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THE VISCOSITY OF LIQﬁID CESIUM UP TO 1600°C
* o
H. C. Tsai - and D. R. Olander
Inorganic Materials Research Division, Lawrence Bérkeley Laboratory
and Department of Nuclear Engineering, University of California,
. Berkeley, California 94720
ABSTRACT

The viscosity of liquid cesium has been measured up to 1600°C by

oscillating cup technique. The results can be représented by the

equations
: 2
%0 n(mP) = -0.187 + §-'-3-L‘-Tx——19 , 410°K < T < 1100°K,
3 . 6  ' ° o
on n(up) = -2.55 + B Oéxlo 3.10xio » 1100°K < T < 1900°K.
‘ T '

The critical viscosity of cesium determined-from‘thé’law of rectilinear
diameters is 0.57 * 0.0k4 millipoise. . Viscosities of sodium and
potaSSium_were also estimated from the cesium data by the law of corres-

ponding states.

*_Pfesen’t address: Argonne National Laboratory, Argonne, Illinois.
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INTRODUCTION J

Alkéli metals ‘are of interest as high témperature coolants and

working fluids in many nuélear'and space applications. Viscosity is one

- of the transportbproperties which are required for;rational design of

systems involving alkali metals for such applications.

“Among the numerous techniques for viscosityfégésurements, oscillating

vcup'viscbmetiy'was adopted for the present sfudy'of ¢esium viscosity.

The viscometer is a cylindrical crucible containihg the fluid and sus-

pended by'a wire{"Tofsional“oscillation.ébout théyVértical axis,

‘ initiétedfbj;a twist of the suSpension'wire,.is'dampgd by the viscous

drag of_thé fluid inside. The fheory of oscilléﬁing cup viscometer is

o diécusSed‘ih'refs._(l)-(3).’ 

Thevcrucible used in the oscillating cup technique has essentiélly
a'éonsfantivolﬁme_andEbetausevof the thermal expgﬁéion'offthe sample
fluia; qomplete'filling of the crucible with thé_liquid ié not possible
if éne'sample iS»td be studied over a range of.femperatﬁrés. Asva
resulf, théré_is always a spacé in the crucibleJoﬁ_£op of the liquid

phase whichvis occupied by the saturated vapor. 'for’ldw temperature

'experiments,‘the viséous drag dﬁe to the vapor phase is negligible.

3

This condition is not valid at high temperatures when the vapor pressure

"~ of ﬁhe liquid is large enough to render the mean free path in the gas

l

less than the crucible dimensions. In addition to the hiéh'vapor

-preséure, the temperamure dependences of the liquid-and vapor viscosities

accentuate. the effect of vapor drag on crucible motion. The liquid

viscosity decreases with temperature owing to the positive activation

~energy of this transport property, but the wvapor viéeosity;increases
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with temperéture due to the‘increased translationel;momentum'transfer.
The liquid'and vapor viscosities approach each other.et high temperature - ??l
and eventually become equal at the critical point-(h); For this reason,.
a two-phase solut1on to the fluid mechanics of the osc1llating cup
v1scometer was developed and employed in the present study " (See
appendix ). |

Cesium was chosen for study for the" fbllow1ng reasonS"

(a) It has the lowest crltlcal temperature and pressure of all of

the alkali metals (5).

(b) Its critical:constants and liquidkand satureted vapor densities
have been measured (5). A S
| ‘(c) It is compatlble with tungsten (the cruc1ble materlal) up to : ,: S
the crltlcal temperature (6) | - B
The v1sc051ties of the alkali metals have been. calculated (7).

‘EXPERIMENTAL APPARATUS =

The sYStemvshown in Fig. 1 is similar to those‘employed.in refsr
. (8) and (9).‘ The pendulum is made up of five partsr‘the_crucible (D), A _.- ; 9;%
in whici: the sa.mple is held, _th_e support rod (E), th_e:_ thermal insulator |
(F), the inertial portion of the pendulum (G); and?tne chuck (H). A"
photograph of the'assembly is shoun in_fig, 2. A polished surface on .
' (G) is used to reflect the incident laser lignt (Z) by which the ' '4}
:oscillatory‘motion is monitored. This‘portion also has a horizontal

hole into which different inertia rods (I) can bedinserted so tnat the

‘moment of inertia of thenpendulum can be adjusted.
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- The peridulum systeh is suspended by a piece:of ﬁprsieu fibre (J).
The wirefie;aﬁtached:to a second chuck'(K).whichiis.fixed:to a rotatsble
holder'(L) ' The holder, which rests on a suppofping;platev(M) is
attached mechanlcally to a rotary feedthrough (N) by which’ osc1llatlon
'of the pendulum is initiated through the vacuum wall

