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1.0 STATEMENT OF PROBLEM

Ruslear reactors are being considered for use on ships, planes, sub;
mam.nesy and for other uses where the space allotted for tha reactor and itg
auxiliary cooling equipment is limited. The heat trangfer surface is less
in enriched piles than in thermal piles which ﬁecessitates the usge of ‘

highly éffieient eooling systems and heat tranafer agents, 4 great desl
of emphasis, consequently, hasg beén placed on developing more efficient
methods and éoolanbs for removing the heat from the reactors. This report
is concerned only with the coolants.

Whter, both light and heavy, and air sre the only fluids which have
been used to date to remove the heet from thermal piles. Mereury is being
used to a limited extent in the fast reactor at ios Alamos. However, many
other possible coolants have been suggested, and of these thé liquid metals
and helium look the most promising. Many methods have been propoged to
evaluate‘the relative worth of these fluids ss heat transfer agents since’
it is impossible, both from an aconomic standpoint and the time involved,
to determine sxperimentally the relative merits of these materisls.

The purpose of this survey therefors is twb»folds

1) To evaluste the varicus liguid metals as pile coolants,

2) To indicate which of these metals should be investigated more
thoroughly in the laboratory.,

This report is limited to a discussion of the liquid metal coolants
since it was felt that the gaseous coolants and wster have been covered

adequatelﬁ'in the project literature.
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2.0 INTRODUCTION

The fate at which energy, as heat can be removed frmm'a nuelear
reactor is one of the limiting factors which infiuences the design of a
pile, The heat is removed from the reactor in either one of two wayss

1) Recy@ling of the coolant. The coolant is circulated‘through

the pile and the heat which has been picked up is released

in a secondary heat exchanger. The coolant is then recycled.

2} Discarding of the coolant., The coolant is circulated through
the pile and then digearded at a higher temperature.

A number of different ligquids and gases have heen proposed as the
eooling fluids but very few of these have actually been used., HNekK alloys
have been suggested because of their low melting points and high fluidity.
Bismuth has also been considered because of its extremely low thermal
neutron capture c¢ross-gection.

Numeious methéds for the evaluétimn of fluids have appeared in the
literature. Burton and Davis (4) celculated the ®isocaloric cross=-section®
forg numﬁer of materials. The isoéalcrie crossQEection is the crogs-
section of the molecnlé for tharmsl neutrons divided by the mﬁlecular waight
and the heat capacity, ,ﬁég;m . and is & criterion for evaluation
developed by Wheeler. Bentlsy, Brown, and Schelegel (2) have evaluated
14 fluids at different temperatures, using as thé basis fer their comparigon
the standard hest transfer coefficiént equation for a materisl flowing in é
cylindrical pipe. Bismuth, lead, mercury, sodium, sulphur, potassium, NeK
alloys, water, helium, and air are some of the substances whiéh’were
considered for their comparisons. The suthors alsoc list the physical
properties of the propésed coolants up to that time., Parsons snd Gaffney (11)

have dewveloped equations relating the film coefficient of heaﬁ transfer and
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Zo0  INTRODUGCTION {Gon't,)

ths energy consumed in ecirculsting the fluld. Waler, mercury, air and
godivm were gome of the fluids evaluated. Of these, mercury énd sodium are
guperior ta water s coolants, and waler is supericr to air. |

Bome of the liguid metals whieh sre being considered as pile coolants
have been evaluated by Lyon {10} who used for his comparisons certain
relatimnships based upon pumping power, absorption cross-section for thermal
neutrons, and permissible operating temperature range. Li79 proved to be
the moat favorahla coslant accorﬁing to Lyon's system of evaluation, Bi,
Na, NaK {50%) showsd np as nexd bezb. |

Blooﬁ {3} has listed the physical and rclear properfiea bf Swanty=ons
elaments which may be used as coolants. The twe criteria which were used
for the evaluaiions were melting point and thevmai neptron properties,
A number Gf alloys and salts which can be used as:coolants is élso incliuded
in this repoert. |
Fold (6} has estimated the induced gamma radiosctivity for a number
of possible liguid metal coolants, ‘Bismuth and lead were found to be the
most favorable from the induced aetiﬁity point of view. Tin, magnesium
and sodium were the least favorablse

Bverhart {5} has eritically reviewed the libtersbure on low melting
alloys. Since the author was interested in only those low melting alloys
which do not resrt viclently with oxygen or water at high temperatures, the
report covers orimarily the lead, bismuth, tin, and cadmium combinations.
Physical property data, howsver, are included for the elements and many othey

alloys, A complete bibliography is also atiached to the report,
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2,0 INTRODUCTION (Com?t,)

Various liquid metals wers evaluated by Atkin (1) in %ig‘diaeussian
of power conversion equipment for the Project %Genie®, Thé:evaluation
wag based upon heat transfer coefficient; pumping power, chemieal
reactivity, minimm volume of soolant, shielding and melting point., Sodium
appsars o be the best choice of coolant with NaK running a close gecond
according to Atkin's evaluation, Gallium, HTS (s mixture of potassium and

sodium nitrates}; mercury, and Pb-Bi follow in the order listed.

3.0 CRITERIA FOR EVALUATION OF GOULAN T,

The ¢hoiee-of"a~fluid for nse as a heat transfer agent in a reactor
is dependent upon many factors of which there are three types:

1) physical properties of the fluid wnder consideration

2} nuclear pfaperties = both in a thermal and fast pile

3} engineering factors such as c¢ost, availability, corrosiom
effects, bealth and fire hazards, ete,

These factors can be divided into two separate groups;

1} Critical or Sereening Factors - factors which determine
whether or not a substance ean be used #s8 & heat transfer agent,

2) Relative Pactors o factors which can be used to compare various
materials once it has besn estsblished that these materials
can be used as heat tramsfer fluids,

These two groups can be énb»dividad as followgs

1} ©ritical or Screening Factors

a) gorrosion

b} absorption cross-gection {(less important in fast piles ‘
- where moderating may be a cribical factor

2} availebility




- b} Cost
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3.0 CRITERIA FOR EVALUATION OF COOLANTS (Con't.)

d) melting poind
&) stability to continued irradistion
Relative FPactors
&} Nuslear Properties
1} cross-sechtion
2}  induced activity

3} wodersting ability

¢} Handling Difficulties

1} chemical rsastivity

2} corrosion-container materials
3} melting and boiling point

4} wapoy pressure

5) pumps

&} Hydraulic propertiss {viscosity, density,
atomic weight}

73 heslth and fire hagerds

283 electrizal sonduetivity
‘d) Heat Transfer Propsrties

1} heat capacity

2) thermal condustivity

3} relative heat transfer coefficient Dump
power/ input
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3.1 Critical Fectors

Thege factors are the so salled Yobvious factors® which can be
uged to ssreen oub from further consideration those materiale which are

obviounsly of no value as heat transfer agents.

