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THE VISCOSITY OF CONCENTRATED SOLUTIONS OF CALCIUM IN LIQUID
AMMONIA IN THE TEMPERATURE INTERVAL OF -40°C TO -70°C

Jonathan P, Earhart

InorganicvMaterials Research Division, Lawrence Radiation Laboratory,
and Department of Chemical Engineering,
University of California, Berkeley, California

ABSTRACT |

The viscoslty of concentrated solutiﬁns of Qalcium in 1iquid ammonie,
was determined in the concentration intérval from 3.4 td_8;9 mole-percent
caleium at temperatures from -4O to'-7bdc. The modified cross-arm
viscometer used for the measurements was calibrated at each of the
temperatures at which measurements were made. A minor surface tension
correction was made using the surface tension of sodium-ammonis solutions
in the absence of such data for caleium-ammonis solutions. An analysis
of possible errors indicates that the results are accurate to +5 percent.

The viscosity of concentrated solutions at concentrations near the
two bhase region (about 40% of saturation) are nearly equal to the vis-

cosity of pure liquid ammonia at the same temperature. At -40°C a solu-

. tion with a concentration of 8.9 mole-percent calcium (83 percent of

saturation) has a viscosity more than twice that of the pure solvenﬁ.
Similar increases in viscosity with increasing concentration were found
at all temperatures between =40 and.~70°C. This is the opposite of the’
effeet in sodium- and potassium-ammonia solutions where the viscosity
decreaseé wilth increasing concentration. A possible explanation for

these results 18 offered.



I, INTRODUCTION

Metéls with high éxidation.potentiéls shbuld form solutions Iin water
because of the excellen£ lonizing properties.of this soivent. There have
been several reports of short-lived alkali metal-water solutions;lf'2
however the reaction producing hydrogen and the metal hydroxide is so rapild
that quantitative measurements in these solutions are very difficult,
Liquid ammonia also possesses the ionizing power necessary to dlssolve
these metals, but in this case the reaction forming hydrogen and the metal
amide proceeds at é slow enough raté to allow quantitative examination.

The alkali metals, alkaline earth metals, aluminum, europium, and
ytterbium are known to dissolve to varying extents in liquid ammonia. In .-
general the solutions which are formed show typically ionic properties at

low concentration and metallic properties at high concentration. Below

.a certain eritical temperature the division between these two cdncentra-'

tion ranges is accented by the separation of two immiscible liquid phases,'

in the cases of lithium, sodium, potassium, calcium, strontium, and barium.

The more dense phase is an inky, non-reflective blue color and is less

concentrated in metal while the lighter more concéentrated phase possesses
a metallic, bronze color. Schettler and Pa.tterson3 report that the
consolute temperature for sodium, lithium, and potassium are -hl.6°C,
-63.5°C, and -70.0°C, respectively. The consolute composition is about

4 mole-percent metal in these three cases. Apparently no such phase
separation occurs for rubidiums or cesium sdlutions;u Vapor pressure

>

megsurements on calclum, strontium, and barium solutions” indicate that

all three metals also show phase separation. More recent data on solubtions
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of calcium indicate that the consolute temperature is hear or above
room temperature and that the consolute éqmposition is less (1’to 2
male~percent metal) than for the alkali metal solutions. Phase separation
for europium-~ and ytterbium-ammonia solutions has not yet been reported;
however it is likely that the phase diagrams of these metals in liquid
ammonia are similar té those of the alkaline earth metals.8

As the concentration of metal is increased, eventually saturation
is reached. Vapor pressure measurements at -35°C have shown that the
- alkali metals are soluable to an extent of 15 to 22 mole-percent metal
in the following order of increasing solubility: sodium, potassium,

7 at -36°C Jolly et al.6 report a solubility

fubidium, cesium, lithium.
of 10.7 mole-percent calcium, All of these metals show little change
in solubility with temperature, indicating a small differential heaﬁ of
solution for the precipitate.dissélving into the saturated solution.

- The fbrm of the solid which precipitates as ammonia is removed from
saturated solutions differs for different metals, Krauslo applied the
phase rule to his vapor pressure measurements to show that the free metalé
precipitated from solutions of sodium, potassium, and lithium but that
the solid formed from.solutiops of calcium was approximately the hexammoni-
ate, Biltz and Hﬁttigll confirmed the existence of the calcium hexarmoniate
and found similar hexammoniates for strontium and barium, Vapor pressure
measuremegts at -75.9°C also indicate the existenée of.europiuﬁ and
ytterbium hexammoniates.lz Recent vapor pressure measurements on célcium,
strontium, and barium have led to the postulate that the ratio of ammonia

5 13

to metal may not be integral. From vapor pressure measurements Benoit

suggested that the compound Li(NH5)L existed at -38.5°C, but Kraus and
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Johnsonlh were unable to.reproduce his resulté. Later datal5’l6 at much

lovwer temperatures have shown that the compound Li(NH3)u does exist, but

' that it melts in contact with solid ammonia at 4185°C.

Kraus17

originally observed that when a direct current is passed
through dilute, blue solutions of alkall metals in ligquid ammonia, the
blue célor became more intense near the cathode and disappeared near the
anode. He also found that no new products were formed at the anode. Wheﬁ
a potassium amide solutlon was similarly eleetrolyzed, gas evolvea at the
anode aﬁd blue color appeared at the cathode. Based on thesé results,

he correctly deduced that the negative carrier of current is the solvated
electron, which also accounts for the blue color. Subsequently many
experiments have been performed and many mpdels have been introduced in

an attempt to explain the results. The current status of metal ammonia
solutions was recently reviewed in depth‘by Jolly18 and Das19 and will

not be iepeated here, However, a brief discussion of the currently accépted
models for dilute metal-ammonia solutions will bé useful in interpretiﬁg
measurements in more conceﬁtrated solutions. Following this, discussion
will be centered on the main subject of this report, the physical proper=
ties of concentrated solutions, although the great majority of research

in metal-ammonia chemistry has been concerned with dilute solutions..

Many early investigators had suggested models to explain the resultsv_

of their individual measurements, but the first attempt to devise a model

to explain most of the previous experimental measurements in dilute

metal-ammonia solutions was suggested by Becker, Lindqulst, and Alder.go

They proposed that four specles exist in equilibrium as follows:
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(1) The metal atoms are strongly associated with approximately
six ammonia molecules orlented around the atoms with the negative end
of their dipoles pointing inward. The valence electron moves around the
metal ion in an expanded s~like orbital on the protons of the ammonia
molecules., The complex, which they called a monomer, M, then_is similar
in some respects to a large hydrogen atom.

(2) 'The electron can escape from the immediate vicinity of the
monomer leaving the metal ion, M&. This species then exists in solution
exactly as a metal lon formed by the dissociation of a metal salt.

(3) When the electron escapes from the monomer it polarizes
the solvent to form an electron cavity, e .

(%) Just as with two hydrogen atoms, two monomers can associate
to form a dimer, Mé. The energy of binding of the dimer arises both
from exche 'ge energy, as with a hydrogen molecule, and from van der Waals

attraction., The equilibria between species are then represented by

M& +e s M (1)

1
and M‘—;EM,Z (2)

Arnold and Pﬁa:t:‘cersonel later conclusively showed that to account
quantitatively for both the electrical and magnetic properties, it is
necessary to postulate the existence of an additional diamagnetic species.
Catterall and Symons22 hgve included recent data on dilute europium
solutions with many of the previous data on dilute metal-ammonia solutions
in an analysis to determine which of the many models is most probable,
They conclude that in extremely dilute solutions the main species present

are the metal lon, the electron cavity, and an ion-pair resulting from
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thelr association. This latter specles is equivélent to the monomer.