- The eru01ble 1svsuspended in the hot zone Qf:arBrew tungsten mesh
furnace‘(A) of 4.4 cm diameter and 8.9 cm heighpfiALayers of tungsten
thermal shields arranged on the side, the fcp; and:the bottom reduce the
radlatlon heat loss and also prov1de uniform temperature in the hot zone..
 Temperatures up to l300°C are measured by a chromel -alumel thermocouple
1ocated‘close to the,crucible.“fAn optical pyrometere(P) which sighted
througu a right angle'prism‘(Q)‘into a hole 0.32 cmfin'diameter drilieu
througﬂ tpe bottom shield parts into the inner fufnaee region is used
to'ueasure temperafures above 900°C.. | |

The entire s&stem is encloaed in a vacuum fau#i<c)vevacuated by two

s ,

1iquid-hitregen sorption pumps (SP). The pressufe:(€3 x 1077 torr)

| maiutained by the sorption pumps is low enough that additional pumping
| is unneceesary. | | |
Since the uapor pressure of>cesium increases.sharply as the critical
~temperature'is approached whereas the strength of uungsten decreases
v rapidly with temperature, two kinds of crucibies_were employed. The
-6thin;wall">type shown in Fig; 3 was used for low'temperatpre runs.
Figure U4 shows the "preseure vessel" type cruciblee used for high
temperature, high pressure'runs. Because of the combination of lew
' moment_of-inertia and high specimen viscosity, tue'thin-wall crucible

proVideé higher precision data than the bulkier high pressure design.
. S I
' !
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The pendulum motion recording system is illuStrated in-Fig. 5.

The laser spot reflected from the polished surface on the‘pendulum
trlggers a photocell located in the vacuum chamber.; Before feedlng the
output ‘'of the photocell to the multichannel analyzer, a loglc c1rcu1t
corrects the spatlal error-due to the flnite dlmen31ons of the photocell
and laser*beam. Due to the f1n1te time (v msec)-requ1red for the laser o
8pot to pass the photocell, the width of the output from ‘the photocell

1ncrea.ses as the oscillatlon motlon slows  down. The loglc c1rcu.1t

generates '8 narrow pulse {v 1 usec -width) ‘each time the laser beam passes

the edge Of the»photocell (elther-one) which is used,as the reference position. o

The_shamed pulses are'used‘as the channel admancing pulses to the
| multlchannel'analyzer oferating in the multisCalar:mode. At the same
time, lOO'KHn timing pulses ‘are fed into the analyner The counting
starts at’ channel 1 and contlnues until a channel advan01ng pulse trans-
.fers the tlmlng pulses to: channel ‘2 and so on. Slnce each count is |
.equivalent to'lO MSec, the number of timingvpulseSZStored in a particular-
'channeliprovides'an-accurate‘measure of the time elamsed between
successive passages of the beam past the photocell. ”figure 6 shows a
typ1cal set of data obtained with this system. :
The p051t10n of the photocell is, in general- di fferent from that

of the reflected llght beam with the pendulum in equlllbrlum (i.e. not
~oscillating). The upper points, T, T3, Ts, etc. in Flg 6 represent
the time intervals for-the pendulum to move from:tne photocell to the
maximum sngular displacement farthest from the photocell and return to

the cell. The lower points, T2, T4, Tg, etc., are a similar record for

the remaining portion of the oscillation. From these time intervals,

i
=
R
o
a
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_the decayreonetent B of the pendulum motion may-Be.ealculated by the

formula _‘

The perlod T is obtained from the same data.
| EXPERIMENTAL PROCEDURE
‘The hlgh purlty (99 997) cesium metal was supplled by Le1co
"Industries, Inc. in sealed glass ampoules.

