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.—Vi_

Gas constant

r~coordinate

Period of pendulum motion without the inertia rod
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The Viscosity of Cesium Metal to Its Critical Temperaﬁure
Han-Chung Tsai

Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
and Department of Nuclear Engineering, College of Engineering, of the

University of California, Berkeley, California 94720

ABSTRACT

Cesium metal viééosity has been measured up to 1600°C by oscillating
éup techniques. Viscous drag due to the saturated vapor phase has been
taken into account in the data analysis. The measured result can be

repfesented by the equations

1n2
nn @P) = -0.187 + &3XA0 4100k < T < 1100°K
o 3 ] |
tnn @) = -2.55 + 20LA0 3'13210 ", 1100°K < T < 1900°K.

The critical viscosity of cesium determined from the law of rectilinear

diameters is 0,57 .04 millipoise.

Viscosities of sodium and potassium were also estimated from the

cesium data by the law of corresponding states.



'methOd;'rotational viscometer_and oscillatingvcup viscometer.

1. INTRODUCTION

'NAlkali metals afé'df interestlas high temperature coolantS'and
workingvfluids in numerous nuclear andf9pacekapplications;' Viscosity is
among one of‘the transport properties which are required for rational
design.of systems involving alkali metals for such applications.

In determlning high temperature fluid viscosity, ‘there are four

. commonly used techniques, namely, capillary method falling sphere

()
In thé capillary'method,°the'viscosity‘isvdeterminedvby measuring

the rate.of fluidjfloﬁ through the eapillary tubevas'a function of applied

' pressure'oraliduid heads. Although its theory is simple and exact, the
method suffers two main diSadvantages:' 1) the accuracy of the_measured'

: result relies’critically on the acCuracy_of thelcapillary,diameter,

2) an- open flow system ‘has to be maintained over 'a uniform temperature

.zone. This method, however, is popular in alkali metal vapor and

molten salr viscosity determinations.(zva)

In the falling sphere method a round ball with a. greater spec1fic
gravity than the liquid is dropped into the liquid under investigation:
and the asymptotic veloc1ty of the ball then determines the liquid
v1scosity . The main difficulties associated w1th this technique are.
to keep a large column of high temperature/high pressure f1u1d and to

(5)

measure accurately the ball speed

The rotational_viscometer is a cylindrical body immersed in a concentric
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cylindriéal bath filled with.thé'flﬁid wﬁose viséosify is to be determined.
Reléti#e’ahgular veloéity.befﬁeen the body énd ﬁhe Bath»is maihtained
" constant and the torque required for tﬁis'relétive_mdtion isimgasured'

and used to detérmine the fluid viscosi;y. The difficﬁlt& of measuriﬁg
the_ﬁOfQue-makééﬂthis méthbd’relatively inacéurate. "Thé rdtaﬁiona1
fvviscometér is, thergfbre,'used'moétly for highbviécosity'materiéls like
- glasses énd SiﬁgS{(6) | |

:'The OSciiléting cup‘Viscometef is a cylindfical cruéible‘cbntéining.
. the fiuid and suspéﬁded_bf a plece of ﬁire;. Torsional oscillation about
the vgftiéél,éxis, ini;iated by a twist of the wiﬁe, is damped by the
.viséous'drag éf fhé fluid ingidé. The degreé.bf damping 1is related to

_the flgid_viséosity. The theory Of[oscillating cup viscometer'hasvbeen

| discussed in detail by Roscoé7)’and Thresh(s).

‘Qne of the advantages of this method‘is that the.fluid'is contained
E in a sealed crupible so that ﬁhe-problems éssociaééd with vaporization
';-and Cheﬁiéal‘reactioﬁvdth the surrounding-atmosphéfe areAaVoi&ed. An§ther :
‘merit is that thevhbt zone éan.bg relatively small and thé temperature ’
B uﬁiformity can”bébmoré easiiy échieVéd. Also, the decay constant and.the

'osgil;épion périod_of thevﬁotion can be measured with high degree of
aécpraéy; Bécéuse:of thése'adVantages; oscillé;ing“cﬁp techniquébié
:adépted_for the présén£ study of.cééium metal viscosity.

The érucible used in the oscillating cup technique hés essentially
a'constént volume aﬁd because of thevthérmal expansion of the sémple
| fluid, cdmplete filiing of the crpcible.ﬁith fhe liquid is not poésible
~if one sample is to be studied ovef a range of temperétures.' As a
résuit,'there is always a'space iﬁ the crucible on tép of the liquid

v



. vphése ﬁﬁich'is'occﬁpied by fhé ééfﬁrétéd vabor.w FOr_low temperature
éxpérimeﬁts,'tﬁe viséoﬁé drég due.fo,the vapor phasé is_smali and may

be neglectéd: This cbndifion is ndt Véiid af hiéh temperétﬁrés when

the liquid ﬁétéi'haS'high:Vapor pfessure. Iﬂ'édditidthowtheihigh vapor
fressure? fhe’temperatufe:dependéhées'of the liquid ahd vé?or viscositieé
vacéentuates this éfféct. Thé;liquid'VISCGSity deéfease with temperature
owihg'to tbe,boéitive a¢iivatio§'eﬁergy of this»tﬁéﬁéport profefty,(g)
buf.thé'vapbf_Viscosify increases Witﬁ.feﬁpefatUré'due td_#he increased

(10)

translational momentum transfer. ~ The liquid and vapor viscosities

apprbaﬁh eééh other.ét high”temperature apd u1timate1y bécome:equél at
“the criticaibpdint.(ll)

,Thé,precisiBn of the decay constant measurement in the §3cillating
cupfte;hniéuéﬂis proportional to'fhe sample-viscoéity and invefsely
' proportibnéi to fhé'system moment of inertia. In tﬁe:high tgﬁﬁerature
4m;asuréﬁen€s; thiékfwall g?uéibies érebrequired}toiéontaiﬁitﬁe'high
upfessﬁre Vap§f; Tﬁe bulky cruéiblés have.a largeimoﬁent'of iﬁeftia. -In
' addition, the‘viscosity of liquid is low at high ;emperatﬁre. Indeed
these phenomena.ﬁight be the_ultima;é limitationé on the QSe_of the -
qscillatiﬁg cup technique for méaéuring ihg viscosity'of substances at -
'vtempe¥a£urés whére the vapor pfeséurg_is'high. 