3.1,  Borrosion
‘Gorrosion effects! is ome factor which has been neglected in

the various published evalustion schemes. A liQuid wetal may have

gxcellent thermal oroperties for heat transfer, scceptable nuclesr provertiss,

and it may be availeble at a ressonshle cost - the features éf a desirablé
coolant for s reactnr; It has no practical valﬁe as a coolant; however,
if it reacts with all the metals which might be used to contain it.
Gallium, for exsmole, has been considered as an ideal liquid metal coolant,
1% has a#erage heat trensfer propertiss and acceptable nuclear provertiess
it is liguid at room temperatures and can be produced at a reasonable
cost if there is a sufficient demand for it. 4 great deal of time, money,
and effort have already been expended in trying %o develop gallium as a
heat tranzsfer agent. If proper consideration, however, had been given to ,
the chemistry of gellium befors the development program was ihitiated, the‘
survey would have revesled that gallium would, probably, not be an
aemeptahlé heat transfer fluid becauSQ‘of its high affinity for other
metals. It reacts chemically with all the materials which might be used
to contain it. :

Secondlys if & slight attack of the tube walls must be tolerated,
then it becomes necessary to increase the thickness of the tube walls to

prevent the freguent revplacement Qf;cooling tube sections. The size of the
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3.1.1  Gorrosion {Con't,}

active aéstion of the pile, consequently, must be increased to maintain

the criticality of the pile because of the absorption of neutrons by the

added metala | | | |
“l‘h:?u:’«ﬂy.g congideration must be given to the nuelear’properties

af the méterial which is to be use& to contain the coolant. It is

impractiéal to consider a coolant because of its low absorption cross-

section and good heat transfer pro?erties if the material mhich is neeesaéry

to contain it has a high neutron absorption cross-section.

In view of the above facts, any evaluation scheme for liquid |
mebtals which does not include corrbsion affects must be considersd incomplete.
Unfortunately, there is very little informstion in the literature on the
corrosive action of molbtan metals on congtructionsl material. It was,
therefore, necessary to omit corrosion from the evaluation scheme which
will be presented in this report,.éven though it was realized that
tcorrogion effects? is one of the more important criteria fbf screening

coolants,

3.1.2  Ruclear Pronertiss

Very little hss to be said sboub this criterion. Naturally the
liguid metals with low thermal neutron capbure cross-sections are more
favarablé for thermal viles, while those with high neuﬁron-séattering
erogs=-sections are more desirable for fast piles. The shielding require—:
ment fofithe secondary heat exchsnger, in both cases, is dependent u?on

the induced radiosctivity of the coolant. The induced activity of the
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3.1.2 Nuclear Pronertiss {Con't.)

gorrosion products must slso be considered if there is any aporeciable
sttack of the container wslls by the Iliguid metal, The question of
providing adequate shielding at s reasonable cost for the secondary heat

exchanger may become a limiting fauetor, especislly, in those cases where

additional space iz at a premium.

3.1.3 ‘3yailability

It iz impraciiszal to eensidar wsing & ligquid metal as a coolant
hecasuse of its good heat iransfey ﬁroperﬁies and low power requirementé
fowr ciraﬁlating it when it ig available cpnly in limited quanﬁities and
the sost/ib. to produce it is high, Consideration should be given first
te the aﬁailahilihy of the meial and to whether or not it is sconomically:

feasible to markst it in large amounts.

3.1le4  Helbing Point snd Stability to Continued Irradistion

‘The ugefulness of these eriteria in screening oubt possible pile
cdolantskis apparant.  Blemenis wiﬁh high melting points asuch as iron,
nickel, mangsness, ete. - elements which would be normally used as
contsiners have obwiocnsly no value as coolenta, It is difficult to draw
tha line of demarcation betwsen hhdﬁe alaments which have acceptabls
melting points and those which do mot. In this repori the wpper limit
for the welting point was arbitvarily set at 650° C.

The coolant is recireulated continually through the pile to remove
the reactor hest in a clesed oycle cooling system. It is, therefore,
eszential that ths propossd ceolant be stable to repeated irradistions,

otherwige, thay have no valuz as a pile coolant.
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3.2 " Relative Factors

. These factors can be consgidered as the 'comparstive factors?
or criteria by which‘the various fluids which have passed the screening
tost can be compared. There is né single criterion by the use of which a
£luid mﬁy be selected as the best heat transfer sgent in all:pileso

: The difference betwsen the melting and boiling points determines
the operating range of the fluid, It is, of course, desirabie that the |
fluid be liguid at room tewmperatures so that when the pile is shut down for
any 1eng£h of time, the fluid will not solidify in the cooling tubes. It
is reasohab189 however, to assume thet a cooling system can be designed to
use metsals or alloys ﬁhich are not liquid at room tempersture. Too much
emphasis; therefore, need not be placed on the melting point criterion,
axgept fbr thoge metals which meit’at axtremely high temperaiures {sbove
650° ¢} = in which case, corrasien‘and container problems would be the
controlling factors in making a selection.

Heat transfer properties and handling difficulties must be included
in any e#aluation scheme, The design and geometry of a pile for a given powsy
lavel diétate the amount of apace that is aveilable for the cooling tubes.
It is, therefore, essential that the coolant remove the heat from the
pils effiéiently and with a minimum expenditure éf the pile energy for
circulating the cooling fluid, In other words, a high value of the heat
transfer film coefficient for a low energy input‘in circulatihg the fluid
is the deesired condition. Nuclear properties, cost, and corrosion have
been discussed under Critieal F&c&ofs, congegquently no further discussion

of these factors is netessary.