Tungsten cruc1bles and cesium were loaded in a glove box flushed
w1th dry nltrogen. The cesium was melted and poured.lnto the cruc1b1e.
'The amount -loaded was roughly controlled by measurlng the welght 1ncrease
of the cruc1ble using ‘the balance inside the glove oox. To prevent
.Qverheatrng of the cesium metal during eleetron‘beem welding, the crucible
.was held ihside a.heat sinkchnsistiné of a eopper bloek'prechilled to
liquid nitrogen temperature. {This method effeétireiy eliminated the
Vaporlzatlon of cesium durlng welding but 1ncreased the frequency of
'cracklng in the weld due to the large thermal gradlent._ After the lid
was electron-beam welded to the body, the exact weight of the cesium
‘ charge was accurately measured by an analytic balence. |

The:inuinsic damping of the oscillatingvsyetemeﬁas‘measﬁred before"
each serieskof experiﬁents while the sample was'eolid. The temperature
was then increased in a stepwise manner and damping’of fhe crucible with
the samp;e liquid was measured, Beﬁween each ”

nmeasurement at different temperatures, a braking,deVice was engaged to
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._bring‘the ‘pendulum system completely to rest befbréjan initial twist was
~given to the pendulum In each experiment 25 consecutive oscillations
were recorded and used to- determlne the mean perlod and decay constant.
After thelserles of experiments was termlnated;athev1ntr1n51c decay

| constant.uasimeasured again to reaffirm the value;measured'prior to the

'experiments;f'The temperature dependence of'the:intrinsic damping was -
determlned separately with a dummy crucible (con31st1ng of SOlld tung-
sten)vu It was found to be 1ndependent of speclmen temperature in the
experimental range. a

RESULTS
The: cesium viscosity measurements were carrled out with two thin—

‘wall cruclbles (A and B) in the temperature range from 135 to 550°C and
from 530°C to 815°C, respectlvely, and with one pressure vessel type :
cruc1ble (D) from 800 to l600°C Sllght overlap of the temperature
rangesprov1ded a check of the cons1stency of data obtained from different
v1scometers. vThe,characterlstlcs of tnese three:v;scometers are given
in Table I. - | |

Two—phase solution was employed for temperatures greater than 600°C,
at whlch temperature the reported vapor v1sc051ty 1s about 1/8 of that

'1of the liquid. The difference between values of:tne,liquid viscosity
deduced from the set of data but analyzed by the:single;phase and two-

-phase solutions of the equations of motion-depends:on the temperature

‘.and the‘relative height of the vapor phase compared to that of the.l
_liQuid; With viscometer B at 600°C, the corrected liquid viscosity 1s
.87 less than that without the correction for vapor drag For crucible D

at l600°C, the analogous figure is 30%.
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‘.Figure'7-shows the measured cesium viscosity-alcng with the results

of Achener and Boyer (10), who measured the cesium viseosity using the
' e ' P | :

oscillating cup technique up to 1060°C. The agreement between two sets

of data'isfquite good.

DISCUSSION .

Law'ef Rectﬂinear'Diameters{ The Critlcal Vlscosity of Cesium

The fact that the v150051ty ‘varies rapldly as the crltlcal tempera—

ture iSaapproached coupled with the problem of accurately loading the‘

amount of sample required to achieve the critical state makes the dlrect

' measurement of critical v1sc031ty very dlfflcult. Ceilletet and Mathias,

(11) first discovered that when approaching the'crltical temperature,
~ the mean density of.the liquid and“its saturated'vapcr'is approximately
a.linear functfon-of‘temperature._ Grosse later:pointed out that this
law of "rectilinear diametersh also applies to uisccsities (4). dfhis
procedure‘was utilized tO‘estimaté the criticalltiscosity from the
present liquld‘phase data and Bonillals (7)'vapcr‘§hase calculations.
v.Since the points for both phases extend quite'close'tc the eritical
'p01nt the accuracy of such an extrapolation is good.

-The mean v1sc051ty calculated from the data between 1200 and 1600°C
is shown in Fig. 8. In thls temperature range, the mean viscosity is a
' very good llnear function of temperature. Extrapolatlng the mean vis-
‘cosity to. 1760°C the reported critical temperature of cesium (5),
ylelds a crltlcal v1scos1ty-of 0.57 + 0.04 mllllp01se ThlS value is
smaller than the O 8 millipoise Grosse obtained by extrapolatlon of

) estlmated sodium and potassium critical v1sc031t1es (b).
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Theory of Corresponding States: V1sc031t1es of
__Sodium and Potassium '

" The high pressure limitation discussed in tﬁe:ihtroduction means
that viscosity measurements covering the entife_lléﬁld renge oflthe other
alkali metels ﬁight not be experimentallyrfeasiﬂle'fbr sdmevtime:to coﬁe.
Because ofltheir high critical pressures, lithiﬁm;sdaium and potassiuﬁ:_
are evenfmere diffieult'telcontain near the crifleélnpoiﬁt than is
eesium;:?vboﬁSeqﬁently, we estimate the criticalivlsbosities of the
ether’élkali*metals'inm-our:cesium data'by.usiﬁguthe'theory of eorfes-
pondinQVStates;' . |

