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ABSTRACT

Physical and chemical properties of the sodium-potassium
alloys are under study by this Laboratory and by contract with
other laboratories. The status of active property measurements
and all measured results obtained since the preceding Quarterly
Report are presented. Included are final results for viscosity
and denslty, together with preliminary reporting of surface
tension and reaction studies with water., In the past, Mine
Safety Appliances Company Reports have been bound with the Quar-
terly Reports; In the future all such reports will appear under
separate binding with reference to same iIn the Quarterly Reports.

PROBLENM STATUS

This is an interim report on this problem; work is con-
tinuing. '

AUTHORIZATION

This problem was initiated upon the request of the Bureau
of Ships and was assigned NRL Problem Number COl-06 (BuShips P-149).

STATEMENT OF PROBLE

To investigate the physical and chemical properties of
liquid metals. The investigation to date has been concerned
with the alkall metals.
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PHYSICAL AND CHEMICAL PROPERTY MEASUREMENTS

VISCOSITY
REVIEW OF TECHNIQUES AND METHODS

This section of the report on viscosity will be presented
in the form of a conclusive report on viscosity. In general,
each division of the work has been covered in partial reports;
however, changes in apparatus, adoption of more precise methods
of calibration, addition to reported results, etc., necessitate
that thils report include a condensed, but overall, picture of
each viscometer employed. The report will also correlate and
analyze all viscoslbty results, presenting complete tabulations
of experimental results and calibrstion data. Work will be pre-
sented for four viscometers of the caplllary type. These four
are listed below with reference to the partial report where the
preliminary work may be found.

Viscometer I - A Fenske modification of the Ostwald vis-
cometer of pyrex glass used to obtain measurements on two alloys
up to sbout 200°C. (Quarterly Progress Report No. 3).

Viscometer II — A modification of the Ostwald viscometer
of pyrex glass with extra large measuring and receiving bulbs
used to obtain measurements on the pure metals and three alloys
up to 200°C. Work on the pure metals was presented in Quarterly
Progress Report No. 5.

Viscometer III - A modification of the Ostwald viscometer
of nickel with a capillary tube of approximately 0.238 ems. and
570 cms.; inside diameter and length, respectively. Preliminary
results for sodium and three alloys were presented in Quarterly
Progress Report No. 2., In this report, more precise calibration
methods have been employed and results for sodium and the three
alloys are reported to 700°C. The preliminary measurements on
i3.); weight percent potassium alloy reported in Quarterly Progress
Report No. 1 were in error and are not presented in this final
section., In those measurements, it was tacltly assumed that the
kinetlic energy factor was negligible. It was later found that
the high velocity of the liquids, notwithstanding the great
length of the capillary, made the kinetlc energy correction assume
important proportions.

Viscometer IV - A modification of nickel viscometer III
with a capillary tube of approximately 0.159 cms. and 640 cms.,
inside diemeter and length, respectively. This viscometer has
been used to obtain data on potassium up to 350°C,

El ol Sl N
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VISCOMETERS I & II
(Glass Ostwald Types)

GENERAL REMARKS

Surface Tenslion and Effective Head - The ilmport of the
surface tension factor on measurements with the Ostwald viscom-
eter has been covered extensively in preceding reports. It
has been demonstrated that in order to obtain an accurate value
of the mean effectlive head, it is necessary to resort to experi-
ment. The mean effective head can be so determined by (1) noting
the actual hydrostatic pressure, as reglstered by an attached
manometer, corresponding to successive positions of the menisci
between the upper and lower extremes, and (2) noting the times
required for these positions 'to be reached when the liquid runs
out under 1ts own head. Now, from a plot of the experimental
heads at successive positions of the falling meniscl against the
fraction of total time required to reach each position during
the run, a mean hydrostatic head can be determined by graphical
integration. The mean head, so obtained, differs from that cal-
culated from the differences of level at mean time due to the
surface effects. The use of this experimental method with the
Fenske viscometer was applied successfully only to water, which
1s explained in the succeedlng paragraphs.

An accurate value of the head at any position of the menisci
between the two extremes, then, could normally be determined by
noting the actual balanced hydrostatic pressure as registered by
an attached manometer. With the metals, however, which have
relatively high surface tensions, and peculiar wetting character-
1stics, changes in curvature of menisci as the moving menisci
come to a stationary equilibrium can result in appreciable error
Thls was demonstrated in an attempt to measure alloy heads using
the Fenske viscometer (NRL Report C-3105). With such a swall
measuring bulb (3cc volume) and receiving bulb (3 cm diameter),
the head values as observed with the attached manometer were con-
tinually fluctuating. This was attributed to change in curvature
of the menisci as equilibrium was reached, resulting in an in-
crease in head, allowing the liquid to move down and repeat the
cycle.,