As the total metai concentration is increased there 1s a spin-pairing

of electrons. This results in a negatively charged species equivalent

to an ion-pair formed from the association of a metal ion with an elec-
tron cavity containing two elections of opposite spin., This is the
additional diesmagnetic species required by-Afnold and Patterson's analysis.
As the total concentration of metal is further increased, the association
of this negatively charged species with another metal ion results in the
equivalent of the dimer proposed by Becker, Lindquist, and Alder. A.

representation of these equilibria is given by>

M o+ e” s M o« e . - (3)
M e eT 4 e s M- (e;). ' (k)
+ = = ' ‘ '

Moo (eF) + M= M e (o) M. - (5)

This model is very similar to that of Becker, Lindquist, and Alder except

+ = '
for the M (e2) species and for the detailed structure of each species.

For concentrated metal-smmonla solutions no such detailed model has been

proposed. Instead numerous models have been suggested to explain
individual measurements.
The equivalent conductance of solutions of sodium, potassium, and

25

1ithium show similar change with concentration at -33.6°C. The value
of the equivalent conductance decreases from its limiting value at in-
finite dilution, passes through a minimum at approximately O.1 mole-

percent metél, and then increases to very high values in concentrated

solutions. For sodlum-ammonia solutions, the limiting value at infinite,
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dilution is 1022 cm?/ohm-equivalent, the value at the minimum is 475
‘ _ p

2 .
cm /ohm-equlvalent, and the value for a saturated solution is 1.016x10
2 -
cm /ohm ec_:_uiva.len‘c.g5 25 The equivelent conductance of a saturated
sodium-ammonia solution is about 20 percent greater than that of a

25

potassium-ammonia solution at the same concentration. More §ébent

data show that the equivalent conductance of a concentrated calcium-ammonisa

M

solution is about half that of a concentrated sodium-~armonia sbfution

with the same number of equivalents metal per liter of solution.,:7

The temperature coefficient of conductance of sodium.--elL and.
potassium—ammonia?6 solutions shows a sharp meximum at concentrations
near 2.5 mole-percent metal. The temperature coefficients at these maxims,
are 3.6 and 4,55 %/60 for sodium— and potassium;ammonia solutions, re-
spectively. At lower concentrations the ﬁalue decreases, passes through
a broad minimum, and then increases slightly't; a value near the tempera-

i ]
ture coefficient of viscosity. This is 1in accord with the ionic nature

of dilute solutions. At higher concentrations the temperature coefflecient-

of conductance decreases continuously from the maximum to a small, posi-
tive value, The temperature coefficients of conductance of saturated
sodium- and potassium-ammonia solutions are 0.066 and 0.OLk percent

24,26

per °C, respectively, at a temperature near’-5h°C. The temperatu:e
coefficient of conductance of metals 1s negative and it appears from

fhe shape of the curve for solutions of sodium and potassium that if

the concentration could be increased slightly beyond saturation, the
temperature coefficient of conductance of these solutions would alsbv

become negative. The temperature coefficient of conductance increases

with decreasing temperature at concentrations from about 1 mole-percent

R4
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2h,26 The temperature coefficlent of conductance .

metal to saturation.
of concentrated calciumyammonia solutions at temperatures between -5560
and -70°C, much b616W'the consolute temperature, shows a somewhat different

7

changé with concentration.' 'The value at a concentration near the two
phase reglon (about hbﬁble-percent caleium) is O.hbpercent per °C. The
‘temperature coefficient of conductance decreases wlth increasing concen-
tration to 0.2 percent per °C at 5 mole-percent calcium, and then remains _>
constant at this value up to a concentraﬁion of 7 mole-percent calcium.

27

Arnold and Patterson ' have been quantitatively-successful in ex=~

v plaining the concentration dependence of conductivity of sodium-ammonis,
solutions throughout the entlre range of concentrations. .The condﬁc-
tivity of dilute éolutions was caléulated from the Onsager-Kim theory,
adjusted‘for the effective concentration of specles according to equili~‘
bria similer to Egs. (3) to (5). They postulate that at concentrations 
from near the conductance minimum up to about 2.5 méle-percent sodium,

a mechénism.where the electrons Jump from neutral metal lon-electron
cavity-palrs to the metal ions is important. Thls results in an increase
in conduectivity and accounts for the minimum in the equivalent conductance
curve, In more concentrated solutions they account for the high conduc-
tivity by assuming a scattering of conduction electrons by screened metal
ions. From the observed dependence of the temperature coefficient of
conductance on concentration they suggest that a narrow conduction band
begins to férm at gbout 2.5 mole-percent sodium but that its structure

is not complete except possibly at saturation. This model could aléo account

for the lower conductance of concentrated potassium solutions if the

scereened potassium ions are larger than for the case of sodium, The
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conductivity and temperature coeffiéient of conductance of the calcium-
ammonia solutions mighf also be explained by assuming that.the second
valence electron is not so'easily promoted to the conductancé band
because of 1ts deeper potential well,

Thé conductivity measurements provide informetion mainly concerning
thé interaction of electrons with the solvent and with the species in
solution which comtain metal nuclei. Two specific properties which
have been interpreted in terms of the nature of metallic species inicon-.
centrated solutions are the result of the reflection spectra and small
angle x-ray scattering data.

Beckman and Pitzer28 have measured the reflection spectra of sodium

armonia solutions at -40°C covering a concentration range from 0.6 to 15.3 » -

- mole-percent sodium. The‘authors report the reflectivity as é ratio, p,
of the reflectivity of the sodium-ammonia solution to the reflectivity:
of mercury at the same temperature. TFor the most concentrated solution,
p is about 0.9 for a wave length of 1lp, increases to a maximum of 1.2 at
a wavelength of 7u,'and then decreases slightly at hlgher wavelengths.
At slightly lower concentrations p is smaller and shows a sharper
decrease for higher wavelengths. The authors were able to expla%n the
data quantitatively by using a model which includes dimers, conductioﬁ
electrons and a high concentratlon of specles of the type Nan, where n
i§ greater than two. Thus in concentrated solutions there may be clusters
of monomers as well as dimers.

.2
Schmidt 2 has measured small angle x-ray scattering by concentrated

solutions of lithium, sodium, and potassium at -75°C. He found evidencé
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" of scattering centers with dimenslons of the order of 32 A for lithium,

16 A for . sodium, and 13 A for potassium. He showed that there was o

evidence of a center greater than 3 A which was independent of the type

of metal., From measurements at -h5 C on 1lithium solutions, he determined

that the concentration of these centers increases withvincreasing tempera-~
ture. He concluded that these results indicate the existence of clusters
containing at least two atons of metal,

Heats of solution of the alkali metals and ef caleium, strontium,
and barium have been measured at concentretions near 1 mole percent
metal at -35°C.* ‘The heats of solution for potassium, cesium, and rubidium
are essentially zero, while that of sodium is +1l.l4 keal/mole. ILithium
and the above alkaline earth metals evolve lange amounts of heat on
dissolving. The heat of solution of lithium is -9.65 kcal/mole, and
that of the alkaline earth metals is about -20 kcal/mele. This is in
agreement with the formation of solid hexammoniates of the alkaline
earth metals and.indicates that 1ithilum is also strongly ammoniated
even at temperatures much above where Li(NH5)4 has been observed. Re-
cently Gunn-end GreenBQ have measured the heats of solution of alkali
meﬁals ag a function of, concentration and found that for concentrations
above about 1.5 mole-percent metal there is no change in the heat of
solution with increasing concentration. One of fhe authors has
attempted to explain the results for sodlum-ammonia soluﬁions using the
equilibria of Eqs. (l) and (2) with some success for dilute solutlons.51

This theory however failed to predlct their result that the heat of

- ‘
These measurements are summarized by Jolly 18 where_the original

references are given.
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_soiutién is not a function of concentration for concentrations greater

- than 1.5 mole-percént metal. He postulated that this could be explained
by an exothermic dissociation of higher clustered species, a conclusion
which agrees with the x-ray scattering data.

