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"rlllil s liS 1l0W III l'sl illial.: I hl' I I·,l. ', II I " I "".I' 1111 '1,,11/(11 /I~ ,' " c/o.I"!I(/(·I, ,·d ny.l"ltll .I/I'IIClltr(', i.e .. olle 
rill' II'I1ieh Ihe Alldl.1l1c rd.lllo" , 11I1' h"ld" .11 .111) kil11'c r.llllr<:. 

All ;1\·"il:1bk e~I""ill<: "I.1I d.ll.I "II l lil' vi\c,,, ily "r 1ll.:1.!!, \\,'Ie lI\Cd 1" "1.lllli," Ihe C'//I!li";cal 

/'(·ltlli"lI.IllIjl .111011 '" ill I-i:~ , 2. 

TilL IlKlab, I'rom I.i. the i. ,'i. " i , ,, I II \dClll l'1l1 iO:!). Ihe I1ca\'ie~1. repn:~elll over 
;)() pCI' eellt of all kll(llln e!cI.IClol · .. II l1"s hccn ~h\ll\1l recelllly<~) tl1.1t Ihcir lilluid 
Icmperature r<lngc, i.c .. lhe r:1I 1~l" I'rom tilelr rl"l leclile nlt:lling p,)illts to their 
crilic<l j p(linl~. are greater hv fa r :i1 ,11l tl ll)\e (l "tiler cl.lss or sub~tancc~ . As 
nHlnatllmic clemcn i I l.l ey ;11 • . ,h ie to theort:tical treatment 
lhan n1<lre C<1l l1,'" 

grcat lemperature dl.PC llliCI ILC. 
d ra ma t it:. 

': "I' the Jalter ~hllWS a \'ery 
I " li lt: l,, \C oi tile nH.:tab the change is mllch less 

All available data on the vi,(()si, y lll' Illct,d\ :Irc plotll:d in Fig. I. the rOllnd pninls 
showing lile expcriment.1i r:lngc. The c\perilll Cnlal (\ald I'or nl(l~t mctals wcre 
obtaincd I'rom the Uqllid 11/('/(//.1' I/(/I/{/h""/,, I:dilil)n I and 2.(:1) Addilional data were 
takcn 1'01' g:dlilll1l l.l ) :1)1\1 tillY') 

ANI)((Alll:S ~il11ple 1'01'111111.1 11
0) cxprcssc~ the rdatillilship betwecn the viscosity, II, 

<Jnd T, in " K., as rollo\\'s: 
'I (/ . c .\ P (11,/ U'f') or 

II . I _ __ , - - , 10" {/ 
2·J03 . g"J" 010' 

(I) For ;u.ldlluH'l.li detail ... sC~ report or 1\. V. (d{O~\l. ""flU' liquid NOllgc' or 1\f{'(O/S and SOliit' n(Tlteir ,'11)',\;('(1/ 
1'1II1'l'rtic's " I IIiKil rl'l/Il'l'/',II/I/''''.'' The Itc,ear.:h 111'lilulC or Temple Unlver,ily, Seplember 5, 1960. 

(~I A. V. (jIWs\r" J. ImIrK. NII('I. CII<'III. 22, 2J (11)61) . 
1'1 R. N. Ly" .... (l'dllO r in Chid'). !i'/lIid·!IIc·I"!s 1I(f//(I/II)(Ik. Spoll,orcd hy The Commillec on Ihe Basic 

I'ropcnk, or Liquid Meta". Olliee "r Naval Research, l)eparll11enl or the Navy, in Collahoralion wilh 
The /\IOI11IC Energy COnlmissi"p "p' ; 10, Bureau or Ships, Deparlmcnl or the Navy, Washington. D.C., 
June 1. 1950, N/\ VI"OS . I' 
R. N. LYON, (l' d t ' -Ihook, Sponsored hy The Commillcc on the l3a~ic 
Properties or UqHl" 'k! J'e ,. , Il , Department or thl! Navy, in Collaboratio n wilh 
The /\Iomic Energy Cum",,,',,, '" I ;.c lIr, .. iI ,,1 ShiPS, Department or Ihe Navy.Washinglon, D.C., 
June 11)52. 11 "dilioll 0(111 .. 011(1/, f',,,VI ':-;OS 1'·733 (Rev.). 