The mean effective heads for the alloy experiments with the
Fenske viscometer were, therefore, determi e? by a method fash-
ioned after that used by Kuenen and Visseril The values of
capillary effect for any given temperature at successive posi-
tions of the meniscl between the upper and lower extremes were
calculated from measurements of the diameters at those positions.
The effective head at each position of the menisci was then ob-
tained by applying the surface tension correction to the observed

(1) Kuenen and Visser, Comm. Univ., Leiden, 1913, 13, No. 136
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difference in level. Then by plotting effective head against
fractional time required to reach successive positions during
runs at the same. temperature, the mean effective head was, Iin
like manner, determined by graphical integration. The deter- -
mination of several values over the temperature range showed 'X
that the mean head over the entire range was constant within the
‘experimental accuracy of the method.

The solution of the difficulties experienced 1in efforts
with this viscometer lay in the use of a modified viscometér with
a larger measuring bulb and a larger receiving bulb. Viscometer
IT had a 30 ml measuring bulb with a mean diameter of 5 cms and
a receiving bulb with diameter of 7 to L ems., With the relatively
large diameters the shape of the meniscus had little effect on
the head value, and the heads were readily measured by the exper-
imental method already described.

Calibration and Kinetlc Energy - When relative measurements
are to be made by a calibration of the viscometer with a fluld
of known viscosity, the Poiseuille equation for absolute viscos-
ity which includes the correction for any gain in kinetic energy
reduces to:

]

A Pt - Bd/t
Absolute viscosity
Mean effective pressure

Density
Time

ot o ‘; x
N

A& B Constants

To determine the viscometer constants A& and B, the time of
flow and the mean effective head for water were determined at
several temperatures. Then, by plotting A& /Pt against 4/Pt?, a
straight line was obtained, the Intercept and slope of which de-
termined the values of A and B, respectively. The viscositles
and densities for water were taken from the International Criti-
cal Tables., For the final results presented in this report, the
best straight line for each set of water results was determined
by the method of least squares. Having thus ascertained the
values of the constants for a given viscometer, the absolute vis-
cosity of the alloy at any temperature was then readily calcuable
from a knowledge of its density, the time of transpiration, and
the mean effective pressure. The expansion factor in the pyrex
capillary, though negligible, is reflected in the empirical con-
stants. '

DESCRIPTION OF APPARATUS AND OPERATIONS

Any change in either viscometer will be discussed under ex-
perimental resultse.

-Fe-



EXPERIMENTAL RESULTS

In order to effectively correlate all the viscosity data to
be presented, 1t willl be necessary to take the results of highest
accuracy as & standard or basls of comparison. To this end, the
viscoslty results with pyrex viscometer II1, which have a stated
accuracy up to 200°C of better than & 1 percent, have been chosen
as this standard. It will be shown on ensulng pages that the
adaptability of the results below 200°C to an equation of the type
advanced by Andrade, and further the conformity to the approprilate
mixture equation, justify a reliable extension of the experimental
results to higher temperatures. Then, both the experimental values
and the extended values will be used for comparison with all avall-
able data, which will further serve to establish the valldity of
the values.

Results -~ Viscometer II

The precautions adopted in the design of this viscometer
avoid the possibility of appreciable error from either capillary
or drainage effects. Any error due to varying retention of
liqulids on the surface of the measuring bulb is minimized due to
the relatively small surface per unit volume. No adherence of
fthe sodium or of the alloys to the walls of the measuring bulb
was observed; however, a thin layer of potasslum was noted to stick
at the very top and at the very bottom of the bulb., This caused
some difficulty in observation of the flow of liquid past the mea-
suring marks, but the effect of volume change on viscoslty results
would be insignificant. The size of the measuring bulb also tends
to lessen surface effects due to the relatively small ratio of
circumference to surface area on the face of the menlscus. The
procedure for experimentally determining a mean effectlive head
which includes surface effects has been discussed. For any given
temperature, the determination of approximately ten heads between
the two extremes was found adequate to obtain an accurate value
for the mean head. Figure I shows a typlcel head determination
for one of the alloyse. It 1s noted that the shape of the curve
at the two extremes 1s not critical and does not apprecisbly affect
the final integrated head value. The shape of the measuring buld
‘was such that the top meniscus was in the smaller diameters at the
two extremes for only a very small fraction of the total time.

With the pure metals, variation of mean head in centimeters
of metal with tempersture was found experimentally to be practi-
cally negligible. Unfortunately, however, the rate of change of
mean head was found to vary with the volume of metal Introduced.
The thickness of the glass In the recelving bulb resulted in a
rapid decrease in diameter in the lower portion of the bulb (7 cms
to It cms)e As the volume of the alloy introduced in each case

-l
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was less than that for either of the pure metals, the rate of
change of the head value for each alloy was greater than the
corresponding change with the pure metals. This offered no par-
ticular disadvantage except for an increase in the number of

head determinations required for each alloy - three to five. A
typical set of mean head determinations over the temperature

range for one of the alloys is presented in Figure II. The dotted
line represents the rate of change of mean head as calculated from
the volume change of the alloy and the appropriate diameters of
the receliving bulb.