The densities of alkalil metal-ammonla solutions have been measured
by many investigators (see JollylS for original references). The den-
sities of lithium, sodium, and potassium solutions are iess than that
of pure liquid ammonia at all concentrations while the density of con~

. -
centrated cesium-ammonia solutions increases with concentration. The
resulté are usually discussed in terms of the excess volume.  This
quantity is defined as the net change in total volume associated with
the dissolution of one gram atom of metal in a volume of ligquid ammonia;
The excess volume of all metal-ammonia solutions is positive, indicating
a net increase in volume., Both sodium- and pdtassium-ammonia solutions
show a broad maximum in excess volume at & concentration between 8 and
.9 mole-percent metal. The excess volume of concentrated lithium-ammonia
solutions decreases continuously with increasing concentration while that
of concentrated cesium-ammonis solutions inereases with concentration.

7

Recent density measurements' show that the excess volume of calcium-

ammonia solutions 1s somewhat higher than any of the alkall metal-ammonila
* .
solutions. The excess volume of concentrated calcium~ammonia solutlons

decreases with increasing concentration, and the rate of decrease is

*
However if one assumes that two valence electrons are released when

calcium dissolves, the excess volume per electron of calcium-ammonia
solutions is less than that of lithium-, potassium~, or sodium-ammonia
solutions at the same concentration.
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much faster than foi sodiung potassium, or 1lithium solutlons. Wﬁng
postulates that this deérease indicates that any higher order clusters
that may be formed are more stable in calcium-~-ammonia solutions than
in alkall metal-ammonia solutilons.

Maybury and Coulter52 determined the adilsbatic compressibility
of concentrated solutions of 1lithlum, sodium, and potassium iodide in
liquid ammonia as a function of concentration by measuring the velocity
of sound through thése solutions., They also determined the adiabatic
compressibility of -a nearly saturated solution of calecium. The com-
pressibility of the salt solution was found to decrease with increasing
concentraﬁion in a mamer typlcal of ionic solutions., The compressibility
of the metal-gmmonia solutions was found to increase with lnereasing
concentration. At concentrations greater than 3 mole-percent metal, the
compressibility of a sodium-ammonis solution Was slightly greater than
that of a lithium-ammonia solution at‘the same concentration. The
difference between the adiabatic compressibility of the calcium~-ammonile,
solutlon and that of pure liquid ammonia was only-aﬁout half the equivalent
difference of lithlum and sodlum at the same concentration. The authors
suggested that this increase of adiasbatic compressibility with concen-
tration was indicative of the metalliec nature of these solutions and
that the diffgrénce between the calcium- and the alkall metal-ammonia
solution was due té.the fact that calcium has two valence electrons.

33

Kikuchi”” has measured the viscosity of sodium-ammonia solutions
. over the entire range of concentrations at temperatures between +30 and
-20°C. The viscosity was found to decrease with increasing concentration

at all temperatures. The effect was most pronounced at lower temperatures.
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At the higher teﬁperatures the viscosity was almosf indépendent of
coneentration at concentraﬁions near saturation, though at a value much
below the viscosity of pure liquid ammonia at the same temperature.
O'Reilly5h has measured the viscosity of potassium;ammonia solutions up
to concentrations of abouf 8-mole percent potassium and found that these
solutions also have viscosities below that of the pure solveﬁt.

We can conelude from the above measurements that concentrated
~ solutions of alkali metals in 1liquid ammonia are metallic in natufe.
This is elearly shown by their high electrical conductivity and thelr
high reflectivity to light. The increase in adlabatic compressibility
and the decrease in viscosity with inereasing metél concentration indi-
cates that the forces ofAinteraction between species in concentrated:.v
golutions are conslderably smaller than the forces of interaction between
ammonie molecules in the pure solvent, In additioﬁ the reflection spéc-
tra, thé small angle x-ray scattering data, and the heat of solution
data have led to the suggestion that a higher order clustering of
specles takes place 1n concentrated solution than in dilute solutions.

The physical properties of concentrated solutions of alkaline
earth metais in liquid ammonia often show considerably different behaviof»
than the alkall metal-gmmonia solutlons. The alkaline earth metals form
solid compounds with ammonié unlike the alkall metals. The teﬁperature
coeffiqient of conductance, the excess volume and the adiabatic com-
pressibiiity of cbncentrated calcium-ammonia solutlons are different
from the analogous alksll metal-smmonisa solutions, From these results
we would expect that the viscosity of concentrated alkaline earth

metal-ammonia solutions would also be different from the case of alkali
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metal—émmonia solutibn,‘and ) knowledge of‘this propeity.might help
to éxplain some'of fhe previously measured physical prbperties-of
concentfated metal-ammonia solutions.

For these reasons measurements of the viscosity of.concentrated
calcium-ammonia solutlions were undertaken.. This report presents the

results of the study. The experimental procedure is described in

section II; and the results are presented and discussed in sections -

IIT and IV.

;
i
i
!
i
t
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' II, 'EXPERIMENTAL FROCEDURE

Experimental teghniQues quite dlfferent from the techniques used
with higher boiling solvents are neceésary when working with a solvent .
su@h as liquid ammonia, which boils at -33,35°C. It becomes necessary
‘to work at reduced temperatures or, alternately, to use‘épparatus capable
of withétanding the high pressures associated with such solvents at room
temperature. Sihce metal -ammonia solutions are thermodynamically |
unstable with respect to the reaction Qf the metal with the solvent,
the low temperature approach has the advantage of reducing fhe rate of
this decompositidn. Hﬂwever it is not possible to make measurements over
the full range of concentrations at temperatures beiOW'the consolute
temperature because of the coexlstence of two 1liquid phases. For caleclum-
ammonla solutlons this two phase reglon extends from about 0.05 to about
3,6 mole-percent calcium7 at -50°C. The solution of calecium in liquid ammonis
is saturated at sbout 10,4 mole-percent calcium,6 so about one third o?
the total eoncentration range is unavailable for measurements on a single
phase, Since this study is concerned with the propérties of concentrated
solutioné, this latter objection is not very important. Therefore |
measurements Wéré made in the temperature range from -40O°C to -T70°C
at 10 degree intervals., Significantly, the density data necessary to
interprét the results of viscosity measurements with a capillary visco=-
meter have been measured in this temper-ature'range.7
This chapter will be dividea into two sections. In the first

section the apparatus and procedure used to determine the viscosities

~ of concentrated solutions of calcium in liquid ammonia will be described.
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The second section will discuss the method of calibratidn‘of the

viscometer.

A. Viscogity Measurements in Concentrated Solutions

The viscosities 5f concentrated éaléiuﬁ-ammoni& solutions were
deteimined by measﬁring the tiﬁe for a fixed volume of sblution to flow
through a length of capillary tubings The viscometer-ié a mﬁdification _
of the cross-arm viscometer developed by Johnson, Tourneéu, and MattesonBS-’
and is shown in Figs, 1 and 2. The appafatus was fabricated entirely
_of Pyrex glass with high vacuum stopcoéks. |

Prior to a viscosity measurement, the apparatus ﬁas thoroughly
cleaned by the following procedure: The viscomeler was soesked in an
'aqueous solution of sodium hydroxide (2 N) for approximately four hours
to remove any stopcock grease or other organic material.. Sincé hydroxide
is known to be an excellent catalyst for the decomposiﬁion reaction,36
‘this was followed by an extended aging of the apparatus in 2 E_hydro-.
chloric acid for about ‘twenty hours. Finally the'apparatus wes thoroﬁghly”
rinsed with distilled water and dried in an oven at 120°C for at least
ten hours, .