‘Among the alkali métals,'cesiuﬁ was chosén fpf.stuay for:the
folldwing reasbns:: | | | _ | 5
(a)'it*hg# the‘lowest cfitical temperéfure and»ﬁreésufe,(lzy
(B) itslcritical‘conétants have all been measured éﬁd are faifly

well established,(lz) and -

-



e)'it'is epmpatihle with_tuhgsten, the crﬁcible,haterial, up
to the critical Point.(;3)v | R |

The ctitical eonstants.of cesium.repotted:by severai iﬁvestigatdrs

are shdwn’in Table I. In our.research only the ctitical temperatﬁre_is

of immediate concern..’ A mean temperature of 1760?C.from the three values:

shown in Table'I is used.

thable I. Critical Constants of Cesium

Investigator : p L ‘i : Tc(°K) _pc_(gm—cm'3) ‘ PC (atm)
Dillon et a1.(14) 2057 + 40 0.428 + 012 -
" Renkert and‘Franck(ls) 1993 %30 - >: - 104 % 10
‘Bonilla et al.(16) 2050 o0.44s 117
Mean value - | 2033 . 0.436 13

The variation of cesium vapor pressure with temperatufe has been

.measured bprehkert and Franck;(15> (17)

and Stone et al., nd is shown p.
v_in Figf”l."

.Densitp:data fqr'beth'liqhid and'saturated Vappttof cesiumiare.;;
6btained’ftom Ref '18> The densities versus temperature plot is shown -
in Fig. 2. Change of 'the densities of the two phases with temperature
,is similar to that of the viscosities, i .y the 1iquid ‘and the vapor

v'prOperties approach each other and become equal at the critical tempera-

ture.
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Fig. 1. Vapor pressure of cesium.
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Since the viscous dfag'dﬁe to‘the:vapor phasé becomes significant
at high tempergtures; a two-phase mathematical solution to the fluid
mechanics 6f;thé'OScillating.cﬁp viscometer which allows the véﬁor drag
t§ be taken into acqouﬁt waS'deééloped and ‘employed in this cesium
viscbsity‘reseafch. |

Cesium”viscbsity was measufed ﬁp to l600°C,_Wﬁiéh i$>lgO°C below
the reported critical temperature; 'Siﬂilafity of.the properties bétwéen
thé alkéli'metals indicafes that the»lawvof éorrespondiﬁg statés of the
.liquid viscosities should apply tb this class of sﬁbstances. The
measured césiﬁm’viséosity waé ﬁsed to constfucf_the'universalbviscosify_f

(19) (20)

'temperature function in'the way suggested by Chapman . and Pasternak.

This correlation is of value since'directvmeasurement.of the viscosities
b,of the other alkali metals.is more difficult due to the. high criticalsv

temperatures and pressures,



IT. THEORY OF THE OSCILLATING CUP VISCOMETER -

'The oscillating cup viécometer is essentially a pendulum system
oomposedrof a sealed right circular crucible, whichvcontains the fluid
under inveetigation, suspended by a piece of torsion.fibre.' The drag of

_thevviecous fluid inside theAerucible causes damping of the oscilletoryv
motion and the measurable damping effect.is a function.of:the viscosity'
of the'fluid. At relatively low'temperature, only the iiquid phese'ekerts
the drag on the pendulum The theory for this case has been worked out by

(7) (21)

' Roscoe " and Hopkins and Teye. At higher temperatures, especially as.

: ._the critical point is approached, the drag due to the saturated vapor

. phase above the liquid is also appreciable and has to be taken into

f account. This extension is presented here.

A. Lliquid Phase Only

. The Navier-Stokes equations for the liquid are to be solved along
with the appropriate boundary eonditions. Assuming the fluid 1s Newtonian
. and:incompressible, the-equations of motion are

i

av av, LV | ai} \
PR N} SR 2 ar r 8¢ T z  dz
o a2 . 2 v ) 2,
_ @ OP i ! avr Vr 1'3 Vr ZVEZQ' 9 Ve
= F t S T2t 7 t— (1a)
r " or or r 9r r r* 3¢ r‘ 3¢ - 93z



v ov.. v, 3%y Sv 3%y
12 (__;;z+;_9_.;g+i___9+i_z+_Q) (1b)
r 3¢ 3r* T 3r r®  r? 9% r? 3¢ 2322
ov v, ov ov
_z, 0z _)

2 2 :
P v 1 9v 1 P v, a°v | v
— + - —= + = + (1c)
dz or? r 3r 12 342 322
V¢’-Vz aje the velocity components in the r, ¢, z
‘ directions;t
F¢, Fz are. the components of the body force in the
r, ¢, z directions,
'p is the density of the liquid,
P isvthe pressure,
N is the dynamic viscosity of the liquid.
Assuming -that
v_ and v_ are zero,
r T Tz T
2. v¢ is independent of ¢,
3.. pressure P is also independent of ¢,
4. ‘the only body force on the liquid is its own weight,
then the eQuations (la), (1b), (1c)véan be reduced to
2 . ,
Vo oP . ' 3
P === : , , » (2a)

r r
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3 32 v 32
A/ S S T T T S ) (2b)
ot r2 r dr r2 92?2 :
9P o SR v
= = -‘g . ' . ’ S . (2C)

z - 3z
L v ' ' . o n.,
In terms of angular velocity (Y = —%) and kinematic viscosity (v = ° ),

Eq.(2b) 'can be rewritten as

Vat  er?  rgr  3z2 . v T

If the system has settled down such that at any point the liquid and the -
. containing vessel have the same period and decay conStant, we may separate

‘the time and spatial components of the angular velocity as’

- where

o =iy . R O)

B is the décay constant and Y is the ahgular velocity of the pendulum

"'ﬂ; mOtibn., The latter is related to the perio&”of oSéillation, T, By

Substituting Eq;(4)_into Eq. (3), we get
320" 3 30 3%

P = —+——+ — ' - o '
or? T or 9z? _ : ' : : 7

<le
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which is. the final versibn of the equation to be solved'for'the‘veiocity
profile of the liquid inside the vessel.
The boundary conditions are-

(1) .®U='®o at r=aandz=0 : ;' R (8a)

an) 22 -o0at z=h | R o - (8b)
o 0z : . ' : .