With the accuracy desired for Viscometer II, the temperature
calibration of the five junction thermel below 100°C was of par-
ticular importance, as the accuracy of the final viscosity results
would naturally be directly related to the water .calibration.
Since the previous. calibration of the thermel (NRL Report C-3201),
the same thermel was recallbrated with a platinum resistance
thermometer up to 150°C. A discrepancy in the previous calibration
wes discovered; the thermel was found to have a slight drop in
the EMP curve, relative to the standard curve between about 20°
and 80°C, which went undetected in the previous calibration. This
phenomena with ilron-constantan apparently is not uncormon. The
dip amounted to about 0.3°C, which by its effect on the water cal-
ibration, Introduced an error of spproximately 0.5% In the viscos-
ity values for the pure metals previously reported. The final
results presented in this report have been calculated on the basis
of the new calibration which should be within % 0.1°C to 100°C and
about & 0.,2°C to 200°C.

The method for calibration of the viscometer by preliminary
experiments with water has already been described and the complete
data for the calibration is presented in Table I, The mean head
for the water determinations was determined in the usual manner
with the attached manometer, but it might be of interest to point
out that the mean level was found to be within 0.3 percent of
this value. The values of A and B, determined bX the method of
least squares, were 3.762 x 10-10 ang 1.287 x 10~+, respectively.
These values supercede the graphical values (which included error
from calibration of thermel) as previously reported; 3.792 x 10-10
and 1.3%5 x 10-1, respectively. The accuracy of these constants
and subsequently the accuracy of the viscoslty values for the
metals were necessarily dependent on the exactness of the water
experiments. Therefore, two columns are included in Table I =
one glving the value of the water viscoslty as calculated from
the derived constants and the other, the percent deviation of
this value, so calculated, from the corresponding ICT value.

b
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TABLE T
PYREX VISCOMETER IT
WATER CALIBRATION

A= 3,762 x 10=10 B= 1,287 x 10-1

Temp | Time | Head |Density; ICT M /Pt | 4/Pt® | Deter- |Diff.
°C sec cm gm/ce | Viscosity|x10-9 | x10-9 | mined [|Per-
Water poises Vig- cent

cosity

poises
8.6511260.9 | 1471 28 | .00671 70l | L 0067114 {+0,06
58.65 26%.% 1&. 1 .8828 .OOéél 2.%oﬁ ﬁ.??ﬁ .00671% 140,05
.2 [1076.0 | 1L.71| .9889 | .00566  {3.688 | 5.588 .005656 -0.07
48.2 076.2 1h.71 | .9889 | .00 66 2. 687 g.985 'OOP -0.0
5814 | 925.0 | 1h.71 | .9840 | .00 3.663 | 8,102 | .00[80% |-0.1
58.% 925.6 | 171 | .98L0 .oou81 2.661 | 8,091 | .00L806 |-0,08
69, 80i.0 | 1h.71 | .9780 | .0QLO9 3,619 10.80L | .00L0o9k|+0.10
69.6 | 801.0 | 1h.71 | .9780 | .00LO9 3,615 po.80L | .ooLkogkts0,10
38.75 112642 | 1l.71 )} 9927 | .00670 3,701 | 14338 | .006709 i+0,1:

Complete experimental rrsults for the pure metals, partially
reported in NRL Report No. C.- %201, together with additional re-
sults for three alloys; 31.7, L9.0, and 78.6 percent by weight
potassium, are presented in Tables III through VII. Each com-
position figure represents an analysls on the metal as removed
from the viscometer at the conclusion of the measurements. As
previously stated, it is belleved that the metals used in these
determinations were of highest purity. Each metal or alloy was
distilled directly from the nickel still through a sintered glass
filter Into the viscometer, and no distillation was made unless
the initial pressure was less than 0.1 micron. In the case of
alloy, precautions were taken to assure intimate mixing before the
start of the viscosity measurements. The overall accuracy of the
reported viscosity results are bellieved to be better than x 1
percent ( relative to ICT values for water).