The above cleaﬁing procedure was adopted after trylng several
techniques. A small apparatus wﬁs built of Pyrex glass in which very
_dilufe éolutions of calcium in liquid ammonia (sbout 1070 M) could be -
prepared. This apparatus was ﬁsed to study the effectiveness of fhe
cleaning procedures by visually observing the rate of discoloration of

the blue solutions and by measuring the pressure over the solution to

~ detect any hydrogen that would be formed by the reaction. Appreciable
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P Preparation Cell
M: Magnetic Stirring Bar
A: 35 ml Inlet Reservoir
B: 18 ml Receiving Bulb

_Db-b'’

XBL670-5306

C: Coiled Capillary Tubing
S: Stopcocks

ga-a'
Etched ILines

Figs 1 Modified cross-arm viscometer
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Fig. 2 Modified cross-arm viscometer
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reaction was found to occur when the apparatus was cleaned with hot,
concentrated chromic acid only. However if this procedure was followed
by soaking first in sodium hydroxide, then-in‘hydrochloric acid, the

solution could be kept for more'thén,five hours with no appreciable de-

composition., Stable solutions could also be prepared after cleaning thev

apparatus with a solution of 5 percent HF, 33 percent HNO,, 2 percent
Alconox, and 60 percent water (all by'volume)* followed by a soak in
aqua regia, but this procedure was found to lead to appreciable disso-
lution of the glassware, For these reasons the.firsf cleaning procedure
described was used throughout this study.

When the apparatus was removed from the oven, ﬁhe stopeocks were
greased with a low viscosity silicone l&;ficant (DOW'Corning, Type 55;
light consistency)»while the apparatus was still warm. This lubricant
is functional at temperatures down to -70°C and does not dissolve in
“liguid ammonia or in metal-ammonia solutions. ‘The magnetic stirring bar
and a weighed amount of metal** were placed. in the preparation cell (Fig.
1) and the apparatus was immediately attached to the vacuum line and
exhausted to a pressure less than 10-3 rm mercury. The apparatus was
then immersed in a low temperature bath held at a temperature near ~60°C
and 50 to 60 gréms of ammonig were condensed into the preparation éell.

The dissolution of calcium is slower than the dissolution of.sodium

in liquid ammonia. Therefore, up to one hour was necessary before all

the metal had dissolved, depending upon the amount of calcium present.

The use of this solution 1s described by Morgan, Schroeder and Thomp-

son.JT

Preparation of the metal and the ammonia 1s discussed below.
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It was no£ difficult to determine when all thé metal had dissolved be-
cause up to that time thé magnetic stirring bar would not rotate freely.,
When all the metal had dissolved, the bath was adjusted to the desired
temperature and the solution was stirred for one-haif hour to insure
thermal equilibrium. The stirring was then stbpped, and aﬁout ten min-
utes were allowed for any solid calcium amide present to precipitate.
The solution was then ready té be used in the viscosity determinstions.
‘Concentrated metal-ammonia solutions are not transparent and leave_

a thin mirror-like film on the glass walls as the solution level is
depressed. TFor these reasons the viscometer was designed so that liquid
levels could always be determined from a rising meniscus (Fig. 1). When
the solution in the preparation cell was ready, stopcocks Sl and S2 were
opened to bring the pressure in the entire apparatus up to thé vapor
pressure of the solution. Stopcock S3 was then opened, allowing the
solution to f£ill the inlet reservoir up to line & - a'. Stopcock 52 and
- 83 were closed and a slight pressure of dry argon started the solution
flowing through the capillary. The pressure was then equalized on either
side of the capillary by opening $2 and flow continued by gravity. The
efflux time was determined as starting when the solution passed line

b - b' flowlng inside the capillary and ending when thé receiving bulk
filled and the solution level raised in the annular space around the
capillary tip to the same line, b - b',

A series of preliminary measurementsvwere made on concentrated

calcium-ammonia solutions at -60.4°C. From these measurements it was
cqﬂcluded that the efflux times were reproducible to within *1 percent.>

Part of this scatter may have been due to drop formation at the tip'of

i
!
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the capillary. To eliminate this problem and to reduce any associated
surface tensionreffects at the capillary tip,va solid glass rod was
built into the receliving bulk., This caused the liquid to flow smoothly
out of the capillary and down th¢ suiface of the solid rod. All of the
data reported below were obtéined with the viscometer so modified.

The‘ammpnia used was anhydrous grade ammonia supplied by the
Matheson Company, Inc. in a cylinder of five pound capaéity. The
prineipal impurity present in the ammopia was water (approximately 50
ppm, by weight)s The ammonia from this cylinder was condensed intobaf
smaller, stainless stgel cylindér equipped with a Hoke needle valve
and having a capacity of approximately 140 grams of liquid ammonia. Thei'
 strainless steel cylinder contained about five grams of sodium to remove
the moisture from the ammonia, Before an experiment was begun, about v |
. five grams of ammonia were bled from the cylindér in order to remove
thevhydrbgen formed by the reaction of sodium with the mbisture. The
cylinder was then weighed and attached to the vacuum line. The rate of
condensation was controlled by the needle valve. After a sufficient
quantity of ammonia had been condensed into the preparation cell, the
cylinder was removed from the vacuum line and reweighed., The amount of
ammonia used was détermined from the difference in the two weighings,
meking an allowance for the ammonia vapor remaining in the vacuum line,
The accuracy in this determination was 15 mg.

The metailicvcalcium was upplied.by Bram Metallurgical-Chemical
Company in the form of bars having dimensions 1/t in. x 1/4 in, x 3 in.
which were stored under oil. A thick oxide coating on the bars was removed

by filing in air. The bars were washed free of oil using dry hexane,
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and thils sol&ent'wés removed from the bars by evacuaﬁing'in the ante-
chamber of a glove box. The glove béx was équipped with an antechamber,
two glove ports and a vacuum pump capable of evacuating the antechamber
and the working chamber to a pressure of less than lO_5 mm mercury. The
working chamber was maintained at one atmosphere wifh dry oxygen-free
argon. The argon which contained less than 2 ppm oxygen and which had.
a dew-point of -100°F (2 ppm) was passed successively through a tube
of anhydrous magnesium perchlorate and a column of activated copper BTS
catalyst (BASF Colors and Chemicals, Inc.) to remove these traces of
water and oxygen, respectively. The atmosphere in the working chamber
was renewed about once a week., After flushing the antec@amber twice
with fresh argon, the antechamber was filled with argon ;nd the calcium
was transferredvinto the working chamber, The surface of the calcium
bars was carefully removed with a sharp knife until no traces of Qxide
couid be seen on the surface.. Enough calclum to perform three experiments
was cleaned and placed in three small weighing bottles. These small
welghing bottles were then placed in three larger weighing bottles, and
only the outer weighling bottles were greased. Theée sealed containers
were then removed from the glove box through the antechamber. One such
sample of caleium stored for six months in a normal atmosphere was still
apparently free from oxide, although the sampleé were usually used within
a week.

When a sample was to be used, the inner weighing bottle was removed
and weighed. The sample was quickly placed in the preparation cell, and

the cell was immediately evacuated. The empty weighing bottle was then
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reweighed, and the amount of calcium used was determined from the differ-
ence in weights; A slight correction was made Begaﬁse the welghing
‘bottle contained argon durlng the first»weighing and alr during the
second welghing. The accuracy of this determination was *0.2 mg.

As described>in the following section, the viscosity of a solutlon
of.sodium in liquid ammonis was measured in order to check the calibration
procedure. The preparation of the metallic sodium sample was considerably
different from the preparation of calecium. Reagent grade sodium con-
taining 99.994 weight percent sodium was used for this determinatiqn.
Since the sodium.was stored under its oxide coating, no inert organie
liquid came in contact with the metal. Most of the oxide wasvcut from
the surface of a single lump of metal weighing abouﬁ 50 grams. This
piece of sodium was transferred through and antechamber into the glove
box. The surface was removed as with the caleium and the metal was
placed in a glass container equipped with a stopecock and a long piece
of 7 mm glass tubing<sealed at the upper end. The container was removed
from the glove box and was attached to the vacuuﬁ line through the
stopcock and evacuated. The sodium was melted by Heating the container
until a pool of liquid metal was formed around the tip of the glass
tubing. Dry argon was then used to force the metal up into the tubing

where it was allowed to solidify., The apparatus was then returned to

the glove box where the glass tubing was broken into 4 in. pieces. These

lengths of sodium-filled tubing were then placed in preparation cell of
the viscometer, and a stopcock was attached to the ball joint at the
top of the preparation cell, The process was performed in the working

chamber so that only the sodium at the ends of the glass tubing came in
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eoﬁtact with the argon atmesphere. The viscometer with stopcocks greased
and in place was weighed before.and.after the sodium.was placed in the
preparation cell.‘vFollowing the viscosity measurement, which proceeded
exactly as with the calcium-ammonia solittions, the empty glass tubing

was cleaned and weighed to determine the weight of metallic sodium.