Whgre'¢o is the anéular velocify of tbelcrUCiple body_when passing the
.eﬁﬁiiibriﬁm position, é is‘the insiaé radius of the crucible and h is
ghe height of the liquid (Fig. 3). The second boundary condition is

L equivélen;léowﬁOIShééfffor;e from the top of.the liQuid which is gssumed
to be vacuum, .

‘The equation of the-motion of the oscillating system is

d?e do o | o
IS5+ +f0 =0 9
L S @

o

where

I = moment of imertia of ;he empty systeﬁ,

L= &ampiﬁg'coefficieﬁt'due to the viscous drag,

f = spring.cohstaﬁt of ?he>tor§ion fibre,
.6'; angular displacement of ﬁhe oscillation métion.

The solution of Eq;(7)IWhich_sati§fies the boundary @onditioﬁ.is(z;)
' : ' ' on1/2 z—h] '
i i 2,2 i 24b2a2 z-h
2 8, J,(br) 2953 (3 I, Ut adb2atcosh|(52Hb2at) /P IR

r Ja2(iba) r }E: .J'(jn)jn(jn2+b2a2)I/ZCQSh'(j§+b2a?)1/?ﬁl
. n=1 2 . ‘ . . a

.,®(r,z) =

(10)



~Vapor
_Phose

Liquid

Phase

-12-

XBL73I-5638

Fig. 3. Fluids in the containing vessel.
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where-b2 2 0/V and-j 's are the p031t1ve roots of J (z) =0 in ascendlng
order of magnitude. The damplng torque G due to the viscous drag of the

, ‘ » 1iqdid'on the inéide wall of the_cruc1ble is then. - : L o v
v T o : | a o " Bé l' SO o

: . - ‘ ey - / -1

| ¢ = 2me®|al f( ) ' dz'—.f(_) rlarf o an

The damping"éoefficient L, which is related to the torque G by .
¢ =18 B a2

can then Be.determined. Since the pendulum motion is damped sinusoidally

O, e
de. o . L

» Combining'Eqs.(ll), (12);‘(13) and solving for L; we get

. . W '  ‘ a o . o
o= oamfat (L) o (a_@z_%z) car. as
. : ar’ r=a . ) aZ Z=O . E

- To calculate L, iteis convenient to follow Roscoe's process of simplifying
.‘.f o Eq.(14) into-a'rapidly cpnverging Serieé:(7);
3 3 . 3 .3 63 ]
ba’h [1 T 2(ba) T 8(ba)Z | 8(ba)? | 128(ba)’ T

S L2 am

2 g 1 45 ;...1”“(15)

T ) ]
+ 2ba [ 8 ~ T(ba) ' 8(ba)? m(ba)® ~ 128(ba)” |

Recall Eq;(b); which by writing O = Qo eat; becomeé
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102 +Lo+f =0. v c . o -:_.' (16)

" Since o and L are both complex, Eq.(16) can be separated into real and

imaginary'parts:
I(B2y?) + BRe(L) - ¥ Im(L) + £ = 0 S Soan

<21y - BIm(L) + Y Re(W) = O . N ¢ O

Eq. (18) is preferred over Eq. (17) because it does not contain the torsion
wire spring constant f The viscosity n can now be determined by solv1ng
‘Eq.(18) and Eq. (15) simultaneously since all'the,other quantitles are
‘measurable or:kuown. Application’of the_liquid phase solutioﬁ.is'ﬁ
‘illustrated in Ref. 22.

B. Two Phases -

Wheh the tehperature'is far below the‘criticai temperatureg.the
viscous drag due to the vapor phase. in an oscillating cup viscometer is
negligible compared to that of the 1iquid. As the critical point is’
approached however, the dynamic viscosity of the saturated vapor becomes.
. comparable to thatvof the liquid and finally becomes equal to the Jlatter .
at the critical.point. When a viscometer only partially filled with |
-‘-1iquid is operated at high temperature, it is necessary to solve the
equation of motion in both phases.

After the transient part of the motion has ‘been passed, we _can

assume that




‘ V,Q,r= " er_,= 0
_Vzé 1=' Voz = 0
o - vaé ‘

_15;j

where v's are the componeﬁts of the linear velocities of the liquid and

vapor phases as shown in Fig. 3., 'The subscripts % and v refer to liquid

- and vapor phases, respectively.

As in the single phase case, the Naviér-Stokes equations'can be

reduced tb

v..2 . 9P

26 _ %2
pQ» T or
v 3% B
o, — o A,
s L5t L or?
| \ 3P
2 g = X
Flz & 9z

2 .
. Vv¢ N aP
v r or
3V. h | 3%v
v 3t v\ or?
_ -an
sz' = .—g‘= ——8-—2—

for the vapor phase, where

©
I

density of the quuid;

density of the saturated vapor,

. _ \
i BY&Q ) V2¢ 2} v2¢
r or r? 9z
o v ' 2.
%y vy, 2 Vie

or r2  9z?

(19a)

(19b)

(19¢)

(20a)

- (20b)

 (20c)



v
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= dynamic viscosity of the liquid,

= dynamic viscosity of the saturated vapor,

= boﬂy force in the liquid,

= body fdrée_in the vapor,

= pressure in the liquid,

= pressure in the vapor .

‘Again, we can express Eqs. (19b), (20b) in terms of kinematic viscosities

v

and angul

as

RIS

L

4|

<
©
<

ar velocities _

wl: r
S <]
lva . r
1 A% 330 3%y

and

S, 8%, 3 Buy, 92
1 Yy wv,+ g__fg+ Uy

Yy ot 3r’  r dr 3z?