Ope.ofjﬁhe conditions for the'applicabilitjﬁeflthe prlnciple of
cbrresponding stetes to a class of subetances isleﬁef the reduced inter-
atomic poﬁehﬁial ehergy be a universal fﬁnction”eflthe reduced inter—b_
atomic dietéhce (i.e. }é- = _u(E)’ where € é.nd- o ‘a..re :tl;le force constants
3 of the:poteﬁfial functiOn) The 51mllarity in the propertles of the
’alkall metals ‘should satlsfy this requirement qu1te well. The law of
correspondlng states suggests that there is a unlgue functional
dependenee of the redueedlﬁiseoslty'qn reduced ﬁeﬁperature and volume

(l2X13),:or::

1/2
* * * % T]C' N
- = —
where -
o KT |
T = reduced temperature = e
. 1
vV = reduced volume = -,
_ - : no?
n = molecular den31ty,

?ﬁ
8
o
]
3
o
{
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M = atomic weight,

. - ' .'No

Because of the d1ff1culty of determlnlng the necessary values for

‘Arogadro’s number. ' P s

o, it is convenlent to follow Pasternak's method (lh) of multlplylng n

2/3 .

by (V ) to eliminate 0:from the above equatlon.' The resulting

dimensionless quantlty is

N 1/3 2/3 T
(v)2/3 . AT

n

where'R‘isbthe gas constant. The energy. parameter E-ls determined from

Chapman s (13) emplrlcal relatlonshlp of

€’ o
ko >-2 Tm
where Tﬁ-is‘the,melting point of the liquid metal in5°K;

The universal viscosity curve for the alkalifnetals (based upon
cesium data) is shown in-Fig. 9. The reduced viscosityfof the alkali

metals at the critical point is
* y
n, =0.24

Tne sodiun‘and potassium5viscositie5'predicted frcn tﬁe universal plot
of Fig..9:are shown in_Figs. 10 and il respectivei&, along with the
experlmental results of Kalakutﬂmwa (lS) Thevagreement is satisfactory
at medium and high temperatures With the vapor v1sc031ty data provided

by Bonilla and co-workers (7), law_of’rectilinearfdiameter may be used



to determine the following critical viscosities: .

n_=0.50

H+

0.05 millipoise for sédiﬁm '
. and v>f_: ' : » =

0.46

3
L
I+

0.05 millipoise for potassium.’
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I o APPENDIX .
The:Motion-ofvan Oscillating Crucible Containing Two Phases

_Af_‘t'er"v’_che »tr"_a.nsi-vent‘ partv of the oscillation motion has decayed, the
vfluid ‘velocﬁ_ify components in the radial and vertiéa.l. directions may be
set equa.lv o zero and there is no velocity gradi‘e‘ri__t‘ in the angulear

direction. The Navier-Stokes equations cen then be simplified to (3):

L T ik, )

end
2 ‘o2 : S
1 _3va 9 wv 3 a.wv' 9 ll"v - ' .
el o+ = s + R _ (A-1b)
Vy arz T °f 522 - . -

‘Since the fluid and the crucible have the same oscillating period

i

T and deca&iconstant B, the time and spatial components of the angular.

‘ ‘, velocities may be written as:

by (r,Z,t) ‘I"‘sz,(r,Z)eOtt ,’ | (a-22)

wv (r,z,t)_ -<1>v(r,:vz)e"‘t |  3'  ‘ . (A-2b)

where o = = B + iy and y is defined as 2m/tr. From Egs. (A-1) and (A-2),

- the equations of motion reduce to:
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: %0 Y} 329
V2 x2 T az? -
- .9%0 . 9% - . .9% : ,
g =—t 4+ L L (A-3b)
v h's ) 3r2 r v r . aZZ e )

.Equatiods (A-3a) and (A-3b) are subject to the following boundary

céhditioné;k~

(1) .7§£ o, at r=a agd Z=0,

(I1)- - @ ® at r=s and Z=H, -
v 0 k R

'(II%) 2,  ¢v at z=p,

. 36, 9 |
(IvV)-_ Ny 3z =g -t Z=h,

where'éo isfthe angulér veibcity of the cruéiﬁie:g$ it passes the
eQuilibriﬁh“pbsition;rhl and n& are the dynamic Q{sgpsities‘pf the liquid
- and saturatéd vapbr, respectively,_aa is the ihSidé,diameter of the
crucible, H is the height of the crucible end h_isfthevheight of the
liquid phase. C§ndition (III) assuﬁes no slip at'ﬁhé_interface and con-
dition (V) representé the continuity of the shear1stf¢ss at fhevinterface.