wK. E. Sri LLS, Proc. Flip. Soc., ';S. 299- 311 (1936); W. II. }lOA1WR, ibid, 699-707 (1936). 
OJ A. J. LEWIS. Proc. Ph)'". Soc., "7, 102- 110 (1'135), 
(01 E. W. DA C. ANDRADE. Phil. Mllg. 17,698-732 ( 1934). 
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\I ' here II is a l'OI1,[:ll1t (ill j1ni ~c:-,) :1. 1<1 I I" Ihe cl1ugy or .lcli\:lliol1 for vi,cllus now. 
ill cal jg al. Thc ":\II1,[al1[, II :llld " . I',lr , CVCI1[cc I d illi:rcl11 Illelab havc bcc n calculaled 
rrom :111 ,lvail :lblc da ta :'11.1 arc': \<.:il III T.Lh lc I. As can be secn fro l11 F ig. I. the 
c:\perimcllt.Ll valu c!> ,)1' logJII " " " '" u" ,(rai:.'''' dllCS \\ hen pllllted agaill st l i T. 
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rl(,. 1. \ i,,'o,il y of l11~lals . 

A more accurate viSC01>ily f'llrLll lJia I; ke, cllgll it;lllee of the change of density or 
specific volumc with temperat ure alld is .liso due to A~DRADE (O) (foe, cil. p. 704): 

1/ ' r lI' . exp (clf T) , 

where v is the speci fle volume :It lite lcmpera ture T. 
From the theoretical stan d po: lll it wo uld bc simpler ll) di scuss thc viscosity of 

mctals at cOllstant vO/L1l11e. P rul.lic.ilIY, over any reasonablc tempcrature range, it 
would requirc very high pressu rcs to kecp thc volu me of the liquid metal constant and 
thus cannot be readily realized cxperimc11lally. We wllI therefore restrict ourselves to 
viscosity at constant pressure (i.e. , 1 nt m). 
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Funhcrll1orc, since thc changc in dClhll)' () r specific \'olull1c \\'Ith tcmperature is 
cOIl1IXlra[in;ly ~ll1a ll, i.c ., or thc ord er of a I'C\\, per c,'nt, we will usc ANDRADE'S 

jirsljiIJ'llIlt/u, which is ~unkienlly accurale Cpr o ur purp,)ses. 

TAIIII' I. VISC()SIIY ('CI~Sr,\ ~TS, 11./ .\") (I . O F "i'.DR /\ IJL ' S VISC()~lrY I:I)1IAI ION, 

1/1, ([ c:\p (11.,,'U,) (pniw) "'I> -I Iii ,\111 -11~(; POIi'. r 01' ~IFr"LS, '('I' 

Metal T'l (\)n,t,1I11 If., 
( K ) (/ i p,)i,e) (c.ll /gl11 a tom) 

- - "-- - ----
II:; 234 .'i·(,:q.IO , (iOO 
Cs .101·7 1'13 :- . 10 

, 
10('0 

CIa 30.1 -I'~5'J , 10 " '.155 
Rb 312'2 0"11 I . 10 " 1230 
K 337 (l'(,)'I. 10 " 1,1.13 
Na 371 O'7K7.10 " 1(,25 
In 430 3, \)20. 10 :1 15'.10 
Li 452 1,5')0. }O " 1220 
Sn 505 3· :;·1.1 , 10 " 17·iO 
Bi 544 3·5')" . 10 " J77{) 
Cd 576 4·"S(J. 10 

, 
20·W 

Pb (iO } 4,222.10 , 22')5 
Ln 6'.13 4'(lS5 . 10 , 2'.150 
Sb 903 2,7'>7 .10 , 2970 
Ag 1234 5,750.10 , 4690 
eu 1357 8·676. 10 , 3(iSO 
F e 18 12 16-(,60. 10 " 5070 
W (es t.) 3650 .I("S . 10 " c:--'7400 

EII/pirical relalionship be/l\"eel/ Ihe ([clirafl', Ii . l'!lelgr I!/ riscosily and 
the me/tillg poil1t oj the II/clal 

Fn.m1 the standpoint " t" ino rganic clh' llo ' , r)' we arc intcn.:sted in estimating, in a 
genera l way, the viscosity of any meLt l "- • , I),:ralure range and filldill 1~ any 
kind ofrcla tionsh ir hctween vise" ') j'(lpcrlil" - ' I t. 