(Zla)

(21b) -

- (22a)

(22b).l

| (23a) .

| (235)

Further assume that the system has settled down such that at any pbint,the

fluid and the containing vessel have the same period and decay constant,

SO we can

again write



_1'7_

@ = o) & @

]

w}(f,z;tj. ' é (r,z) Ot . : o _v . S L : . (24b)
v v | - . o e

where o ¥ —8-+ iy with Y defined as.2ﬂ7r;vI is the periéd-of the éscilig—
tion and'B the decay éonstént'of:the_system.u Nétiée.thét o is thé sa@e
for bothiphaées becausevthé system hasmonlyIOne'pgridd'and.Ohé decéyb
constant. Substitﬁti#g'Edé.'(243),_(24b) intb Egs. (23a) éﬁd4(23b), we

get for the iiquid phase -

- 3%, .20 320, R
o . L 3.77¢2 2 .
Lo = +2 2y - - 25

“and for'the'Vapor phase

9% . 490 3%0
v v

(25b)

24 = o ra = —T 4 — 2
Equations (25a) and (255)'are'the tWo'equationS'to be solved for the
velocity profilés»ofbthé fluids inside the cbntaihing vessel.
The boundary conditions are
(1) @2 = @o ‘at r = a and_z =0, - (27a) -
o '(IIX f@v ='_®6 ;at r=a épd z>= H, ‘(27b)
. (I11) ¢, = o, atz= h , - S s S 7 (27c)‘
: a¢ v a¢. ‘.: o ] o - .f .
(aw) 5, L _-n — atz=h . . - (219

L3z T vV 3z
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@o.is,the angular velocity of fﬁe crucible whén_i; is pésSing'the 
eﬁuilibriﬁm position, in other words, @0 eat is'the angular velocity.bf
the crucible. ‘Cbhdition'(III) assumes no-slip at the interface and
condition (IV)‘?eprésents the continuity qf shear étress at the inter-
fécew |

A series expression

: ® | o ‘

' J, (ki apg J, (mpr T
@2 = z : [AR sinh sz + BQ cosh lz(h-z)] 1 (kn1) + o J, (mgr) T @28)
e n=1 n . n n n r r Ji(mza) o .

is asSﬁmed fornthe'sblution of Eq.(ZSa), wvhere.‘J1 is.thé:Bessel function

of order one and Ji(kna) = 0, Ai; Bi are constants to be determined and

o2 o O : R co - ) Co :
me = Yy ‘ . L (29a)

' © The subscript and suﬁersgript % refer to liquidvphasé._>
It is-evidént that Eq.(28) satisfies the first part of the boundary
condition'(l), namely, @2 ='¢o'at r = a. The condition @2 = @o at z = 0

requires*

* At z =0, sinh Qﬁz = 0 and cosh Ri(h—z) = cosh Zih and the following

equality can be proved:

.00

2m2'2 @0. Jl(k.nr) + aq)o Jl (m;g,r) - %
a1 S (gl (D r T Jima) o
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' : émzz @o : S S , co : :
B, = ey ey
'. ‘ Jz(kna)kn(ln) cosh(lnh) : o '

& 

Substituting Eq.(31) into Eq.(28) yields .

} = 2 ' 2 ‘. - . szL (i)o' B . v v J1 (knr)
b, = A inh (2 h 2 h-
oA :E; ; n Stah(g2) J (k a)k, (zﬂ)zcosh(zzh) cos [ (h=2)]

a@o J (m r) . '
+ =2 1L ‘ o (32a)
r . Ji(mga) : . o ‘ v

Similarly the solution fof the.vapor phase can be éxpressed'in'the same

- form
R A S ' v 2mv ® o - J p (k1)
¢ = . {A sinh(L°Z - h 2 H-h-Z _
v f}E; ; n S%n ( n ):' J (kna)k (Qv)zcosh[ﬁ (H h)] cosh[ ( )] r
~n= | . 3

o aé 'J . (m_r) , ' S
+ 0 J1 Y (32b)
r ,l(mva) . '

where the axial coordinate in the vapor phase has been changed to Z =

" H-z.

Parallel to that of the liquid phase, m_ and 2’ in Eq.(32b) are

defined és follows:-

g - TR R E s o
A Vy . o . , N o ,
o ., ,_ R e
: (Rn) .= kn - mv ; . . . : | | (30b)
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To‘determlnevAﬁ's and Ah's, the other two boundary conditions have

to be utilized. Equation. (27d) permits Az-to be eipreSsed in terms of

Al:
n
v ng. Kﬁ coéh(ﬂ%h)' .. '} o
n . R cosh(ﬁn(H—h)] n o

von

Substituting Eq.(33) into Eq.(32b) and combining Eq;(32a) with boundary

',conditidn.III (Eq.(27¢c)); Aﬁ can be determined as:

L 2 2. | 2, L, 2
Ay |2 Zk o mt o m |
o .(Q%) (Q )2 ' (Zg)zcosh(zﬁh) (QX)Zcosh[RX(H—h)]
y . ﬂpzﬁ -
Jz(k a)k sinh(l h) - —~——— cosh( h)tanh[l (H—h)] . (34
S n"n n, 2v %)

AX Can thus be determihed from EQ-(33) and Eq.(34)-

‘The ratios of the maximum fluid velocities to that of the crucible

“ . are

§2  - ad, (m T) | .Aﬁ ' : v 2m£ o e :
A'5: - rJ, (m a). :E:: '5_ sinh(l =) + 3 (kna)kn(ﬁx)zcosh(ixh) cosh[ﬁn(hfgzl '
S n=1" " S ‘ o
' J. (k_r) -
'_i_;E_— (352)
) aJ (m 1) Ay . ' 2mv : :
< = —TI_L(_!T +z 2 sinh(2Vz) + '
Po a5 ntog (kna>kn<2n) cosh[ﬁbn(H-h)]
- e - J. (k1) o
o SR ' cosh[RZ(H—hfZ)] B . (35b)



The viséous drag G on the inside walls of the crucible due to

the présehce of 1liquid and séturated vapor is .
G = f ZTTa nQ, '—a——“ dz
4 70 . ‘ FJr=a s
ea ) fare, et
- f 02(——-——-' L 2mridr
0 9z /p=0 .
H-h da®_e™' o
+f 21Ta Tl T : dz -
O N r=a o . :
a 8r¢ e v E : : | o
.I; —y—) rfar . | - (36)
K 7=0 - o A | §

The damping coefficient L, -as in the single phase case, can be
expressed as
_ G‘  ot
L—&;—e . . ' _ .
o <a(® JoO\ a(ég/é ) L
21rn f . 0 dz—nf_——-————v- r dr
b\ Yo\ % [0

r=a

e e)) 3‘° AL W
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To determine ni if nvvisvknown‘(6r-vice'Versa);'Eqs;(37) and (18) :
must be solved‘simuitanédusly. It is also possible.to'detérmine both

n, and n . with two different'measuréﬁents'with different h values..
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I1I. EXPERIMENTAL 'APPARATUS