- 1 - | ORNL~360

440 EVALUATIQN‘SCHEMES FOR _LIQUID METAL COOLAN?§’

- This gection is devoted to the development of the schemes which are
used in this report o evaluste the various liguid metals, Many schemes
have been proposed to compare the relative merits of fluids és heat
transfer agents.. A brief discussion of these schemes was présented in the

literature review,

bel -Heal Transfer Properties

The agsumptions which were made in thezderivabion of ths
Tfollowing relationships ares
1) 4 pile of given power,

2} The dimensions and geometry of the pile are fixed so that
the length of the cooling tubes is the same for all coolants,

'3) The dismeter of the’cocling tubes is the sume for all coolants.

5

4} The sressure drop is proporbionsl tg,ugo

A

5} absorpiion erogs-section of the channel wallg for thermsl
neubrons, and the moderating effect of coolant and container
metal are negligible, ‘

4al,1 Case I - Tempersture rise of cooling fluid is limiting Factor.

This situstion is usnally found in niles where there is

considersble surface area available forkcaoling a5 compared

to the cross sectional srea of the cooling tubes,
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4.l.1.1 Thermal Piles

Gz WzOT (1
since,

¥ s us P i | (2}
then

Q=

us P AT {3}

The macroscopic shzorption cress sestion for thermel neutrons

can be expressed by the squations

Ind
8

2 N o o g%f’r | (4)

where
4 = Avogadrofg Number
¥ « Atemic welght
or
¥ ﬁ%:, s if the constants in Bguation (4} are ~($)

omitbed,

Since the total masvoscopic ghsorpbion cross-section is proportional
to the volume of coolant in the pile, the cross-sectional area, S, of the

channels can be expressed in terms of O™ bys

Xt ex 50 f%‘; | {6)
3ok M ., 73
S P | (7

since X° and,z are congtant for g given pile.
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4«1.1.1 Thermal Piles (Con't.)

The pumping power required to circulate a fluid is given by:

P = volume x pressure drop {by definition)
P ASu F u° ' . (8)
or

PAS o (9

Equation (3), (7) snd {9} are combined go as to eliminate u and

8 with the result that:

Py < & (o) < (10)
A (A 1)3 B :
where B = e2u? (?T}By (11} |

o

and containe only terme representetive of the fluid.

4.1.1.2 PFagt Piles
The absorption cross-section need not be considered in fast
pile caleculations. The pumping power, conseguently, reguired to circulate

the fluid can be exprossed hys

@ 1

P

(10)a

where F = f’2 < (AT (11)a
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4,1.2  Case II - Temperature drop from the tube wall to the coolant is
the limiting factor. This situation will arise in enriched piles
where it is essential that all the heat be transferred across

relatively small heat transfer surfaces.

Q=haAT , (12}
a =1 D ; (13)
$e L. i (n
or, '
oz bLs | (14)
and since,
S M.,
> P
B o , (15)
p P ﬁ

The film coefficient for heat btransfer can be expraessed

by Iyon's approximate equatione

%@. =7 % .025 (933'8 ‘ (16}

where Pe = Re x Pr « 9—“»-.%’?“
.2 2 . |
or hz7 £ .02 (15‘) eyt (16)a

The following procedure was used to compare the liguild metals:

a) The film coefficient for heat trangfer, h, was evaluated using

Equation {16} for various values of D and u.
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b) The pumping power Pz, reguired to circulate the fluid at velocities

which might be necessary in a pile was estimated by using

Equation ‘(9) .

e} The ratio Pg,/hp was then used for the comparisons. The absorption

cross—section was not included in these relationships.

:In order to take into zceount the shsorption cross-gection of the

liquid metals, the assumption can be made that for large Peclet numbers,

the term, (Pe)°8 is equal to or very much greater than 7. In this case,

Y

(c P )8 °

)

a7

Substituting v from Equatiom (17) for h in Bguation (12} and

sliminating u from Equation {9} gives

P o 3275 b po?ﬁ 0,3.'75

m2075 03 ko75 (A T}3u75

since,
8 X Mo
Dl
> 3,75
and, H = g7 o3 1?0 (AT

L P
P g

containg only terms representetive of the fluid.

< Q3a‘75 o4 (8)
H

{15}

(183a
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462 Nuclear Properties

The following assumptions were made in establishing the relatione
ships for estimating the induced activity of the coolants

1} The radioactivity of the coolant material arises from
neutron reactions involving the metal itself,

:2} Pure motal with no impurities is used for the coolant.

3) Neutron reactions with thé container tube walls are nob
considered, ‘

The disadvantage factor Z, based on the number of disintegrations

per second per cubic centimeter can be determined as followss

N1 s £ (g1 - o Y (19)

B

where
N1 = number of disintegrations ver second per ce
Ni = total mumber of original atoms present per cc

nv & neutron flux (assumed constant)

i3

¥

i

fraction of coclant in the resctor at my
one time {assumed constant)

If it is assumed that the reactor is in operation for a long

period of time, Egquation (19} reduces to

Ny = £(nv)(No ) (20)

since,
~ - .
Lim 1~ e w 1
12 oo
A atoms weigh M grams and occupy & volume of ?§~ em3 or,
Ho = AL (21)

M
A = Avogadro's number

i

Atomic weight
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4.2 Nuclear Froperties {Con't.}

Bquations {20} and (21) are combined so as to eliminate Ng

with the result thats

ﬁlcﬁ Z : ; (223
If % is defined asi
| %2~ Lo 23)
=2 "“‘ﬁ"—m V ( -3) '

gince £ and the nenitron flux wers assumed constant 2 may be considered
therafore, as a disadvantage factor which is proportional to the number of
disintegrations per second per cubis centimster after equilibrium has been

egtablished in the pile.