The thcory of thc viscosity ", . 
by EYRJ;-';G.(7t EYI{l1',c;'S \'isc()~lly lhl;, II ) "U , •. " :'lc( )IY or ,trlSOilltc re,[ct IOIl 

rates; his expression for 1/ is: 

"1 =- ~ - .11.". ,'XI) (If. / IU') (
~) ., 

d. I 

. . . _ . . . 
~~ .... ~ ~..:. . .. :. :.--.": ..; . ..;: .. ~:-:..:..: C'::"" ":"::-: (":-" .... : ..... . . ~: . ': .. - : ~ 'i ,/ ' ::: i . r. . 

. . -i..-:: :: .... ~c('i"" or 

aWmsjL'm'l, II = Planck 's cOI1~tant and If., i~ the frec cncrgy of actiV<1linn fo r viscous 
now, obtained from the ~Iope of the logarithm or experimcntal viSCOSity data against 
liT. 

According to EYRING'S views If,, is proportional to the energy of vaporization, 
b.U" :\j, . = b.llv!lP' - RT, sincc the processes arc vcry similar. In many eases,(S) that is, 

I7l l!. EYIU:-';C;, J. Chl'III, Ph,'s. 4, 283 (1936); sec tli'ClI"ioll 0.- EYR ll"G'S theory in book by 1. O. HIRS('I1-

HLDEI(, C. F. ClJRTI~S an ti R . 13. I3mn, Motccl/lar n'I'IIlY oj Cases alld Uql/id.r , pp. 624-630. J. Wiley, 
New York (195-1). 

I.' J, F. KIN CA ID, H. EYRING and A. E . S Tr.ARN, C/I<'III. ReI'. 28,301 (19-11). 



i'llr the "pcrmanellt" gase~, hYllrn",cll -.. 1dcJ li,[uiJs and m,lny ordinary compounds, 
II,; is fOllnd to equal ::'[/,."../2'':''5. 

'1 he viewpoillt doC's 11111 Iw!cl i ll illt' , .. ,,(' o./lI1C'tals,* howcvcr. A :,imple example vI' 
the two low meltillg met.tis, 1I 1(,I"ClIIT ,'" l. gill/ii I/I I, hut boiling far apart, illu~tratcs this 
point, as shown bclow: 

Melling 
.J.Uv"P. Normal b.p. 

poinl 
(C .. I( 'm) \Cal /~ atom) ( K) 

( K) 

----.-
M.:reury 234 ()\JI I 1~)\~4 630 
(jallilllll 303 '1"- ) 5(' 200 2510 

II,; for mercury and gallium , .. . ",-', 1'!(11H '1 .. : iL I) :lIld ::'U,al'. for these metals arc 
compared in the tab!..: :ll)()\'c. \ '. .,' ,"1 \ thc I ! .; '~ show only a small dilfcrence, the 
c\)J"rcspondillg v:lIues ror ::'U\.Ij ' , i1 ,: 1".,,' ,lll.lrl; tllere is n() simple relation~hip bdween 
II.; alld ::, [/,al'. for metals . 

I t was Co ulld. however, lIwl .1 .1 1111,1, ' re'lal illl.slll/l exists hetll'CCIl 1['1 and the /licit illg 

p()illt o/Ihe Il/etal. This is shoWIl 1:!,1. ql llic:dl y ill I· ig, 2. II.; increases as a monotonic 
function llf the melting point or the L1C I:ti. /\Ii known metals ror which 11'1 data arc 
aV:lil.!hle lie on or closc to the SI110lllh curvc. Low I11elting mct:lIs, slich as mercury, 
g:tilium or the alkali I11ctals havc Ill\\, cnngic l:acti\atil)n II,;, while silver, copper and 
iron, melt ing abovc I OOOoK. ha vc hi t! h :Ict ivatlllil ellergies for viscous [h)\v. The highest 
values arc expectcd for thc rerractnry metals, such as tantalum, rheniuI11 and tungstcn . 

Usc of this empirical relation~h ip tllllS makes it possible to estimate the change ofa 
metal's viscosity with temperature. 