A. ,General.Description'

The syStem‘is described with referencebto.the'sectional diagram of
Fig. 4. V o |
The pendulum is made up of flve parts, the cruc1b1e (D), 1n which

the sample is held, the connecting rod (E), the thermal 1nsu1ator (F),
the external part of the pendulum G) and the chuck H), A photograph
‘of the'assembly is shomn in Fig. 's. .Ahpolished.surface onfthe external
_ pOrtion'(C)viSVUSed to'reflect~the incident‘lhser light (Z)vby.which |
the OScillating motion is.monitored.. Thisvportion:also.has'a horizontally
drilled hole'into Which different inertia rods‘(I) can be inserted and
fixed;so that the moment of.inertia of'the pendulum7can be adjusted.
(See section B of experimental procedure )
| The: pendulum system ‘is Suspended by a piece of tors1on fibre J
attached to a second chuck (K) Whlch is fixed to a rotable holder (L)
d’The holder, which rests on a supporting plate (M) is attached mechanically'
to a rotary feedthrough (N) by which osc1llation of the pendulum is |
_initiated through the vacuum wall

’ The-crucible is suspended in the. hot’zone'of arBrew:tungsten mesh
“ furnacev (A) of 1 3/4 inch diameter and 3 1/2 inch helght. hayers\of':
' :dtungsten thermal shields arranged on the side, the top and the bottom

'“reduce the radiation heat loss and also provide uniform temperature in
‘_ the hot zone.i Temperatures up to 1300 C are measured by a chromel-

-Alumel thermocouple located close to the crucible, An optical pyrometer
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XBL73l 5639

Fig. 4. Sectional diagram of the experimental system.
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(P) which sighted through a right angle prism (Q) into a hole 1/8 inch
in diameter drilled through the bottom shield parts into the inner
furnace region is used to measure temperatures above 900°C.

The entire system is enclosed in a vacuum chamber (C) which serves
three functions: 1) it prevents the oxidation at elevated temperatures,
2) it reduces heat loss by convection, 3) it minimizes damping effect
due to the presence of surrounding gases.

To minimize absorption of the building vibrations, the entire

apparatus is placed in a sand-filled pan.

B. Vacuum System

The system is equipped with a mechanical pump, an ion pump (IP) and
two liquid nitrogen soprtion pumps (SP). To avoid vibrations, the
mechanical pump is turned off when taking data. Instead of the ion pump:
which is capable of maintaining the system at a lower pressure, the
sorption pumps are used to keep the system vacuum at < 3x10~° torr. This
is done to eliminate the possibility of damaging the ion pump in case
of a cesium leak from the crucible. The pressure maintained by the

sorption pumps is low enough that no other pumping is necessary.

C. Pendulum Motion Recording System

The pendulum motion recording system is illustrated in Fig. 6.
A helium gas laser 1is used as the incident light beam because of

its strong intensity and spot size., The reflected light from the polished
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surface on the pendulum triggers an 1N2175 photocell located in the
vacuum chamber. Before feeding the output of the photocell into the
multichannel analyzer, a logic circuit designed to correct the spatial
error due to the finite dimension of the photocell and laser beam is
employed. Due to the finite time required for the laser spot to pass
the photocell, the output from the photocell has a certain width which
increases as the oscillation motion slows down (Fig. 7 ). The logic
circuit generates a narrow pulse each time when the laser beam passes
the left edge of the photocell which is used as the reference position.

The corrected pulses are then sent as the channel advancing pulses
to the multichannel analyzer operating in the multiscalar mode. At the
same time, 100 KHz timing pulses are fed into the MCA. The counting
starts at channel 1 and continues until a channel advancing pulse
transfers the timing pulses to channel 2 and so on. Since each stored
count is equivalent to 10 microseconds, the number of timing pulses
stored in a particular channel providés an accurate measure of the
time elapsed between successive passages of the beam past the photocell.
Fig. 8 shows a typical set of data obtained in this manner.

The position of the photocell is in general different from the
position of the reflected light beam with the pendulum in equilibrium
(i.e., not oscillating). The upper points in Fig. 8 represent the
time intervals for the pendulum to move from the photocell to the maximum
angular displacement farthest from the photocell and return to the cell.
The lower points are a similar record for the remaining portion of the

ogcillation. Figure 9 shows another version of the pendulum oscillation.
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Fig. 6. Pendulm motion recording system.
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Fig. 7. The function of the logic circuit.
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XBB 722-990

Fig. 8. A typical set of data shown on the screen of the multi-channel
analyzer.
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Displacem ent

XBL 731-5642

Fig. 9. The damped siﬁuéoidal :hotion of the pendulum.
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The damped sinusoidal corve represents the'pendulum‘notion and the line
b is thevposition of the left edgevof the photocell.,  The points shown
in Fig{'SU are the time intervals t;, tz, t3, tu, etc.

- If the damping over the intervals t;, tj, ts, etc. are small _ the
'k'curve in Fig 9 can be considered as symmetric around each of the peaks.

The heights of the peaks are then proportional to_the inverse of
cos E%L, cos ~$i, etc., where T is the period. Therefore thevdecay
constant B, by definition, is

s cos(EE%
B = 1 on | —rT
- 2m (th)
- -} cos{—

.‘[‘4

~

If the asymmetry of the pulses is taken into account: the percentage

error can be shown to be less than(zz)

X’a"‘x

&

1 .

. where’
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‘D. Torsion Wire‘Prepgfation'

In méésuriﬂg thévdaﬁped sinﬁsoidal'motiéﬁ of a oscillating cup
&iécométer,vsbme degreé.of”daﬁping“is‘always obsérVéd_even when the
samplé is in'561id férm., Tﬁis ihherént'damping is mainly due to the '
presence'bf‘the internal friction in tﬁe\tbrsion wire. There are maﬁy

(23,24) the most a

Jexplaﬁétioﬂévof the causes of thé internal friétidn,
 significant énes being dislocatibn line movement and grain boundary
slip. Impure polycrystailine'metals normally héye less intermnal fricf'
tion‘than high pﬁfity S§écime#s becauée.the impufities effectively pin
the diglocation>lines. Anneaiing.isialso effective in_redﬁcing_the
interﬁai frictiqn because:itvrgduges the density of,disiocatipn line
and, dépending oh annealing temperature, feduées'tﬁé total gfain ‘b
'boundary.afea.l For these'reasohs, annealed 3% Re-W wire was chosen aé
| (25) o |

the torsion fibre.. Figure 10 shows the difference between pure

’tungsten and 3% Re-W wires and the effectiveness of annealing.