5,0 DISCUSSION OF DATA

5,1 Physiecal Propertiesg

The physical prouperties mf,the liguid wetals are listed in
Table I, The slements included in this table are those which may be used
as & coolant by itself or which may be alloyed with the other elements in
the table to form low melbing compounds.

More thar one value is reported for a physical property in a number
of cases. It was impossible to evaluate the dals since the original paper$
from which the data were abstracted are not available in the Qak Ridge
National Laboratory libraries; or, in some cases, the source of the data
was not listed. Dsta which were not available and which were nseded in
appraiéing the metals ware either c¢sleoulated from known relationships or
approximated by using the dats from similsr metels. Thermal conductivities
were estimated from slectrical conductivity dats by using the Wiedemanne

Frang-lorentz squation:
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5.1 Physical Properties (Conit.}
keghAotT4B | | (24)
k =z thermal conductivity

e\
g

glectrical conductivity

absclute temperaturs, %K

3
3]

4;B = constants
Little mention has to be wmade of the daﬁa in Table I except to
point out the execeptionally high thermal conductivity and heat capacity of
Lithium. The high melting point of Lithium may be considered as & disadvantage.
The boilihg point (2800 €} of phosphorcus is lowkwhich probably precludes

its use as a plle coolant,

562 Heat Trangfer Evelustion

A comparison of the various liquid metals as heat tramsfer agantsk
is shown in Table II. The pumping power reguired to cireculate the fluid
under four different heat transfer cmnditions hags been evaluated for each
element., These four casss have heen described in a previous section. Nak
(47% Na} and Pb-Bi {43.5% Pv) have been included in the evaluation since
they are now being tested for use in piles.

The evalustion was bassed on pumping power, cross~section for
thermal nentrnnsg and operating renge. The difference between the melting
point and’650° G was arbitrarily chosen as the operating range. Consequently,
elements with melting point above 600° © are subomatically thrown oub.
Neutron moderation, vorrosion, and handling difficulties hav? not been

included in the evaluation.
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TABLE I -~ PHYSICAL PROPERTIES OF POTENTIAL PILE COOLANTS

E...( .
E VISCOSITY % K VAPOR PRESSURE (atm)  '[HEAT OF| ELECTRICAL HEAT CONTENT ABOVE 25° ¢
g |up | BP SpG |Centiw cal/gm FUSION | RESISTIVITY cal/gm
m | o °c t(°C) fpoises £{°C}] °C +(°C) | cGs  t(°)| 0001 001 .01 .1 L6 | cal/gm |microhms £(°C) (%) (%) £
AL | 660 |2056 %“‘3’;6 ggg .25 ,11,1‘0‘ 1263 § 1461 1713} 2056] 94.6 | 20,1 | 660 | 201 | 800 343 | 1000
2.20 }1000
Sb 630“3 1446 6.55 M-P.{ 1.296 1 702 .066| 650 759%¢| 8v2 | 1013|1196 1440} 38.3 120 860 82 | 800 94.4 1 1000
6.45 | 700 | 1.113| 801 117.6 | 700
6.38 | 800 {0.998] 900 116 630.5
6.29 | 970 | 0.905 ] 1002
Bi |271.3}1420 [10.04 | 300 | .998 ] s00| .037 0418 300 | 914 | 1008 | 1121 |1254 | 1420 12.5 139.9 | 500 20.8) 300 | 24.4| 400 | 316
9.91 | 400 | 1.28 | 451 .037 | 400 128.9 | 300
9.66 | 600 |1.66 | 304 037 | 500 134.2 | 400
0.40 | 802 037 | 600 145.95 | 600
: 9.20 | 962 .037 | 700 153,55 | 750
cd }320.9| 765 | 7.56 | 700 | 1.63 | 600] .077 2105 | 350 384 | 471 | 594 | 765| 13.2 34 400
. 8.02 | 321 { 1,18 | 506] .064 | 321~
T.54 120 160
7.52 | 750
Ce |600%5 5.5
) 1
Cs | 28 |69 | 184 | 28 058 Wom W om 708 | 3.8 | 365 | 28 8.3 100 | 14.3] 200
Ga | 30 {271 | 6.0047] 31 .082 | 119 1178 | 1320 | 1515 {1751 {2071 | 19.2 26.4 46 26.4| 100 | 36.1{ 200
6,08 | 52.941.8 {52.9 27.2 30
D10 | M9 .41 | 149
5.91 | 301 |1.03 | 301
B4 | 402 | .B& | 402
5.78. | 00 | .81 | s00
5.72 L &0 | .77 | ebo!
5.60 | 806 | .65 | 806
549 {1010 | .59 }1010
5.445 11100 | .58 |1100
Ge - 1958 11760 114.3
In  }156.4 [1450 6.8 § 29 136. 4
Pb 1327.4{1744 1{10.69 | 327 [1.38 | 700{ .037 ) 500 | .036 | MP.1 815 | 953 | 1135 [1384 |1744 6.3 98.3 | 400 18 | 400 |- 21.3| 500
10.60 | 400 [1.54 | 600] .037 | 400 | .638 | 400 107.2 | 600 -31.2} 800
10.36 {600 |1.85 | 500{ .039 | 327
10.14 | 800 [2.32 | 400
Li |16 i | 1.374 1.02 593 1 707 | 58 1064 |1372 | 32.8 | 45 | 230
Mg 1656 |1107 | 1.58 | 686 .28 725 | 886 {1107 | 89
131 | 6o |
1.53 | 710
1.5t | 720




TABLE I (Con't,)