The insulated cooling bath was mounted on a heavy-duty jack adJacent
to the vacuum line so that it could be'.raised, to immersevthe viscometer.
Cold methanol was circulated between the cold bath and an Ultra Kryostat

.
(Lande Company, Model UK-6OD).. The temperature of the methanol leaving
the kryostat was adjusted to a value about one degree below the desired.
temperature. The temperature of the cooling medium was controlled by a
- resistance heater coﬁnected to a proportional temperature conteoller
(Melabs_Scientific Instruments, Model CTC-1A) and measured by a calibrated
platinum resistance thermometer. The temperature was also checked by -
measuring the vapor pressure of pure liquid ammonia using the vapor
‘pressure data of Cragoe, Meyers, and Taylor.38 These two measurements

"differed by less than 0.1°C. The pegk-to-peak fluctuation in temperatufe

was ‘also less than 0.1°C.

B. Calibration of the Viscometer

The determinetion of the viscosity of a liquid usihg a capillary
viscometer requires either an exact knowledge of the dimensions of the
viscometer or a calibration using liqulds of known viscosity. As discussed
in Appendix A, the reletion between the kinematic viscosity, v,iand the
time, t, required for a fixed volume of liquid to flow through a

capillary can be expressed by

v = At - B/t . (6)
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A aﬁd B are-éoﬁstants'depending on the dlmensions vathe viscometer and
| on two coefficients whiech do not vary with efflux tiﬁe for a Reynolds
number between lOvand 600. The Reynolds number waé wlthin these limits
‘ih all cases for the viscosity measurements described in this sfudy.
Theoretically, 1f the efflux times of two liquids of known kinematic |
viscbsity are measured, the constants A and B can be determined from
Eq. (6). However if the kinematle viscosity of one oxr both the calibra-
tion liquids is not the same as that given in the literature (because |
of differences in purity), the procedure cah lead to erroneous values
of the constants A and B, The efflux fimes then might be perfectly
reproduéible, but the value of the viscosity calculated from the effluxA
times using Eq. (6) would be in error.
Anbther»practice often used is to determine the values of constants
A and B at one temperature and then assume that their values do not_changé
with temberature; From the dependénce of the constants on the dimensions -
of the viscometer (See Appendix A) and from the thermal expansion coeffi-
cient of glass, this would seem to be a reaébnable assumption. A 100°
change in temperature éan be calculated to produce a change in the
viscometer constants of less than 0,01 percent. However MEranda,59
.among others, reports that 1t 1s more accurate to calibrate a capillary
viscometer at each temperature at which it is to be used. If this stafe-
ment is correct, either or both the viscometer constants mﬁst change
significantly with temperature. Sklyarenko et_al.ho used a viscometer
in vhich the second term in Eq. (6) (-B/t).was less than 0.1 percent
of the first term to show that the constant A does not change with

temperature. However if the constant B does vary with temperature, these
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authors wpuld not have been able to detecﬁ Such a change,

Equatien.(6)_was'derived for a,viscometer.with a stralght capillary:
In this study i£ was neceSSary to eoil the capillary tubing to obtain a
sufficient length of tubing whille maintainihg the overall dimensions Qf’
the viscometer such that it would fit into a reasonably sized constant
-temperature bath., The long capillaiy Wes necessary fo obtain efflux
times long enough ‘that they could be measured accurately.’ In order to
determine whether Eq. (6) can be used for a viscometer with a coiled
capillary and whether the constants change'ﬁith tempenature, the
Ubbelohde viscometer showﬁ in Figs. 3 and L wae.carefully calibrated
at 25°C and at temperatures between -4O and -T0°C, The efflux times
of the fellowing six liquids were measured with an accuracy of better
than 0.1 percent at 25°C (references refer to the source of kinematic :
viscosity data): ethyl bromide,hl carbon 'l:e’c:rachloride,ul benzene,
methanol,br3 water,uh,end acetic acid.u5 ACS reagent grade liquids were.
used without further purification. The differences between the viscosi-
ties of the calibration liquids reported In the literature and those
calculated from Eq. (6) with A = 3.771&)(10"5 cs/sec and B = 6,84 cs/sec
averaged 0.l percent.* Equation (6) can therefore be used for a visco-
meter with a coiled capillary.

The efflux times were then.measured at the IOW'femperatures for
liquid ammonia,uo liquid propane,h6 and ace’v:,or‘le.LFrr Iiquid ammonia ﬁas
prepared in the manner discussed in section II-A. Research grade probene

was further purified by low temperature, vacuum distillation. Reagent

See Appendix B for a more thorough discusslon of these results.
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grade acetdne'ﬂas distilled at -k0°C over molecular skefes to remove
traces of moisture, ' The results indicate that the éonstant A is not a
functibn of temperature butrthat B decreases nearly linearly with
tempernture, The dlfferences beltween the viscbsities of the calibration
liquids reported a.nd those calculated from Eq. (6) with A = 5‘,771L><1o'5
cs/sec and B = 6.8M;5 04336 (éﬁ—T), whére T is the temperature in °C,
averaged 0.8 percent (Appendix B). This difference is larger than at
256C probabiy'because of the lower accuracy of low temperature viscosity
datas

When the efflux times were measured usihg the modified cross-arm
viscometer for the same liquids at 25°C, it was found that Eq. (6) could
not predict the viscosity data from the literature with such high
accuracy. Thls was thought to be due to a surface tension effect either
at the\capillary exit or in the inlet reservoir. The situation was not
compietely'corrected either by changing the dimensions of the.inlet
reservoir or by adding the solid glass rod in the receiving bulb to
eliminate drop formation at the capillary tip. It was therefore
necessary to account for the effect of surface tension by adjusting
Eq. (6).

Johnson, Tourneauw, and Matteson

35

have shown that surface fension'
effects can be accounted for by letting A = Ao-a(c/p), where A and a
are constants and o/p is the ratio of surface tension to density of the
test liquid. With this modification, the differences between the
viscosities calculated with Eq. (6), using A, = 2.57hx10'5'cs/sec and

5

-6 :
a = 5.49x10 cs—sec/cm s and the viscosities reported in the literature
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for the,six liﬁuids_at 25°C éveraged:O.E percent with a maximum deviation
of O.4 percent (Appendix B). These differences are slightly larger
than for the Ubbelohde Viscomefer because the efflﬁx times were not
as reproducible, |

Tt would be necessary to ﬁeasuré the efflux timesqur at least
three liquids having accurately known kinematic viscosities at low
temperatureé £o determine a péssible temperature dependence of .all
three constants., It was not possible tovusé liquld propane in the modi-
fied cross;arm viscometer because this liquid dissolved the stopcock
grease in the one stopcotk which was below the liquid level. ‘This did
not present é problem when using the Ubbelohde viscometer because no
stopeocks were below the ‘liquid level, nor did it present a problem when
calibrating at 256C:because the measurements were made at atmospherie
pressure and the stopcock could be used without grease; The efflux |
times were measured successfully for liquid ammonia and acetone at -hO,
-50, -60, and -T0°Ca By assuming that Aé and a do not change with
temperature, the efflux times measured for liquid ammonisa were used to
calculate the values of B at each temperature. B was again found to
decrease nearly linearly with decreasing temperature. Using the values
of AO and a deﬁermined at 25°C and the values of B determined from the
results for liquid ammonia, the viscosity of acetone was calculated from
1ts measured efflux time. The differencé between these results and the -
viscosity reported in fhe literature for each temperature a&eraged 1.5
‘percent (Appendix B). The final equation relating the efflux time, the

surface tension and the density to the kinematic viscosity is
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v = (o - a(o/e))t - B/t | (7)
where ' Aé = 2.57&X10fj cs/sec,
a = 5.h9x10-6 cs-sec/cms, and |
B = 10.74, 9.46, 8.41, and 6.29 at -k0, -50, -60, and

*
~70°C, respectively.