E. Tungstén Crucible Design

~ The yépor pressure of cesium increases sharply when the critical

temperature 1s approached (Fig. 1). On the other hand, the strength of
| (26) |

'tungsteﬁ decreases rapidly withvtemperature. Special precautions
‘therefore, have to be taken in designing the crucibles for high tempera-
. ture,.high.ﬁressﬁre‘éxperiments.v Tungsten was choséﬁ ovet‘tungsten
alloys whiéh have higher yield stress Eecause of its good‘corfosién

'résistaﬁce.(l3)”
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- Fig. ib Effectiveness of impurity and annealing on the internal

frlction of torsion wire.
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Tﬁﬁzkinds of crucible were used in this fésearch."ihe "thin—wall"
ones shown in Figf'll wefevused for lower temperature runs. Figure 12
is tﬁe sectional view of thé "pressure vessel" typ§ crucibles used for
high tempefatgre, high pressure runs. |

A1l the crﬁcibles were fabficéted from forged tungsien.rod stock
by_Northﬁést Industries,‘Inc. Prior to the loading of éeéium, the
.cr?cibles were vaéuum annealed ét 1000°C for 20 minutes. This procedure
'_reiieves‘thevinternél stresé introduced in machining ana helps prevent
crahking when the 1lids were létef sealed.by electronébeam welding. .

Vacuum annealing at this temperaturé is also an effective way to clean

tungsten.
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IV. EXPERIMENTAL PROCEDURE

‘A. Sample Preparation

The high purity (99 99%) cesium metal used in this researchvwas
supplied by Leico Industries, Inc. A typical chemical analysis»of_the'
"sample is shown in Table II. -

Tungsten crucibles and cesium sealed in glass ampoules were loaded
in a glove box flushed with dry nitrogen The cesium was heated to the
.melting point and poured into. the crucible v The amount loaded was roughly
.controlled by measuring the welght increase of the crucible using the
balance inside the glove box. _Aftertthe lid was electron—beam welded tov

.tthe body; the.eXact weight of thevcesium charge_was”accurately.meaSured
by an analyticvbalance
To prevent overheating of the‘cesium metal during electron beam
: welding, the- ‘crucible was held in- a cylindrical copper block (9 cm
diameter by 13 cm height) with a central hole to hold the crucible, 'In
order to serve as a heat sink the copper block was prechilled to 1iquid
vnitrogen.temperature. This method effectively eliminated the vaporiza—'
tion_of cesium7during the weldlngvoperation but increased the possibility
'of_cracking in the weld due to the-large thermalagradient.. .
B ‘Transfer ofvthe'loaded crucible from.thebglove box into the electron
.;beam welder was done in lessxthan 10 seconds}' Since the loaded crucibles -
were chilled to liquid nitrogen temperature'before leaving»the glove box,

 gas flow through the tight-fitting 1lids (if any) would be from the inside
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" Table II. ChemicalenalysiS‘df Cs Saﬁple

 'ImEurities . - Content (ppm)

Aluminum : . <2
Calcium - o .. < 5
Chromium o .'  v ;<2
Copper o v <2
vIron | o :  <.5 _ 
Lead _'_ <2
. Lithiwm =~ <10
Magneéiﬁﬁ ' ,‘.: <2
Maﬁganese o <2
Nickel =~ <2
Potaésium. o | < 8
Rubidium ‘ _YY"_< 8

Silicon <3

Sodium - < 8
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.'out as the'crucible warmed up. 3Thus it is believed that the cesium did:
not become oxidized during the short period of transportation from the

dry box to the welder and the pump—down time of the vacuum system of the

welder.

B. : Moment of Inertia Measurement

In order to determine the viscosity from the’ decay constant measure-
: ments, the momentvof inertia of,the pendulum system is required This
quantity,is'determined by_comparing the oscillation periods of the'pendulum.
with and without an attached rod of hnoun momentrof inertia; .- |

Let I, ‘be the moment of inertia of the systqn without the inertla

" rod, the period To for small amplitude oscillation is

. 1y __ : N
,o-ow/E o
-'Where f is_the’spring'constant of the torsion wire. By attaching the
“rod with known moment of inertia‘Ib to the pendulum, the period increasesf
I'O+I.b

S Ve R 1)

'Therefore Iohcan.bevdeternined from (38)‘and (39)uas' '
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In the actual analysis; however, the moment of inertia of the system
exéluding the Sample is used. ' The calculated inertia:of the solid sample

therefore has to be subtracted from |

- C. Viscosity Measurément

Since the systém has been previously_tesféd on liquid tin and been

(22) (27)

used to measure the viscosities of uranium metal and uranium dioxide,

no further Qerificatioh of the.syétem accuracy has‘beén made for the
» presenfxexégfiment.’ "‘ o ‘._ ' . , . S e
The intpinsic‘déﬁpihg efféct Was‘ﬁeaéured befére eaéhveipériment ._ ”.;@
'thén the sample was in solid form}'vThé‘temperatdré of the hot zone was
then gradually»inc;eaSed Whilé the préséure gauge:was éloseiy monitored
for an& césium leakégé. At éach femperatu?e, suffiéient'tiﬁe was‘allowed
for'the'crucible-to reach thérmal equilibriuﬁ with the hot zone. A
braking device was then engaged to bfing.the pendulum.system'éoﬁpleteiy
to resf before an initial twist was transmitted to the pendulum fhrough‘
Fhe rotational féedthrough on top of the vacuum chamber. bIn'each expéri—
’menf, 25 consecutive oscillati§ns were‘re¢orded aﬁd used to determine -
the meaﬁ périod'ahd:décay'constépt.", R

After the e#?erimenﬁs wéré over,.the inttinsic decay constant was
measuréd again to fgaffi:m;the vaiué méﬁsured ﬁrior to tﬁe exﬁeriménts.'
The témperature'dependence of!thé intrinSic damping Qas detefmined - |
'_separately with a dﬁmmy'cruciblev(consisfing éf.solid’tungsten). B WAS

found to be independent of témperaturg in the expefimental range.
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- V. RESULTS__T