% VISCOSITY Cp K VAPOR PRESSURE {atm) HEAT OFf ELECTRICAL| HEAT CONTENT ABOVE 259
§ M.B. | B.P. ' 8pG centi- cal/en : FUSION! RESISTIVEITY|
ol °c t(°C) | poises t(°c)} °C ¢(°C) | cas (%) 0001 . .001 .01 o1 1.0 | cal/gm |microbms t(%) £(°¢) £{°C)
Hg |=38.87) 357 | 13.5 501 .901350 | .033 102 6 |19 120.8 | 176.1 |251.3} 157 2.7 5. 5
13.354 100} [92l340 025 100 1%48 2(2)8 gi égg s,g‘ 200
13.26 | 1401 .95/3p0 030 299 i
13.11 ) 200 1.05/200
1. 24} 100
1.691 ¢ 3 T
P i1z toso {1531 as) noaleo | .0 , L7xlo 3-65xln 5-43x10 20| 5.0 23
K |- 63.7 170 1 .83 63| .55 64 .20 } o018 261 382 429 1 565 | 1141 14.5 ) 13 63
.45]°99.5 ‘ ‘ 15.31 100
371156 -
_ 321210
Rb |39 {75 Fi1.475 39 091} 50 % 223 288 377 | 497 | 105 6.1 | 19.6] 40
93.2{ 50
Se- 1220 685 13.97 225 " 282 347 430 | 540 | 685 6.6 | 76.61 860
3.05 245
'3.89 277
Na | 97.7 fgo2 | .93 98 , 233 | 100 | .205 |100 349 429 534 | 679 | so2| 213 9.7] 100 |43.6 100 | 82.2 | 200
(731 98 202 150 R ‘
.691102.4 191 216
531154, 5 .
. A781183.4 ‘
3021355
S {119 444,46 1.81 11.461119 003141 115 9.3 48 200 113 {300
6.721157:3 1 .22 000316} 120 99, 4 400
93100187, 9 000369 200
2100 'gxgx) 0003781 210 B
Te 43‘95819 1387 .05 509 632 | 810 | 1387 1.3
TL [300%3 | 1457 11.51 | 300 .64} 300~} .658 |350 692 809 962 1166 | 1457 .21 14 | 300
11.0 [303.5- 500
1 035
_ 085 200
Sa [231.9 12270} 6.98 {232 | 1.2 {500 064 232 | .08 240 1932 12270 | 14.5 | 612 750 [30.8 | 300 369 | 400
| 6:93 {300 1.3 {425 ~1100 | .08 300 49.41 300 149.3 600
6.7 1708 | 1.678)0@D B78 400
6.5 11000 |1.664|296 .06 | 560
6:.40 {1200 -} 1.4211357
1.0451604
‘ 9051750
o [419.5 | 907] 6.92 lao  |2.93 600 |.121} 420 | .14 420 417 519 {717 | %07 | 24 37.1] 500
| 6.81 [600° -122} 500 | | ' |
6.57. 1800 A2 600
L1281 800

-E?o
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5,2 Heat Transfer Evaluation (Con't.}

The data in Table II indicate that L179 and, if the absorption crogs-
section for thermal neuirons nszed not be ccnsid@rﬁd9 natural lithium is
ong of the more desirable coolants. Na, K, Mg, Al, and NaK also show up
favorably. It must be realized howev&r% that the svaluations are based
on gingle values of the heat fransfer properties which were assumed constant
over the éntire operating range. Alsmy the relisbility of these data was

not sgteblighed. The rssulis, hawev&r srude end’ imperfect do Indizate that

nsidsrable attention szhould he 1vmn 1o 11%hium ag a pile coolant,

5,3 Huwleaf Progerties

The peuiron inducaed radioaﬁtivity of the coolant determines the
smown af ghielding which is nsoessary for the sscondary heat exchanger,

& summarj of the estimstes of the imduoed radicactivity is shown in Table %
In sach case the proaadure was bo compule the nuﬁbmr of disintegrations per
second péﬁ cvhic seniimeber in the pure coolant during a constant time of
operation of g pile st & constant pmwar leval, 'It was assumed that all. of
the disintegrations ook plsece in ﬁhe haat exchénger. Self-shislding

and neutron moderation effeets wers not included in this evalﬁaticna
Gorrosion, erosion gnd other reaations with the conteiner walls wers also
omithbed,

It is seen from the dgba in Table III that Bi, ii79 Pb, P, Tl, are
ideal for thermal piles zince there are no gdmwg radioschl ities regulting
from neulron capbure. Although Bi[appa g on Lop of the list bgcanse of
its low capture crossesection and low disadventage factor Z; the use of Bi

nhroduces a serdous handling problem. Bi produces Po when it captures a




TABLE II ~ PUMPING POWER ADVANTAGE FACTORS

13.8.

-«
° §
4 23 52
g g -8
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s 23 Q8
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% § <42 fg  ABg
ey % 2 pel &3S & &8 o
Ned o o %) 5 fut O e BB P N
4 & 5 B 2 - Q& oo Temperature Drop Across Film Controlling
5 E 3 RS B &
@ 5 j=A € [ g ] & 3 et 2
) A g 2 o o~ P./h Values
o 3 ey ~ @ b o 2 L goen " 3
W = -4 CS L] I TS~ LR > S -
i 5 E » E g 8 8 S 288
Q W g £ %‘ % g’ g 2‘ [~
& o> = & & & &8 A 1 ft/sec 5 ft/sec 10 ft/see 25 ft/see H
- c k AT B )
| B f } 650°C 06 1078 w0t w0t w0 w? 2
M. MP. M.P. S -
%
Lit 7 186 .53% 033 1374 L0z 40 L2xod gex0? 3 P 4 2.8 3 o4 25 2.3x10%0
‘Ne 23 9.7 .93 45 .32 20 550 1xol sx10 26 3 3 30 2 18 3 15 2.5x10]
K 39 63 B3 . 2.5 .18 3 600 4.4xio0f 8.9¢10° 40 50 0 400 B 25 50 2.4 L.5x10
Mg 24 650 1.57 06 .28 .20% --- 50 69 50 400 40 25 50 2
AL 660 2.4 21 .25 25 e —ee 50T 60 400 48 27 51 2.4 -
NeK 30 7 .88 113 .29 .066 650 5x10% sx108 70 80 80 500 55 25 70 2.3 5.7x101
B 85 39 1.47 .56 .09 085 610 4x307 3.9x10% 100 130 110 1000 84 60 120 5.7 2.4x10
Cs 133 28 1.84 26 058 .44 625  1.3x108 1.6x10° 200 300 260 2000 200 110 250 10 8. 1x10
In 65 420 6.5 .9 121 4 236 1lxpod 8.4x105 300 270 280 1w0 200 88 240 7.2 5.9xl0}
S 119 232 7.0 .55 .064 08 420 9.8x108 9.5¢10° 400 300 450 1900 300 110 400 8.0  4.9x10
cd 112 321 7.6 2900 .07 105 330 24 1x10° 400 400 400 2800 270 120 350 11 .23
Ga 70 30 6.1 2.2 082 .08 620  1.3x10%8 - 49x105 700 550 600 3000 . 400 150 450 11 t.7xiolt
sb 122 631 6.55 4.5 066 082 - .- 800 660 800 3400 500 160 500 13
s 32 119 1.81 .4 .92 .000316 320+ 2.2x10° 1.2x105 4500 1000 1700 3600 800 170 700 14 1.4x1012
I 204 00 1L5 3 .04 059 350  L.2x167  3.6%10% 1000 900 1000 5000 700 260 800 20 moig
Bi 209 7110 015 037 037 380 5.5x1011  2.8x10° 1400 1200 1300 6000 836 30¢ 1000 25 6.6x10
Ph 207 27 1.7 .2 037 03 320 1.9x10  1.9x10 1400 1400 1300 6000 1000 300 1000 24 3.7x10. 7
Pb-Bi 208 125 10.2 .18 037 026 530 11010 7.8¢10% 2000 1500 1800 7000 1100 340 1200 27 2.6x10
Hg 201 -39 430 033 025 700 2700 2.2x106 2600 1700 2000 8000 1400 390 - 1400. 30 2500