v PR |
'The.solgtions of Egs. (A-3a) and (A-3b) are..
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[

) ' e = I L 2 VLS
Lo Y= I (A sinh £, 2+ B, cosh Zﬁn (hfz)]

.Jl(wnr) . a<l>o 'Jl(gzr) s (k)
r r Jl(mza) »
and
L e . oy v o ' |
,'QV = I _[A;’l sin h l'n z + Bn cos h ,Z;'(H-h-z.)v]
J1(Knr) - a<I>o | Jl(mvr)' (A_l;b)
T. r  Ji(m a)

where J; is the Bessel function of order one and



and

-Egs.

by

e'u 2 2 2
= K - m
( n) Co n ?

2

B

n

&4

J2

(k2) x,

1k

v

' é mz2 ¢ :
o o - - :
(B3)? cosh (£ 2 m)

Jg(Kna)Kn

2m % ¢
V0.

Ja(ky8) K, (f)® cosh [fY (H-b)]

2k 2 2« 2 2m,?
b n 2

LBL-2201

2m2'

FT'Y)2,.2+-V2 22 :
'(Zn) ._(ln) (f ) cosh ([ h)

n’i
w§h>-hd

+sinh
n .

2 cosh ‘([2 h)
“n' : n. 2

-8 A
v I3 “cosh Ll: (H-h) ] n

H - Z.

: do
Q[ )2 cosh Lﬂ (H-h)]

S cosn -(ffh) temn [£] (am)]

The damplng coefflcient L of the system can be determlned from

(A-ha) and (A-Lb) as a functlon of n, and n .

The equation of motion of a 51nusodally dampeg oscillation is given

Io® + o+ £ =

(a=5)
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where I moment of 1nert1a of the empty system and g I

sprlng ccnstant of the tor31on f1bre.';":”

g
To‘determlne n2 if ", -is known (or vice versa) the 1mag1nary part

of Eq. (A-‘) is to be solved by trial and error._ It is also possible to '
determlne both Ny and Ty from twc measurements w1§h different sample

charges (i.e. different values of h).
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Table I.- Characteristics of Viscometers and Cesium Loadings

Crucible Material Bt " Tungsten ', Tungsten e Tunééten
_ TorsiohiWire | - :W;3%’Re 0.018 ém diameter (Annealed) .

_-Cruciﬁle'Type L . thin wall - - thin wall _.preésurenvessel_

Crucible I.D. (cm) o 1.58 R . 1.58 : . 1.59

c£u¢ibié Inside Height (cm) - : .6.65: S B 6.04 3 "5.59

Moment of Inertia (gm-cm?) - 27h.62 275..84 . 397.33

Cesium charge (gms) | 15.593. R ~10.035 | IR 7.¢hu

Height of Liquid (em) | L.k et 500°C - 3.68 at 815°C 405 at 1605°C
- Temperature Ran_ge | , 135-550°C -~ 530-815°C . 800-1605°C

_L'[-
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FIGURE CAPTIONS |
. Fig. l.:vSectlonal dlagram of the experlmental system.- C ~’ - ' e |
Fig. 2.”.Tor51on pendulum ! |
Fig. 3.  Sectional viewvof the thinhwall’crﬁcibic;ivd ) SRR | - Bt
Fig,:h;{ éecﬁional view of the thick-#ali cruciﬁlcﬂii |

- Fig. 5. fPendulum motlon recordlng system.
Fig.:6. CA typlcal set of data shown on the screen of the multl channel o c:

- apalyzer. |
Fig. T. fLiqcid césium viscoéity

- Fig. 8. :Law of rectlllnear dlameters of ce31um metal (saturated vapor

'viscositles from ref. 7)

Fig. 9. Unlversa.l v1sc051ty-temperatu.re functlon for the alkali meta.ls.
Fig..lo Sodlum v1scoslty calculated from the theory of corresponding I%
| - rstates. o o |
Fig. 11,‘ Pctéssium viscosity calculated from thé:fﬁcory of ccfrespond_
. .iing states., | o |
|
i |
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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