'As a final check on thé validity of the célibration, the efflux
time waS'measured for a concentrated sodium-ammonis solution at -L0°C.
The concentration was 12.14 mole-percent sodium for which the data_pf
Kikuchi33 predict a kinematic viscosity of 0.2589 es and the‘data of
Sienkou8 predict avsurface tension of 47.1 dynés/cm. Using the measured
efflux time and Eq. (7),Athe kinematic viscosity was calculated to be ”
0.2551 cs. The difference is only l.l4 percent, so we cénclude that
thé calibration procedure is correct. The expectéd erroi in the kine-
matic viscosity of a liquid with accurately known surface tension and
density calculated from a measured efflux timevat,lOW'temperatureé using

Eq. (7) should be no larger than 2 percent.

See Appendix B for a sample calculation demonstrating the use of this
equation. '
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III. RESULTS AND DISCUSSION OF ERRORS

The.efflux times have been measured fof concentrated-calcium—
ammonis éolutidns as a functioﬁ of concentration at temperatures from
Qho-to -70°C'at ten degree intervals. Measﬁ?ementé have been made at
concentrations from very near the two phase region up to abou§.9 mole-~
percent calciuvm, In ordér to calculate the_viscosity from'the efflux
~time using Eq. (7) (Sec. 'II-B), it is necessary to know the density and
surface tension. as a function of concentration and tempefature. The

7. This

densities used are from a smooth curve through the data of Wong.
data is believed to be accurate to O:l percent."The surface tension of
calcium-ammonia solutions has not been measured; however the surface
tensions of sodium-, lithium-, and potassium-ammonia solutions were
reported by Sienko.h8 These data are reported as a percent increase

in surface tension over that of the pure solvent, and they show only
slighﬁ differences for the different metals. The surface tension of
pure liquid ammonia has been measured by Stairs and Sienko,h9 so the
surface tension of these solutions can be calculated. In the absence
of surface tension data for concentrated calcium-ammoniea sdlutions, the
values of the surface tension of sodium-ammonia solﬁtions were used aé an
approximation. As discussed below, this approximation is not eXpected
to result.in a large error in the reported viscosities. The results of
tﬁis study are presented'}n Table I and are plottedvin Fig. 5+ The
viscosities»of pure liquid ammonia are also included for comparison'with

the results for calcium-ammonia solutions. The dashed lines in Fig. 5

represent the range of concentrations where two liguid phases coexist.
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Table I. Viscosities of concentrated calcium-ammonia solutions.

' *
Surface Tension

148.1

Temp Concentration Efflux Time Density Viscosity
S (°c) (mole %) (sec) (gm/cc)  (dyne/em) (cp)
-ho 0 198.8 0.6909 35.6 0.277
1) 3.439 226.9 0.6623 36.0 0.311
-Lo T 5,283 238.1 0.6519 36,8 0.322
- =bo 7.335 320.8 0.6472 39.6 0.443
C-ho 8263 413.8 0.6457 . k1.1 0.577
~Lo 8.888 559.3 " 0.6450 w1 0.787
-50 0 221.1 0.7029 3749 0.32k
=50 3.755 2l L 0.6690 384 o.jho
-50 5.548 258.6 0.6593 39.4 0.359
-50 T.hhL - 358.1 0.6537 . ho k4 0.502
-60 0 254 ,2 0. 7147 40.3 0.387
-60 4,005 269.8 0.6745 - k40,9 0.387
-60 5.739 288.7 0.6640 ho.2 0.407
-60 7.102 354.9 0.660k kh .5 0.501
-60 7.5Th Lo6.7 0.6595 45,3 0.576
-70 0 296.,1 0.7259 N 0.469
-70 k,197 298.2 0.6802 hz .1 0.437
-70 5.71h 325.3 0.6700 bl 4 0.469
-70 7.008 388.0 0.6661 Le .7 0.555
~70 7.801 hos,.2 0.6647 0.708

Surface tension of a Na-NH

3

solution of same concentration (see text).
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Fig. 5 Viscosity of calcium-ammonia solutions.
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 As'is discussed in Seé. II-B, the error in»the,fesuits due to the
calibratioﬁ of thé viscometer is belileved to be lesé fhan 2 percent.
This value includes the inaccuracy in the measurement of the efflux time,
which was estimated to be about 1 percent. The errors introduced by

T

inaccuracies in the density daté of Wong' will only introduce an error

of approximately 0.1 percent. From inaccuracies 1in the weights .of
calcium and ammonia, the concentratioﬁ 1s estimated to be accurate to
better than 0,1l percent. From the temperature dependence of the viscosity
(approximately 2.4 percent per °C) an error in temperature of *0.1°C
would introduce an error in the viscosity of 0.2 pércent. The only other
known source of error is that intfoduced by using thé sufface tension of
sodium-ammonig sblutions instead of calcium-ammonis solutidns. An esti-
mate of this error can be deduced from the following calculation:

For a concentration of 7.335 mole-percent sodium, the surface tensiqn
increment is 11.3 percent’l+8 This leads to a surface tension of 59.6
dynes/cm. Using the measured efflux time, 320.8 sec, for a caléium-ammonia
solution of the same concentration, the viscosity is calculated from Eg.
{7) to 5e 0.4lt3 cp. If the surface tension increment of the calclum-
ammonia solution Wére 25 percent, the calculated viscosity would be
0.43h cp.' This amounts to‘a 2 percent difference in viscosity. There is
no reason to believe that the surface tension increment of a calcium—ammonia 
solution would be this much different from that of an alkali metal-ammonia
solution. We conclude that an upper limit on the error of the data reported
here is #5 percent. Sufficient data are included to allowirecalculation of

the viscosities if the surface tension of calcium-ammonia solutions is

measured.,.
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_ Iv. CONCLUSIONS

The results shown in Fig. 5 clearly show thatvthe viscosity of con-
¢entrated calcium-émmonia solutions increases with increasing concentration
of metal at all temperatures between -40 and -70°C. The viscosity of a con-
cehtrated solution is less than that of pure liguid ammonia only at -70°C
and at concentrations near the two-phase region. At the higher temperatures,
- the viscosity of concentrated solutions is equal to or greater than the vis-
cosity of the pure solvenf at all concentrations. The viscosity of concen-

trated solutions of sodium in 1liquid ammonia 1s less than that of pure -

33

liquid ammonia at all concentrations. The viscosities of concentrated

solutions of sodium and calcium at -40°C are compared in Fig. 6. Tt has
been found that the ratio of the mole fraction of solute to the mole frac-
tion of solute at saturation at the same temperature is a useful measure

of concentration when comparing the viscosity data of concentrated solutions

of electrolytes.5o This same measure of concentration is used in Fig. 6 to

*
compare the viscosities of sodium- and calcium-ammonia solutions. The
solubility of sodium in liquid ammonie at -40°C is 15.6 mole-percent sodium

and that of calcium is 10.6 mole-percent calcium.

* 35

Kikuchi's viscosity measurements actually only covered the temperature
range from +50 to —50°C at 10 degree intervals. However it was found
that at constant values of the mole fraction of sodlium divided by the
mole fraction of sodium at saturation (at the same temperature), at plot
of In p vs the reciprocal of the absolute temperature resulted in a
straight line. It is surprising that this emperical result which is
followed by concentrated solutions of electrolytes is also followed by
concentrated sodium~-ammonia solutions. For this reason the extrapolation
to -40°C is probably accurate. The close proximity of the two-phase
region (consolute point at -41.6°C) was assumed to have no effect on the
viscosity of these sodium-ammonia solutions.