The cesium viscosity measurements were carried out with two th1n—
wall crucibles (A and B) in the temperature range from 135 to 550°C and
_from‘530-to 8lS‘C,-respectively, and with one pressure vesselltype
-crucible (D) frOm.SOO to 1606°C."Slight overlap”of the'temperature
-ranges provided‘a:check ofithe'consistency of data-obtainedifrom_dif;
'ferent viscometers. :The7information on these:three viscometers is givenb
in Table(IlI.'> . | -

h Two—phase solution was employed for temperatures greater than 600° c,
at which temperature the reported vapor viscosity is about 1/8 of that
of the 1iquid, The saturated cesium vapor viscosities used in the two;
.phase'solution were taken from the work of’Bonilla'et al. (28)
h.Figures 13 and 14 shoﬁ the measured cesium viscositv pldtted as
.;h,vs. T.and:log’h'vs; l/T; respectively. .The data are alsoitabulatedv
“in Table IV v Achener and Boyer(zg) have measured the cesium viscositv
using the oscillating cup technique up to 1060 C. Their result_is
fshown.in Fig 13 for.comparison. The agreement between-their'results
kiand the present data is quite good |

The difference between ‘the. values of the liquid viscosity deduced
from the set of data points but analyzed by the single—phase and-two- o
phase solutions of the equations of motion depends on thevtemperature.
and'the relative heighthOf the vapor phase.compared to'that of the
. liquid. With viscometer B, at 600° C the corrected liquid viscosity is

- 8% less than that “without the correction for vapor drag For-crucible D -

'vat‘160090'the analogous figure is 30%.



- S | o Tabig.III; Charactéfiétics of Viscometers and Césiﬁm Chargés
. Viscometer A Viscometer B Viscometer D
Cruéiblé Type - thin wall, thin wail, v pressure vessel,
# B tungsten tungsten - tungsten
Crucib1e I.D. (cm) ~1.58 o 1.58 - 1.59
Crucible inside Height ' 6.05, . 606 5,59
C(em) EE - o T
Moment of Inertia 274.62 " 275.84 ©397.33
(gm-cm?) P S

Torsion Wire

. Cesium Charge (gms)
Height of'Liquid (Cm)i

Temperature Range

W-3% Re, 7 mil, W-3% Re, 7 mil, W-3% Re, 7 mil
annealed : annealed annealed

15.593 ©10.035 7.044

| 4.44 at 500°C  3.68 at 815°C . 4.05 at 1605°C

135-550°C  530-815°C 800-1605°C
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- Fig. 13. Liquid cesium viscosity.
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Table IV. Cesium Viscoéity Data
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Temperature Period

Decay Constant

Vapor Viscosity

Liquid Viscosity*

{°c) (seconds) (10‘3 sec™?) (millipoise) (millipoise)
135 3.175 1.718 - | 3.86
135 3.216 1.712 - 3.89
216 3.174 1.558 - 3.06
216 3.215 1.551 - 3.08
216 3.174 1.542 - 3.00
232 03175 1.538 - 2.96
232 3.217 1.491 - 2.81
232 3.219 1.498 - 2.84
320 3,181 1.438 - - 2.49
3200 3.181 1.496 - 2.52
320 3.221 1.412 - 2.43
420 3.185 1.321 - $2.02
420 3.184 1.378 - 2.21
497 3.183 1.282 - 1.84
497 - 3.183 1.295 - 1.88
556 3.185 1.281 - 1.80
556 3.185 1.279 - 1.79
645 3,24 ©0.919 0.22 1.59
735 3.24 . 0.918 - 0.24 1.53
815 3.24 0.880 0.26 1.41
790 3,94 ©0.424 0.25 1.54
898 3.92 0.420 1 0.27 1.41
1957 3.94 0.415 0.28 1.34
1024 3,92 0.412 - 0.29 1.25
1105 3.94 0.411 0.31 1.20
1183 3.92 0.415 0.32 1.15
1197 3.94 0.410 0.32 112

-



Table IV. Ccntihued

Temperature Period  Decay Constaﬁt_ Vapor Viscosity Liquid Viscosity*

(°C) - (seconds) (10~3 sec™?!) (millipoise) (millipoise)
1308  3.94 0.406 0.3 1.02
1348 3.92 0.403 0.35 0.97
1400 3.93 0.402 , 0.3 . 0,93
1472, 3.92 0.407 0,37 . 0.91
1510 . 3.9 - 0.402  0.38 - 0.87
1555 3.92  0.402 0.39 0.83
1605 3.94  0.400 039 079

‘ * Corrécted'for vapor viScosity_forxT > 600°C.
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‘ The'measuréd Cé liquid viscosity was fitted by the eqﬁatioﬁ '

102 : o
mn = -0.187 + &3¥A% 1 ujoek < T < 1100°K
~gan = -2,55 4 &0BA00 310107 gy000x < T < 1900°K

T T2

where n is the dynamiévviscoéity in millipoises éﬁd.T is the aEsolute
ﬁemperature in_°K. The standard deviation of the viscosity for the’éb0ve.
two'expfessions are 0.008 mP and 0.06 ﬁP, respectively.

The activation energy for the low teﬁperatﬁre'range is 1.3 # 0.2 kcal/

(29)'are 1.03 kcal/gm-mole

gm-mole.' Theiﬁalﬁes found by Achener and Boyér
for the 55 to 448°C,range and 1.76 kcal/gm—mole for the 533 to 1064°C
range. The liquid viscosity does not follow an Arrhenius law in the

high temperature range, so cannot be characterized By a single activation

energy.
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VI. DISCUSSION

A. Law ofiRéctilinear Diameters: The Critical Viscosity of Cesium

It was'first diséovered.by Cailletet and Mathias in 1886 that when
approaching the critical temperature, the mean density of the liquid and -
its saturated vapor is approximately a linear function of temperature.( 0
This is the so-called law of rectilinear diameters. Grosse later pointed.
out that'this law also applies to.liQUid and vapor viscosities.(ll)

_The fact that the viscosity varies rapidly as the critical tempera—
ture is approached coupled with the problem of loading exact amount of
| sample into a constant volume device like the oscillating crucible makes
the direct measurement of critical viscosity very difficult.‘ Like most
of.the critical»density measurements, law of rectilinear diameters was'
‘hutilized to estimate the critical viscositylof the cesium metal.byl
.extrapolating data at lower temperatures, iSince-the present data extend
quite close to the critical point,>the accuracy of.such an extrapolation
is good |

The mean Visc031ty n is calculated and shown in Fig 15 The data?».f

between 1200 to 1600 C were least-squares fitted into a straight line'

o ~ .- . N _= -‘.:v. S —-u
no= 2(nliq nsat vap.) l713_3'21%lo T

where T is’the temperature,in °C. The mean viscOSity inzthis'temperature
range is a very gdodvlinear function of temperature., Extrapolating the

‘mean’ viscosity to 1760°C, the'reported critical temperature of cesium,(lz)



V‘_is_cos_ify‘ (mP)

L1 ]

Temperature xl(52_ (°cy
SR o 'x'aL734_-27os |

' Flg 15. 'Law of Vre‘ctiline’ar diameters ‘o_f cesium metal.