* . FEetimated valoes

o

e X BT
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563 Nuclear Properties (Con’tt,)

neutron which has a long half 1ife and which emits a high energy alpha
particle, 'In asddition, Bi cannot he held in an oﬁen vessel because of the
recoil from the alphs particle emitted from Po. This latter fact makes Bi
one of the most powerful ?hysiologieél poisons known. Feld (6} has estimated
tha Po achivity if Bi is used ss & coolant in 3 thermal or fasﬁ pile. The
maximunm séecific activity of Po after one day's operation, according to Feld,
i 066 euries/lb for a tharmal pilé with sn average thermal neutron flux of
Rek % 1014/ emzwsecg aﬁd 3.56 euries/lbs for a fast pile with an average
fast neutron flux of 8 x lolﬁfcmzwsec.

An alphs particle is also emitled when Li7 capbures a neutron;
But these slpha parbicles do not presendt a serious handling problem because
the half-life of the isotope thaﬁ-is formed ghen 1L’ captures a neutron ig
less than one second., The isotope, in all probability, will have therefore
decayed in the pile before reaching the heabt exchanger, A minimum amount
of shielding, conseguently, is requirad for the ﬁeat exchanger. Another
Pactor should be considersd but is not included in the evaluation scheme is
the moderating sbility of 11’ in thermal piles. These two factors---ghort
half-life isotope and good moderating ability in thermal piles make Li7 nore
nreferable than Bi as a pile coolant.

T1, because of its high disadventage faétcrg Z, should appear in
the table below Zn and above Ga, Ib, nevertheless, occurs in’fifth place
hecause the isotope that is produced when Tl captures & neutron does notb

releass any gamma rays.
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Disadvantage Type of Induced
Factor - Z Radiation
Bi .15 9,2 .0282 »0095 . 002 4.2 . 0007 -Alpha, Betva
Li? . 033 1:5% . 0463* - 2643% .018* 12* .. 0023 Alpha, Beta
. Pb .2 13 <0330 0697 2003 -39 10 Bgta
B .23 16 . 0455 0637 012 . 87 L0812 Beta
T 3 9.7 . 0349 . 0098 ~003 . 029 . 169 Beta
Mz .06 23,6 L0431 08907 - 009 .73 0039 Beta, Gamma
- Bb .56 11.90 .0108 0234 . 003 747 »0096' Bets, Gamma
Na .45 3.5 . 0254 . 0852 . 009 .76 -.0183 Beta, Gamma
AL .21 1.5 0603 L0730 006 .41 .0185 Beta, Gamma
5 -4 1.5 0376 . 0616 002 O 2 022 Beta, Gamma
Sn .55 5.0 0370 0169 003 - 11 L0315 Beta, Gamma
X 2.5 1.5 0134 0507 801 .03 054 Bets, Gamma
n -9 4.2 .0662 | 0305 007 .12 . 090 Beta, Gamma
Ga 2.2 18 0510 0287 .023 .21 .191 Beta, Gamma
$h 4.5 4.3 00631 L0165 (02 013 242 .Beta, Gamma
s 26 9.0 . 0085 0151 003 .014 . 359 Beta, Gamma
Hg 430 i5. -0407 0100 006 L0 28.9 Beta, Gamma
cd 2900 5.3 0463 | .0178 .005 0 196 Beta, Gamma
Ce & 23 0297 00143 010 055 - Beta, - Gamma
Ge 2.8 6 0453 . 0275 .00 “.059 R Beta, Gamna
in 194 -4 0382 - 0175 001 N R o Beta, Gamma
Se 15 13 . .0343 .0253 L011 . 022 wme Beta, Gamma
Te 4 5.0 L0295 BI57 .022 02 - Beta, Gamma
NakK 1.13 R Rt i - A L0327 Beta, Gammsa
Ph-Bi .18 RS B : coman o e .0088 Alpka, Beta

* Natural Lithium
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5.3 Nuclear Propertiss {Con't,}

The other liguid metals listed in Table III are less favorable than
i, Pb, P, T1, Bi from the radiosct 1V1ty point of view. Feld (6) has
astimated the induced activity of many nossibla pile soolants and referenee
should be made to this paper for s more complete evaluation of liguid metals

bagsd upon radiocactiviby.