51
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Fig. 6  Viscosity of metal-ammonia solutions.



- The difference between‘the'concentration dependeﬁce of viscosity of
concentrated éodium; and calcium-ammonia solutions is striking. Clearly
the forces of interaction between species in'solution.are much different
in these two solutions. It is possible that the difference is caused by
8 greater stability of clusters in concentratéd calcium—ammonia. This
effect also leads to the formation of the solid hexammoniate in caleium-
ammonia solutions, while the free metal is in equilibrium with saturated
sodium-ammonia solutions. It is difficult to imagine that the rapld in-
crease of viscosity fér ca lcium-ammonia, solutiqns is caused only by the
greater volume of clusters in solution. Such a rapid increase of vis-
cosity is reasonable, however, if there is a high degree of order in the
solution even at concentrétions much below saturation. Thus one may pro-
pose that in solutions of calcium in liquid ammonie at a concentration
near the two-phase region, some degree of order i1s established, and as
concentration increases, the ammonlated metallic species becomes more
ordefed. In the saturated solution the metallic specles are very close
to fitting into the crystal structure of solid calcium hexammoniate.

This would account for the very rapid increase in viscosity at concentra-

tions approaching saturation.
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APPENDIX A

Capillary Viscometers

The precisé measurement of the coefficient of viscosity of fluids
poseé an experimental problem which has plagued résearchers for many
years.v However techniques have been developed which allow this property
to be determined for a range of flulds from gases to extremely viscous
oils and asphalts. The configuration of the experimental apparatus for
measurement of.the.coefficient of viscosity has assumed many shapes,
depending mainly upon the viscosity of the fluid to be tested and the
required accuracy of the result. The most éommon types of apparatus can
be classified into three categories: 1) capillary tube viscometers based »
on Poiseuille's law for flow of a fluid through a cylindrical tubé) é)
falling-body viscometers based on Stoke's law for the motion of a solid
body falling through a fluid, and 3) rotational and oscillational vis-
cometérs having less well known hydrodynamic bases. For Newtonian liquids
having'a coefficient of wiscosity in the range from 0.2 to 2.0 centipoilse,
the most widely used, most accurate, and most easily used type is the
capillary tube viscometer. |

All capillary viscometers are based on Poiseuille's law relating the
volumetric flow rate, the radius of the tube, and the pressure drob per
unit length of the tube to the coefficient of viscosity under conditions
of laminar flow. In addition two major corrections must be made tolaccount
for effects at the entrance of the capillery where the test liquid musf
converge from the inlet reservoir into the capillary and possibly for
effects at the end of the capillary where the stream diverges into the

outlet reservoir.
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The firét‘and‘more imporfant corréction_is the so-called "kinetic
enérgy correction,”" The liquid entefing the capillary must be aééelerated
at the expense of the measured pressure drop. The kinetic energy at the
caplllary exit is assumed to be dissipated as heat in the outlet reservoir,
By makiﬁg the assumption that the velocity in the inlet reservoir is zero,
the correct fbrm of this correction was derived by Wilberforce.52 Since
this assumption is never actually satisfied, the correction term is
multiplied by a coefficient, m, known as the "kinetic’energy coefficient,™
which is determined experimentally. o

The second correction to the Poiseuille equation accounts for the
viscous resistance encountefed when the'liquid étrgam converges from the
inlet reservoir into the capillary tubing. Brillouin has shown that one
can compensaté for this effect by adding to the capillary length an amount

2 The constant of proportionality

proportional to the capiliary radius.
is known as the Couette constant, n.
When the Poiseuille equation is modified by the above corrections,

the following relation results:

L
. m.r (AP _ mp Q : .
b= (L + or) -~ 8n(l + or) : (A-1)
 where
r = capillary radius
AP = pressure drop from the inlet reservoir to the capillary exit
Q = volumetric flow rate

1 = length offcapillary tubing
p = fluid density

u = coefficient of viscbsity.
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The coefficient of viscosity of a liQuid can then be defermined if the
vaiues of my, n, and the other more easily_measured gquantities on the
right are known.

The exact values.of the two correction coefficlents are still sub-
ject to some question. Many of the ingenious experiments which have been

23

performed to determine the exact values have been reviewed by Barr.

54

Dorsey” Thas treated the prbblem extensively and conqludes that for
capillaries with square-cﬁt ends, m = O and n = L.14 up to a Reynolds
number of 10; ét higher Réynolds numbers m = 1.0 and n = 0.57. Barr
agrees with Dorsey‘s‘conclusion concerning the-valﬁe‘of n, but concluded
that a value of m = 1.12 should be used for a Reynolds number greater
than 10. Other workers have reported values of m ranging.from 0.56 to
1.46 and of n from 0.0 to 1.7; these discrepancies may result in part.
from differences in the shape of the capillary ends.

Although the values of m and n are not precisely known, thelr effect
on the measﬁred coefficient of viscosity can be minimized by appropriate
design of the viscometer. By making the ratio l/r very large, the effect
of n 1s minimized, If at the same time the flow rate is very small, the
kinetic energy term can be reduced to about one-thousandth of thevfirst

"~ term. Using these specifications, the absolute viscosity of water at
20°C has been determined to be 1.0020 centipoise, a value which is now
taken as the'pfimary standardbfor viscosity determinations.

Since the most difficult variable to measure in pressure-driven
viscometers is the pressure drop itself, grévity—driven capillary tube
viscémeters are noﬁ‘in general use. In these iﬁstruments a column of
| the test liquid is used to provide the pressure-driving-force. In this

case AP is replaced by the quantity pgh. Also the'average flow rate is
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determined by measuring the time, t, for the test liquid to flow into or

out of & known fixed volume, V. Therefore, Eq. (A-1) becomes

L
. mr pght mpV .
b= SV(l + nr) 8 mt(l +nr) (a-2)

vwhere
453

h = log-mean average head of liqui

g = gravity constant.

As long as thebReynolds number is gﬁeater than 10, but less than about

600, so that there is little or no turbulence, Eq. (A—2) may be rewritten
n/o = At - B/t (A-3)

where A and B are constgﬁts depending on m, n, and fHe'diménsions of
the apparatus. This equation is ideal for relative viscosity‘measure—‘
ments. From this equation it is apparent that if the efflux times for
two liquids of known, but different, kinematic viscosities (=1/p) are

measured, the constants A and B can be determined.
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APPENDIX B

Details of Calibration

A most important part of any relative viscosity determination is
the careful calibration of the viscometer to be used. As discussed in
Appendix A, the relation between the kinematic viscosity, v, and the

efflux time, t, for a capillary viscometer is v

v = At - B/£ | (B-1)

Since A andIB are conétants (within the limitations dliscussed in Appendix
. A), a calibration consists of determining théir valﬁes for a particular‘
viscometer. In this appendix the results‘of 8 thorough calibration of
two capillary viscometers is described. In each case thé viscometer was
first calibrated at 25°C; and then any temperature dependence of the
"constants" A and B was determined by measurements at temperatureé
between -4O and -70°C.

‘Using an Ubbelohde viscometer, the efflux times were measured for -
six liquids, In each case at least three determinations of the efflux
times were made. The times were reproducible to 0.l second. From the
efflux times the constants A and B were determined as follows:

Since water has been chosen as a primaryvstandard, one of the
constants was determined by requiring Eq. (B-1) to predict the kinematic
viscosity of water exactly. The other constant was then chosen so as to
vminim;ze the sum of the percent differences between the values of the
kinematic viscosify calculated by Eq. (B-1) and those from the literature
for the other five liéuids. This was accqmplished by trial and error.

At 25°C the best (in the above sense) values éf the_constants are

A= 3,77k x LLO"3 es/sec and B = 6.84 cs-sec. - In Table B-1 the calculated
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Table B-I, Calibration of Ubbelohde viscometer at 25°C.