It should be understood th ,i( thi\ cl11niric,d rclationship represcnts a first approxi ­
m:llion only. A more precise rc l: ltionship \\'ill havc to take into consideration the 
dilh:n;nl changes ill !>pecilic volull1e or density with temperature ror various Il1cl:t1s . 
Till iS, I'llr l:x:tmplc. although the mcltillg poillts or l'eSillll1 and gal[ium are very close 
(sel: Table I). their temperature coellicicills "!J/dl ,Irl' 'Illite dilkrl:nt, since the critic:iI 
lempcratures(~) 01" CeSIUIl1 (2150 ) :J I,d .. :illi dl 11 (7 (120' K). :Ire quite I"ar apart. This 
empiricil r<.:lationship call be L'.\prls'L'l1 .d.!'<.:h l.llc Ji ly. Ilo\levC!". it would be desirable 
to lirsl obtain viscosity data on t[ ll' I.' . kI1l Jl<.:r , lure brandl of the curvc, i.e., above 
the melting point of iron, IL \\lllJi .j I " ~ 1, .lrliCl,J:.rly interesting to ge t viscosity data for 
sLich high melting ll1etal!> as nll .ly . • . 1 Ill . Lllltalllll1 <lnd tlln.gsten. 

As has been shown also h) I\~I'I.:·\ I)I . IIU I . the viscosity 01" a liquid metal (It Ihe 

lIlelting jioint, provided it has :1 l'I')'o,,' p:lckcd crystal structure, is given by the simple 
expressIOn: 

·17,".!'.( poise) 
5·7 ~< 10 I. \ 1(;/ , T,".!') 

~ ;\ 
.1 

• We ar~ grakful to Ihe reviewcr fo r ill ,'ollni ng (I , I I. .. t ,,·,, 'rding to EY1IING 'S lalC\t dcvelopmcnt of th" 
th~ory of signilicanl li'lUid slruclurcs lO ' Ill" VI" ,) , ily of 1ll,· I .:!' Involves Ihe introduction of holes of iOllic si=c 
r .. ,ller than of <llOmic or molecular si/~. ," in Iii •. · "," c of lIulI-lIIe/ollie atoms or moleeuills. Thus a rclation,hip 
'simil:lr 10 the one expre~sed in Ihi, :lrildc ')l;1I b,' e .\p~clcd theorelically. 

,.1 H. EYR ING and T. REC, Proc, NlIl, . ","t!. 47 . . 'i62 (1%1) . 
(10, E. N. DA C. ANDRAOE. Phil. Mag. 17,497-5 i ; (1934). 
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II hne :I i~ t11l': atomic wcight :llh l J , ' , !il[lIid .. l"''': ': \ ulu li1e at the me lting point, 

" "I II_ I ', . 

( \ lll plcd \\ ith thc lir~t mcntilllll:.1 11./ v:-. mcltind point rciati,)lh hip, i.e., Fig. 2, 
thc vis':(l~ity of any melal wilh :1 .:1" ,.·,\ Iladc., lIY'ot:d structu re e:tll be ('stimated 
II it lwut any experimcntal \'ise,), ;t)' I1k':I~ ure mCll h by eo ,nblni ng ANDRADE'S above 
formula with thc new JI,/ VS. 'j',". '. ,· _i ... I nsh ip . 
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Fw. 2.-11,/, adlvallon cncq;y 01' vis.:osily V5. 1''''.1>. 

lh: constant (/ in ANDRADE'S simple or firs t formula (see p. 333) can be 
e,\prcsscd in terms or his above '1,,1.1'. furillula. 

The constant 

~ince at the mclting point 

(/ 

5,7 . 10 1 . , 1( /1 . '/'111.1') 

-VT-.~\p (11,JRT:;J" 

where the symbols have becn defined previously, 
To illustrate how these procedures ean be u~cd to arrivc at an estimated viscosity 

value we take the specilic c,\,unple or liquid 1If'{/lIil/l/I, plutolliul/I and thoriulII, since no 
experimental data arc availablc on their vi~cosities . 

11 
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;'-ur~lnlum. thc ~tabk nllldll il:ati,1I1 Ill' (hc ckidcnt at high tcmpcraturcs. is 11\ldy­
cenlred cubic \I ith a ~pacc latticc COl" .,n( 3'4~ 1\ ;It 7l-l5 ·C. (lI) Thi~ corrcsponds (0 

a dcn~ity I x·n g/cma at 7XS C . (\( (hc mclting point or v. 113.1 i- 2"(, or 
14()(, K,III) (hc density or the "ll.j.; 1~'3<) gjcm:!, based on a lincar <.:Ocllicicllt of 
thcrm,d c:-'p;ln"ion - 1,')2 /. III ., ,\.. ASS/lil/lllg, as is true ror a llumber (II' lI1etal\. a 
volumc incn:ase on rusion " I :.) iier CCI1" thc dCl1sity or liqllid uranium, at the 
mclting point, should etlu~d: ; ;,'/2 g/cm:;, or h,l\c 1'.1 - 13·2X cm"jg a()m . 
A:--';I)I( I\I)I.'s rormula I'llI' 1/ at tlie Ii.,·.. .~ po: 1. ~scc p. 333) .lpplies to uraniulll, "incc 
it is body-centred eubic amI k,lds d ,. ,.; v;, ,-::: 

IO:!poise 

5,»6 ecntipllisc d, 1406 I\.. 