Sedy Corrosion

The importsnce of considering corrosion effects ip choosing a
liquid metsal has already been discusged, Unfortumabely, pertinent nublighed
sorrosion data for all the elements are lacking which, of necessity, preclﬁded
the inclusion of this important criterdon from cénsiderationaf

Kelman (9% stuldied the effest of Nak alloye on various materials
at elevated temperaiuresﬁ He fowund that uranium, thorium, beryllium and
columbium ghowed good resistance to‘attack by pure NaK alloy. The presencé
of oxygen, howaverg increased the corrosion of these metals., Pure iron and
iow carbon steels also show good resistance to NaK atteck. The presence of
chromivm or chromiuvm slloys cause these materials to corrods much faster.
Nickel and high nickel alloys are apparently not attacked by NaK. Copper
and cupper alloys are not suitable for use with Kaks

Wllklnsen (13} prasented 2 peper at the Symposium on Baslc Properties
of quuid Matals held a% Argonne National Laboratory, April 5 - 6, 1949
in which he reviewed the reactions of metals in various liquid metals at
slevated temperatures. A4 great desl of reference material was also presented.
A summary of Wilkinscns! paper is shown in Tsble IVa. Tidball {12) also

presented s papér-at the Sympo%ium on Basic Properties of Liguid Mebals in
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ABIE IVa
A SUMMARY OF THE DATA PRESENTED BY WILKENSON
IN HIS REVIEW OF CORROSION BY LIQUID METALS
Specimen Liguid Temp, of - Test Period - Reaction and
_ Metal Test (Static Test) Solubility
A1{28) . BiePb 300 - 500° ¢ 1 hour «003% « ,037% al.
» sutectic o ‘ :

&41(178-T) Bi-Pb 500° ¢ 1 hour .035% Al

Al Ph 327 - 658° ¢ - il

Al - Na & K , 657° ¢ - Nil

Al . Ga 300 - 500° ¢ - 15 - 45% Al
~ Be Bi lo00@ ¢ - 5 hours £ .01% Bs
' Be Bi , 700° ¢ 24 hours Ni1

Be . Bi=Pb ; 500° ¢ 2% ﬁ £,,01% Be :
Be Na=K 600° ¢ 6 days w»,,00:15 ng/cm /nr

Be Sn Pb 700° ¢ 24 hours

Be . Ga 500° ¢ - 2 weeks . Ko change in W,
: ‘ or dimengions
Hild Steel  Bi-Pb 1000° ¢ 1 hour  Surface attacked
' : evenly.,
Fe Bi 400° ¢ - .0002% Fe

Fe . Bi 1600° ¢ - +0004% Fe

Fe Pb 327 = 1528° c - ' 0002% - ,003% Fe
Fe Ga 600° ¢ 2 days Formed solid Gg-Fe
: , alloys
Stainless : ‘ .

188 Bi-Pb 500 - 1000°%¢ 1 hour Stainless attacked

‘ eutectic :

Cor Bi 268 - 1553% - Nil

Ni - Bi 469% ¢ - ‘ 4% Ni

Ni . Bi 655¢ 4 - f f 6.5% Ni ,
Ni & ¥n Bi=Pb Molten Temp. - Severe atbtack on Ni

eutectic and M¥n

Cr Pb 274° ¢ - ‘ Slight solubility
Cr ~ Pb 1470 ¢ - ‘ 15% cr (2)

Ni Fa 327° ¢ - ~ «19% N1

Ni P 1340° ¢ - 7% Ni,

Ni Na-K 600° ¢ & days =.0001 mg/cm/hr,

eutectic

Ni Ga 600° & 2 weeks Bi readily alleya
‘ with Ga ;
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TABLE IVh
4_COMPARISON OF GORROSION DATA
Sample ’ Bath Temp. Source cor'rosign Rate
.. OS¢ mg/en” mo

ﬁld Steel Ka 500 GcEn ‘”Do?g
Mild Steel Nak - 539 M.8.4, -0,87 -~1.01
gild S‘beﬁl Pi"‘Pb 500 A OK « La "6 ’9500
18"8 Bi"’Pb 500 AcN&LQ “’14 98009
18““8 ; NEK 539 .MOSqu - 1019 . %0046
Type 347 ¥a 500 G.E. $ 0,072 $0.72
Type 347 NaK 539 ¥oSodo + 0.50 $1.17
Be | Na 500 G.E. - 0,72 $2,16
Be ﬁaK 600 AoHoLo - 1’008
Bes Bi-Pb 500 " ALNLL, 0.01% Be
GsE. = Ganeral Electric Company - Knolls Atomic Power Laharatory

B.S.A, - Mine Safety and Appliances Compsny

A.N.L, = Argonne Nationsl Laboratory
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ITA Gorrosion (Con't.)

which he compared his corrosion dats with those of Wilkinson, Argonne
Eational‘Laboratoryy and Vandenbergg Knolla Atomic Power Laboratory, These

data are also shown in Table IVb,

5.5 Availebility and Cogt of Metals

Grant (8} has tabulated and discussed the availability and cost
of maﬁy of the metals which are scarce or available in limited quantities.
A part of the dats shown‘in Table V was abstraetéd from Grant?s report,

The availability of the zcarce eleménts are shown in Table V,\ Where not
indicated; the elementiis available‘in sufficiené quantity to be used as ai
coolant, l : |

It is apparent from the daﬁa in Table V that one majér draw-back

7 is that there is no 117 availsble. Natursl 1ithium

for the uge of 1d
eontains 92, 5% 117 and wntil Lié can be separated economically from natural

lithium, Li7 cannot be considered as a pile coolant,

5.6 Health Hagards

Thase factors ére not too important and are only included in Table V
to 1ndicate the precautions that must be taken in handling a specific metal.
Toxicity’and reactivity data wers Supplled by Mr. W. H. Baumann of the
Medical Division and Mr. D. Gary of the Safety Department at Dak Ridge

National Laboratory,
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TABIE V

j AVAILABILITY AND HEALTH HA RDS
] e i}
o ,
3 8%
3 38
L | ~ 28
: Cost Possible Cost ($/1b) ir ~Besetivity with o
ibs, $/1b, produced in guantities  air op water Toxicity
Al badadcsd ol5 015 *‘ |-
Sb o 229 529 2 +
Bi 3 e o 1080 . laSO - *
cd = won «99 .79 - ¢4
Ce o e i o 0 00 o - ‘=
Gs 10 3.820 = o o0 - L
Ga 100 1130 2.00 - -
Ge 100 e e - -
In 20 27 e - -
Pb wcvea 012 012 hd *#‘
Liy ¢} mm——— R $ ¢
¥g | o= 021 021 4 $
Hg o 1,16 1.16 - +¢
P D e ‘ - s ; ¢ ++
k - 2 80 ¢ $
Rb 10 2720 e ¢ $
Se o o nas - $ $
Na cemens <19 «15 + +
j 5 [PrPea, we x5 ) 20 i 0 o -
H Te oo - oo e - +#
T1 o 12.5 e smn - +é
T N— .70 70 - -
A w—— .15 .15 ¢ +H

