaa* 
flow atwdie* lor boiling-type reactor* Bobbi in* teat* were mat* t» determine 
the rate *4 muting and M» observe the degree of aprnad at the to»p Slow nwltn 
•mwUM (1044 frame* ae« > were mad* to aid tn atudyin* »b* flow » baracteriauca 
of the water and air miatwrea

Teal Apparatu* and Fro*edur*

Ttoa te*« result* tor tbe presaure 4rap toetwrea I >-m<b tap* 
are steow* fnpMKllly in Fi«*rvt b4 to ?f iml waive For • onvenienc a. all 
preaawre* are gloea io terma •»< direct manometer reading - water ever

a 4• e* •

Calibrate** r«aa* were first mate cwmpariag tba preoowr* 
4rop ewer tbe 44-mm b anta* Mac lotting eatry an* eati i«*a*e* with tbe prea­
awre 4rwp between tap* spacaM It m apart ewer tbe m»44i* of the teat *e< - 
trow. ActwmaUted air was carefwUy ranted fwim vital point*. 4 »* allwwaaca 
wa* matte lor tbe relative denaitie* of tba water M tbe manomeler >•*<* an* 
Ml ttoa fest ae. tan*, an* ala** atb»wan< * **• made lor the weight of tbe water 
owar tbe mercwry oiwma differential. Tbe reaiMi* are cunaidereg a* ac- 
ewrnt* ** tbe calibration an* reliability <*f tbe iMlrnmewtatiw* will permit.

The aaaembly >• inaerted i* a Imrp (Figure* a* an* 4?) 
tbrowgb which water ran to* * tr« wl*t*4 *p to 200 gpm «r 10 fp* 
peratwre. Valve* ar* prowiMod to control tbe rate of flow a*4 th* preaawre 
in the beat *e« twin. To enable *tw4iea of tw**-pha*e Ito*. *ir can be injects* 
tn lower the denaitr to» 0-2 with vetoicitie* of the water and air miotwre wp 
tn 40 fpa Meri wry manometera are provided to show preaawre drop and 
no* rnetwra tn ahow water and air flow. A preaawre gawge at the renter of 
th* teat *e« too* i* w**4 to determine average air denaitv through tbe teat 
•*' lion A email air line into th* aid* of the test aortton at tbe bottom i* 
wsed tot bubbling testa Tbe water i* treated with eodtwm di« hrwmat* to 
prevowt csrrvtwa of tbe mild steal parts
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Cone las ton*

•• *;• f

mercury (in. Hg-HgO). To convert to psi. th* result* must be multiplied by 
a factor of 0.455; to pal par toot of length by a factor of 0.165.

Th* bubbling test* showed that with th* 6-inch pitch ribbons, 
th* bubble* spread to approximately three tour th* of th* t hansel. With th* 
UMacb pitch ribbons. th* bubbles spread to only a scant one-fourth of th*

A condition not anticipated waa an apparently uncontrollable 
surging off th* air and water mixtures. Even though th* flow of th* mixture 
was fairly witorm at th* bottom, it developed into a surging. ■ Lugging or 
burptag action a* it ranched th* top. Thia condition waa apparent in all th* 
mixed run* but waa moat violent ta th* lowest density rnedittoas wh*r* th* 
mixtar* alternated from a dead atop to a fast surg* at a frequency off ap- 
proximately 100 cycle* per minute. Occasionally, at tow flow and tow den­
sity. th* flow would even reverse for a fraction of a second. At high flow 
rates and high density, th* surging waa not so apparent but high speed movie* 
taken show that th* condition still exists. Further atndy of th* phawnmanon 
i* planned to see if it is inherent ta boo ph* a* flow or whether it i* du* to 
the nature of th* teat apparatus.

Figures 64. 70. and 71 show pressure drop through each 
teat apecimen with varying density. Again th* difference h ate a an 12-tach 
and 24-tach pitch is not significant; and the 6-tach pitch ov*r the others 
ta off a email order of magnitnd*.

The calculated and th* measured resistance of 1/16 in. a 
1/d-ta. parallel ribbons is 15< gr-ater than ealrutated for Oat plates of 
equal projected area. The meaeur-i resistance of th* 6—inch pitch ribhnns 
k* 50< greater than calculated for flat plates, and 15* greater than meas­
ured for the 24-tach pitch ribbon*. In general, th* increased reaistanc* 
of th* ribbons is much !••• than was generally anticipated.

Figure 60 show* the comparative pressure drop for solid 
water for th* three pitch** tested. It i* to be noted that th* tacreaa* of pres­
sure drop du* to th* tighter pitch ia not grant. Th* added resistance of th* 
IX-inch versus th* 24-tach pitch (nearly parallel) is negligible.

It appears possible to calculate, with reasonable accuracy, 
th* pressure drop through twisted ribbons by using convention*i calculation 
method*. Th* above comparisons indicate that for akin friction toss** aa 
average between th* condition of infinite geometry and th* condition inched tan 
the confining walla will give result* agreeing with experimental teat*. Th* 
tosses due to th* twist* may be calculated by assuming that one ■ sixth off th* 
fluid, located at th* periphery of th* twist*, will suffer complete to** of rota­
tional kinetic energy at each point where th* ribbon* form parallel plate*. 
i.e.. six time* per each JbO dag of twist.
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ribbon configurations and mttal to water wattes
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RADIATION STUDIES

l_ubr leant* - W. K. Anderson, J. V. Frank

On* grana*. 1X3-0147.>• survived pr*liminary screening teat*; th* 
result* of further testing ar* shown comp*r*Uv*ly with th* Dow-Corning 
grana* in Table VI.

*
Z4
*

14 
1* 
14
1-7/4

htet ii:W*ter
Ratio

Wire Sia*.
in.

Pitch of Twist, 
ia.

1/4 a

Grana* 1X5-0147 haa towor volatility than th* silicone. show* rrnllr 
good filming and w*ttteg proportion. doe* not corrod* metal*. and la superior 
tn th* Dow-Corning grana* ia lubricity. It* vl*co*ity-temperature character­
istic ia about equivalent to that of th* sill- material. It withstood without 
any particular term radiation which r ■ ■dared the silicon* material useless 
a* a lubricant.

It should be recognised that *t temporater** near 1 OOC lillV) th* 
organic base oil* used to compound th* lubricant* ar* almost at their prac­
tical volatility limit. If th* temperatures and neutron fluae* which th* grouse* 
must resist in service ar* appreciably higher than those used aa criteria tor 
th*** testa, it ia ualik*ly that any organic material can long withe toad such 
condition*.

Subsequent test* will be mad* to determin* whether th* above 
conclusions still bold for 
tabulated below.

Several new grasses have been received from th* Standard OU Company. 
Whiting, Indian*, ia r nans cite* with th* program to develop * grans* with higher 
resistance to rad latte* damage than Dow-Coming High Vacuum Sil icon* Stop­
cock grans*. Th* grans* la to bo used in th* KB*.

5 :t.

1 ^Composition date withheld - laboratory number assigned by Standard 
Oil Company for idantificattea purpose* only.
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Table VI •»
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