Thc iIlINI'Ii/alcc/ activation cl1l:rgy, II" ('or a mctal melt ing ;It 140(1"K., rrom Fig. 2, 
4300 cal jg atoms. Thus (hc viscosity l) r liquid uranium, 1/,,, 

1/" . (/ . cxp (4300jRI') . 

. ,/ .. 

alld (hus thc cOIl~tant (/ rur uraniulll. 

10 :\ poise. 

Thc lillal Andradc cquation bccomcs: 

'/ .. ~. 1:?,,(,2 /. III :\. C\P (4300jRT) p()i~es. 

t: -plutonium, thc high Icmpcrature Ilhl,lilicatloll, at SO()' c., is bndy-cclltrcd 
cubic.(I ,1) The samc is trucll:'1 ror thorium. Thus thc AJ',J)RAJ)E rclationship (sec 

p. 33(,) applies to both mctab. 

TAULE 2. - I'IIYSICAI. COI'S'I "'I!> 01' l.I()u I I) liRA"'llj~l. I'LU'IOf'o:IUM ANI) TII()llJUM"" 

or 1)',111, ilL HI , (I 

II" 'I. 

, I m.lI . Il'a l/g ~Ilnlll). (CCIlI ipni";) 
(,K) (g/Llll ') , 

f, I "11 Ilg.2. at Ill.p. aI2000 ·1\.. 
I 

LJ 2.11{ 
140(. I 17.1)2 (C\I.) ! I ~·~S '1.100 I ~H,1i FII 

I'll 2.1'> 912·7 I (,.(,jI)I1;\' I 1,1,.11, 3~()() 

I 
·1·51 1·12 

'I'll 232 2020 10·7') (c,l.) 21·55 530() 5·0·1 

Ill) J. KA1Z and E. RAIlINllwll(,lI, Nt/tiullol NttCft'(/f FI/agy Serics, The Clll'lIIi.l'try 0/ Ur{(lIit/III, Div. 
VIII, Vol. 5, rp. 133-152. McGraw-lldl, N~w YOI'I- (1951). 

""' Sec J. J. KATZ anti G. T. SFAII(lIl(;. TIl! ' Chcllli,lIr), 0/ Actit/itie ElclI/('II'.I. J. Wiley. Ncw York (1957) . 
1131 C. E. OLSI,N, 1'. A. SANDI """ wand C. t·. III l(llI(,~. Rq)ort LA-2358 (1959); In conlrast to nlO,( olilc r 

meta" plutonium con(racls Oil I11dling. 
"" J. J . KATZ llnd G. T. SEAIlORli, 11,,· Ch"lIIi.l·try 0/ AClillid" Elelllet//s, PI" 266-267. J. Wiley, New York 

(1957). 
lib! J. J. KATZ anti G. T. SEAIIORG , TI,,' Chl'lII;stry 0/ Actillide Elelllellts, pp. 28,29 anti 30. J. Wilcy, New 

York (1957). 
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Til\! vi,,;()sity or liquid metals 339 

U~il1g th.: ~;llll': ) I\h:.:dur.: ;I~ ror uraniuJ1l .lllti ('rom th~ data givcn in Table 2, thc 

~iJllpk I\:'\DRAIJE ':ljuatiol1 for piutllnilllll i~: 

'/1'11 , 7·72 >~ 10 :\. C \ ,) (3200/ f~T) poi;.!'! 

and I'llI' thorium: 

'/J'l1 1.1·4() '. IO:i. ':\P (S3l)O/ J<T) poise 

Thlls it is c.\p.:t:t.:tI that til.: ViSCll~it y or plllt()llillJ1l at 20()() 'K. 1·72 c.:ntip\li~c 
(\I.:C I dllk 2) is slightly kss than that ol'\\.ttcr .It 0 C. (1/ 1·79 ccntlpoise.) 
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