 Liquid Efflux Time  v,. Vit % Diff. Ref.
(sec) (es)  (cs)
Ethyl bromide 89.h  0.2609 0.261L  +0.08 b1
Carbon Tetrachloride 162.0 0.5692 0.5692  0.00 41
Benzene 191.6 0.687h 0.6878  +0.06 4o
Methanol N 192.9 0.6925 0.6923  -0.0% Y3
Water C2Wk2 0.89%6 0.8936 O Iy
Acetic Acid _ 295.4 - 1,0917 1.0888 ~-0.27 b5

and literature values of the kinematic viscosity are shown. The percent

difference is equal to (v In the final column the

Lo - Year)/Vrrre
literature reference from which VLiT was taken is given.

Only for acetic acié is the difference greater than would be ex-
peéted from the error in the measured efflux time. In the present study,
.reagent grade acetic acid was used without further purification Whiie the
literature value was determined for liquid which was further pu;m’.f:'.ed.u5
Therefore the difference is probably due to the presence of some water in
the acetic acid used here. For this reason, when calibrating the modified
cross-arm viscometer, the value of the kinematic viscosity of acetic acid

called VI is ggtually the value determined with the Ubbelohde viscometer,

The gext step in the calibration proceaure was to determine any tem-
perature dependence of the values of constants A and B. The efflux times
were measured for liquid ammonia, liquid prbpéne, and acétone at the

temperatures of -40, -50, -60, and -70°C. If Eq. (B-1) is multiplied

through by t, there results
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vt = AtS - B.. | - (B-2)
FromAthiS‘equation it is apparent that a plot of ft vs.t2 should be a
straight line having a slope of A and an intercept of -B. When the data
for measurements at any one low temperature were piotted in this manner,
allvthe points were found to lie above the line determined by the cali-
bration at 25°C. They could be best represénted by a straight line
'haviné a slope thé same as the line determined at 25°C, but having a
different intercept (different value of B). When the values of B thus
determined at eagh.temperature were plotted against température, they
fell approximately on & straight line representéd by B = 6.84 - 0.0336

(25-T) where T is the temperature in “C. Thus

(6.84 - 0.0336 (25-T) )
%

Vear, = (3.77F  107)t - (B-3)

The results are compared in Table B-IIL., The values of VLIT are from
References 140, 46, and 47 for ammonia, propane, andvaéetone, respectively.
The average deviation is Of8 percent, larger than at 25°C, probably
because of the lower acéuracy of low temperature viscosity data. The

main conclusion from these results is that B decreases nearly linearly
with decreasing temperature. The measured viscosity of acetone is
consistenfly lower than the wvalue frém the literature. This could be

due to tfaces of water in the acetone used by the previous investigator;%7
In this sfudy, reseafch grade acetone was dried by low temperature,
vecuum distillation over molecular sieves, a method which has been shown

55

to give very dry acetonea
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Table B-II. Calibration of Ubbelohde viscometer at low temperatures.

Temp. Ammon:'ua}LO 'Propaneh6 Ace‘co.nel}7
(°c) -

VOAL ViTp VeAL Virr VoA, VLIT
Ty 0.403 0.405 0,341 0.3%6 0.759 0.778
-50 0.461  0.h460 0.372 - 0.371  0.888 0.905
-60 . 0.54L 0.54k 0,406 o.ko7  1.057 1.07h
=70 0,653 0.648  o.kho . . 0.455  1.297 1.303

The modified cross-arm viscometer was calibrated in much the same
manner as was used for the Ubbelohde viscometer. However a plot of vt
vs ﬁe at 25°C showed considerable scatter from any straight line drawn
through the data. This was thought to be due to a surface tension effect.
Johnson, Tourneau, And Matteson55 have shown that surface tension effects
can be corrected for by letting A = Ao - 8 (g/p), where AO and & are
constants and o/p is the ratio of surface tension to density of the test

liquid. Therefore Eq. (B-1) becomes

(A, - a(o/p) )t - B/t ! (B-1)

<
|

[

The values of the three constants in Eq. (B-l) were determined at 25°C
as follows:
The equation was required to predict the literature value of the

kinematic viscosity of water exactly. This gives the following equation:

(Vt)HQO - a‘(O‘t /p)HQO - ‘B“ | (B'5)

If Eqs. (B-4) andv(3-5) are combined to eliminate the constant B, the
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resulting equation can be rearranged to give

vt - <Vt)H20 | ) | (O'tg/p)A - (O‘bg/p)HéO
R = A, - 2 &2 o (8-6)
-0 ©H0

Therefore a piot of -

v Oy () - (o)
R

should Be & straight line. Thié was found.to be the éase, giving:
A = 2,574 x 10_3, a = 5.49 x 10-6, and B = 6,47, The kinemétic vis-
cosities calculated using Eq. (B-4) and these values of the constants
are compared to the literature values of the kinématic viscosity in

Table B-III., The average percent difference 1s 0.2 percent.

Table B-IIT. Calibration of modified cross-arm viscometer at 259C.

Liquid Efflux Time (c/p)* VoL Ve %.DIFF
_(sec) (cmB/secg) (cs) (cs) '
Ethyl Bromide 126.1 16.2  0.2621 0.2611  -0.38
Carbon Tetrachloride  239.9 16.5  0.5687  0.5692  +40.09
Benzene 295.0 32.3 0.6852 - 0.6878 +0.38
Methanol 295.8 28.1 0.6939 0.6923  -0.23
Water : 4174 72.2  0.8936 0.8936 0

Acetic Aeid bss5.0 26,2  1.0910  0.0917 +0.06

Surface tensions from Reference 56.
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It was not possible to check the temperature dependence of all three
constants in Eq. (B-U4) for the modified cross-arm viscometer because the
efflux time for liquid propane could not be measured. This solvent was ,
found to readily dissolve the stopcock greaée from the one stopcock below
the‘liquid level in the modified cross-arm viscometer. Instead it was
assumed that the constant A was not a function of temperature, as was -
found for the Ubbelohde viscometer. Based on this assumption, Eq. (B-4)
was used to calculate thé value of B at each temperature using the meas-
ured efflux times for liquid ammonia and the viscosity data of Sklyarenko
et al,ho B was again found to decrease nearly lineérly with decreasing
temperature. The final equation used for all subsequent viscosity deter-

minations using the modified cross-arm viscometer at low femperatures is

= (a, - alo/e) )t - B/t (3-7)

where
A, = 2.57Thk x 107 cs/sec,
o = 5.49 x 100 cs_sec/em’, and
B .= 10.74, 9.46, 8.41, and 6.29 at -40, -50, -60, and

-70°C, respectively.

The efflux times were measured for acetone at each of the low tem-
peratures. Using Eq. (B-7), the kinematic viscosity was calculated, and
the results were compared with the kinematic viscosity data of Mitsukuri .

L7

{
and Tonomura. On the average these two values differed by 1.L percent.
As was found with the Ubbelohde viscometer, the results calculated from

Eq- (B-T7) were consistently lower than the values from the literature.
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A sample calculation will now by éiven to_illustrafe the use of
Eq. (B-T). The efflux time for a solution of'acetone at -70°C was
measﬁred giving t = 556.6 seconds. The surface tension 1s obtained by
extrapolating data56 from higher temperatures, giving o =.35.2 dynes/cm.
The density is 0,8888 gm/cmB.57 Therefore, o/p = 39.6 cm5/se02. This

allows A to be calculated.

b3
i

2.57h X 10‘"5 - (5.49 % 10'6) (39.6)
S an3

2.357 x 107 cs/sec.

At -70°C B = 6.29 cswsec. Therefore

<
i

At - Bt = 2.35T x 107(556.6) - 6.29/556.6

1.3006 cs.

<
L]

The absolute viscosity can then be calculated:

L o=vp = 1.3006 x 0.8888 = 1.156 cp.
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