-Og..



1y1elds a critlcal v1sc051ty of 0 57 * 0.4 milllpOlses. ThiS‘value is

'smaller than the 0. 8 milllpoises Grosse obtained by extrapolation of

.estimated sodium and potassium. critical viscosities.(ll)

B, Andrade s Theory of Liquid Vlscosity(Bl)

Cnnsidérra siﬁplified modél of the liquid state.in which the molécuies
afézarrangéd in a rggniat array.nnd afe_in cOnSténtbvibrational motion.
Inwotder for a moiecule to jump to an'édjacent site to which the momentum
-is_ttansferréd»by Virtue,nf-a velncity gradient,.an ene'rgy.Eo tn overcome
thé potential hnrrier is_reduiréd. AcCording to the”Boltznann distribu-

- tion law, the ratio of number of nolecules possessing'énetgy E, at tempera- ‘

tures T to:the number possessing this enérgy at temperature T' is
oL 1)
k \T T'
e L

This is the main factor in the temperature‘dependencé of viscosity, for
which an approkimate formula is

B, By |

“kT' kT- _ ., Eo/kT

Ny = nT,e e ,'v=,3A e SRS 3 :_‘ , (40)‘

This is ‘the so-called Andrade I eégation,

| in deriying the abqve‘eqnatinn; no account was taken ofrthe,vnriétion
’of_liquid specific volume with*tgmperature. The.average'distance betweén'v
molecnles increases with‘temperaturé'as V%, where V is the specific

"volume, and the number of molecules per unit area diminishes as V 3
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32)

From the mean field theory of the classical van der Waals model, o

can be taken as a/V where a is a constant. The result is the Andrade II

equation:

wi—

v a A/VT | o (41)

~The mea9ured cesium viscosity was tesﬁed agaiﬁst tﬁese th predic-~
ﬁiqns. In Fig.'lﬁ'data are plotted aécording to the first equation. It
can be seen ﬁhat thé measu?ed cesium data are in good. agreement with
"qu(AO) ub.thIOOOfK.E.Beyond thét,.tﬁe data start to deviate from the
- predicted-étraight line.b Coﬁparisqn of cesiudeatavwith ﬁhe Andrade II -
- equation is sthn in Fig. 16. Again, cesiuﬁ behaves as predictéd only
:vin the low temperafure.;egion. This is not surprising since fﬁevequations
’_wege deriﬁed based on the assumption of_lattice structure of\the liquid.
f'Thig modei féils'at high teﬁperature, however, since'ihe molecules possess
high kinefic energies énd tend to make the liquid structure more‘randqm

than solid-like.

C. 'Theory of Corresponding States: ‘Viscosities of Sodium and Potassium

The high'pfeSsure li&itation'disgussed‘in the Introducﬁion ié the
j; réaéon that ;he entire liquid raﬁge of the aikali metals might not be
uiacoﬁere& eXpefimentally for.some time fo'come; Bécéuse of their high
v;icfitical fressure, iithium, sodium and potassium.are-evén more difficult
;:to contain near ﬁhe critical point tﬁan iS'éesium.: Cdnsequently it is
desirable to estiﬁate_the critical viscdsity of the othef alkali_metals

from the measured cesium data by using the theory of corresponding states.

©
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" One ofvthe cbnditions for the validity bf the principle of corres-
vponding states ié.that the reduced potential_énergy between molecules be

written as a universal function of the reduced intermolecular distance

(e.g.,-% = u(g), where € and 0 are the fdrcé constants of the potential

fﬁnction)} The similarity in the propertiés of the alkali metals should

satisfy this'reqdirement quite well. It can be shown that with this

(33,19)

condition, a law of ¢orfesponding states for viscosity can be derived.
" The reduced viscosity is
s ; P _
_ N nofNgZ .
n* = n* (T*V¥) = —r1— ' (42)
: | - kT
where T* = reduced temperature = 7;
V* = reduced volume = —
. no
‘n ' =-molecular density

M = molecular weight

NO = Avogadrols number.

B Because of the difficulty of finding the neceésary_values for o, it
s convenient to follow Pasternak's.method(zo) of. multiplying n* by -
S 2 S . SR LT o
- (V*)3 to eliminate 0 from Eq.(42). The resulting dimensionless quantity
is
s ——1 = £f(%) N X
Oﬂﬁﬁ)z i o L _ -

N where R is the gas c0ns£ant. The energyfparameter-% in Eq.(43) is deter-~
mined from the empiricél relationship found by Chapman:(lg)'
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€ Lsom . (44)

where Tm is . the melting point of the liquid metal in degrees Kelvin.

In Fig. 17 n*(V*)3 vs. T* is plotted from the measured cesium

g’ viécosity._ The sodlum and potass1um v1scos1ties predlcted from the

‘universal plot of. Fig "17 are’ shown in Figs. 18 and 19 respectlvely,

along with_the experlmentally measured results of Kalakutskaya.(Ba) The

agreement'is sétisfactory-at medium and high temperstures.i With the

'vapbr viscosity dafe brovided by Bonilla and co¥workers, law of recti-
- 1inear diameter may be used to determine the following critical’

viscosities:

n.-= -0.50 * 0.5 millipoise for sodium -

ﬁand

+

n = 0.46 ¥ 0.5 millipoise for potaséiumv.

The reduced vlscosity of the alkali metals at the critical point is:

* =
nc". | 0.24 .
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" Fig. 17. Universal Viscosity—temperature'function for the
' alkali metals. ‘
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