- # =~ shows positive reaction
44 - can cause deatn
= = no reaction
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6.0 BINARY ALLOYS FOR COOLINTS

Bloom (3} has listed a number of binary metallic alloys which can
be used as pile coolants because of their~aceeptahle melting points and
capture cross-gections. Of these the following alloys seem to warrant

further considersations

Alley : Compesition Malting Point sverage Neulron
: og : Capture Cross-Section
: Barns
slg 8% ug 4360 i !
Bi-sn 42 S 139° <34
Na-T1 41% T1 O 6° 65
Hg-Zn 53.5% Zn - 340° | V-
Na-Rb 92% Rb el W49
kb 9Lk B 2.8 105
KNa Ot Ns 7 | 1.3
Bi=Pb 4bo5% Pb 4 .18

P

The blsmuth-lead alloy is d331rable because of its low melting
point, low capture cross-section and negligible gamma radioactlvity due
to ¢rrad1at1an. The Al-Mg alloy is most desirable from the heat transfer
point of view, Howsver, its fairly high melting point and its induced gamma
radioaetivity are disadvantages which cannot be neglected. ?ertinent
snformation for most of the other alloys is lacking. Ph-Bi and Nek alloys

have alréady been discussed.
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7.0  RECCREENDATICNS

7.1 bonsiderationgahonld be given to Li? as & pile coolant because of
its excellent hest transfer praperties and low sbsorption crosse-section for
thermal neutrons. Time and effort, therafore should be expenéed in
develaping a procesa for the geparsiion of Li7 f:om natural lithiumo

6:¢ontent of natural lithium from 7.5% to 0.1% would

7

A reductipn in the Li
lower the sbsorption erosse-gection for thermal neutrons of thé 1i’ and 116
mixbure ffsm 65 barng to apvroximatély 0.9 barns, Thie amounﬁs to the
removal of approximately 99% of the‘Liéo

Corrosicn of constructional materials by liguid lithium should
also be studieds There is very little information gvailable in the
literature on this subjecta However it is reasonable to assume that

osorrogion of metalaby liguid lithium should be similar to that by the other

liguid alkali metals.

Tl All corrmaian:data in liquid metal systama should be:issued

as separaﬁe formal reporibs by the vérious governﬁental nuclear agencies.

It is very difficult, at the present ti?e, to loéate corrosion deta which
are aontained in menthly, quarterly; or in wéekly pProgress reéorﬁs. This :
informatibn should be made readily avsilable to éll interestea personnel,
It is understccd that the Gommitteeéon Liguid Metals will sooﬁ issue a
Handbook on Iiquid Metals which will contain, asia chapter in the Handbookg
a complete summary of the corrosion data collectéd on the varions Atomic

Energy Commission and Navy projects,
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Ted Gorrosion stuﬂias using Na; NaK, Pb=Bi, and Ga should be continued,

Corrosion properties of Ii should alsc be included in these studies,

iy A study should be made to determine the feasibility of producing
the rare elements such as rubidium and thallium in large quantities at

a reasonable coshb.

Teb Th& heat transfer charschteristics and the physical properties of

the more desirsble pile coolants should be ascertained over the complete

pogsible bperating range for the coolant, The other desirablé cooclants ’

besides Li7 are according 4o the evaluation scheme presented in this reporis
Ka éw geod heat transfer characteristics

NaK = good heat transfer characteristics and low melting point

P - Bi insignificant gamma radiation--no shielding of heat
exchanger is necessary. However, this alloy cannot be used
where frequent decontaminetion or maintenance of the cooling
system is reguired : ;

7.6 No further congiderstion should be given to gallium as & heat

transfer agent wntil the problem of finding a suitable container for
gallium is solved. The work to find a container for galliam should, however,
be continued. If and when a suitable container is found; the heat transfer

characteristics of gallium should be studied.
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8.0 NOHENCLATURE

a = Totsl surface area in channels for heat transfer

.

- Avopadrofs Number

B - Advantage factor when temperaturs rise in coolanﬁ controls
é = Heat capacity :

~ Diameter of chammel

Fraction of coolant in‘pile at any given time (assumed constant)

i TR o SR o |
§

- Advsntage factor when temperature rise in coolant controls
and thermal neutron absorpbtion cross-section need not be
considered.

= Heat tranafer coefficient

- Advantage factor when temperature drep across film controls

Thermal conducbivity of coolant

s !

‘Length of channels (assumed constant)

-SRI - S =
y

- Atomic weight of metal
N, = Number of atoms per cubic centimeter of coolant
Nv - Neutron flux
P - Pumping power
Pr - Prandtl number, ¢/¥k
Q - Power output of pile {assumed constant)
Ré <« Reynolds number, Du 2
A
S - Total crossesectional area of channels for coolant
: through the pile
4 = Time of irradiation of coolants in pile (assumed constant)
(AT) - Perpissible temperaﬁure rise of coolant in pile or permissible
temperature drop from channel wall to bulk of coolant
through the film. Temperature change in either case was

asgumed to be the difference between the melting point of
element and 650° G.
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8,0 NOMENCLATURE (Con't.)

T ~ Half«life of major igobope of coolant that is formed during
: irradiation

u - Veloecity

¥ - Weight of cooling flowing per unit time
X - Total macroscopic absorption cross~sectlon for t.hermal neutrons
% « Advantage factor based on the number of dlsintegrations per

second per cubic centimoters of coolant.
a Viscosity
© - Dengity
& - Kbsorption cross-section for thermal neutrons

A - Decay constant

% .

Proportionality factor
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