The temperature variation of viscosity for each of the five
metals %a? be adequately expressed by the equation advanced by
Andrade (2 V< N7
MV = Ae
Viscosity
opecifiic Volume
Absolute Temperature
Constants

where: M
v
T

nuwun

A&C

(2) E.N.Andrade,DaCl,Phil. Mag.,Ser. 7, 17, 698(March 193l )Part II
-8



By the method of least squares, the constants A and C for this o
equation were determined for each metal and alloy. A summary -
of these constants and a oTparison with similar constants for b
the pure metals by Chiong 3) are presented in Table II. 1In o
order to show the conformity of the experimental values to this
viscosity-temperature equation, viscosities calculated from the
Andrade constants areé presented in each data table, along with
percent deviations from corresponding experimental values. It -

is noted that the calculated values for all three alloys below

about 100°C are definitely too low. In the future it may be

possible to explain such by compounds, assoclation, or like phe-
nomensa. leanwhile, no attempt will be made to glve the cause.

The experimental values below 100°C for the alloys were not used

in deriving the constants for the equations. Chiong, in fitting

the equation to his experimental data for the pure metals, found

g maximum deviation of only 0.59 percent for potassium and 0.72
percent for sodium. Eliminating two sodium values at 193°C,

which were the first two runs with sodium and which are probably

in error due to plugging of the ceapillary, it follows that our _
data for sodium and potassium fit an equation of the type advanced

by Andrade equally well.

TABLE II
EMPIRICAL CONSTANTS FOR ANDRADE
FORMULAE
(by method least squares)

Il 1/3 = Ae c/VT

Composition Constants Constants
Weignt Percent K NRL Data Chiong's Data
c.goSnunitS c.g.s-\m.’l.ts
c A Cc A
0.0 761..6 1.074x10=2 | 716.5 1.183x10-5
g}.7 7&3.9 1.021x10-3
9.0 728.9 1.012x10-3
78.6 714.9 0.992x10-3 '
100.0 7358 0.929x10-3% | 600,0 1.293x10-3

(3) Y. S. Chiong, Proc. Roy. Soc. London, A157, 26k (1936)



TABLE III
VISCOMETER IT

VISCOSITY SODIUM

Temp Time Head Deniity’ Viscosity biffer—
°C sec cm gm/cc centipoises ence
Metal Exptl. |Determined {Percent
Andrade
Equation
103.7 | 1h10.2 | 1h.l6 .9252 | 6876 | .6837 -0.57
103, 1409.2 | 1h.h46 .925% .68 % .6836 -0.50
121. 1289.7 | 1L.bL5 .9218 .62 .6228 -0.29
121.6 1279.5 1. L5 .921 619 622 +0.55
121.6 | 1278, l“‘ﬁﬁ_ 9218 | .6191 .622 +0460
1h7.0 | 1146.6 | 1. .9160 | ,51,92 «5517 +0.146
17.0 11%6.6 1h. Ly .9160 .5h92 . 5517 +0.16
167.6 | 10 u.g 1. bl 9110 | .505 <5055 -0.02
167.6 | 1063, 1l bl 9110 .2053 .Ep 5 +0.0L
192.7 983.5 | 1l.Li3 .9052 | 1621 4587 -0.7h
192.7 | 1010.0 | 1L.L43 .9052 | 752 11587 -3, 047
192.7 | 1008.7 | 1lL.Li3 9052 | JL7L6 587 ~3.35
TABLE IV
VISCOMETER II
VISCOSITY SODIUM-POTASSIUM ALLOY
(31.7 Weight-Percent Potassium)
(21.5 Atom-Percent Potassium)
Temp Time Head Den?ity Viszgsity Differ-
°C sec cm ce centipoises ence
Metal & Exptl. |Determined Percent
Andrade
Equation
58.L | 1610.0 | 1h.7k .909L | ,789° 7652 -3,02
58.0 | 1610.2 | 1l.7lk .909ﬁ <789+ L7652 -3,03
58.)_4. 161008 1}4.07)-[- .909 9789}; 0765§ "5007
69.5 | 1189.0 | 1L.73 «9062 .2255 .7105 «2.09
69.g 11;88.6 | 1L.73 .9065 1253 . 710, -2.07
103, 1216.0 | 1l.71 .8979 55855 .58 -0.15
103.8 | 1215.0 | 1h.71 .8979 .5829 «58 -0.07
10%.8 1215.6 171 8977 65826 .58 -0.1lL
121.5 { 1118.L | 1l.70 .8932 1 .5317 053 4+0.11
121.5 | 1118.3 | 1L.70 -8?53 . 3%+ 03?36 +0.11
1L7.1 | 100L.2 | 1l.69 887 Q7 A7 +0,. 47
147.1 | 1007.0 | 1hL.69 L8871 | Ly .h735 +0.17
167.5 938.7 | 1l.67 .8825 ,uaéé i3 -0.0kL
167.5 939.1 { 1l.67 e8828 136 13 -0,09
193.0 | 867.5 | 1L.65 .875 .3976 + 39 ~0.23%




TABLE V o

VISCOMETER II o
VISCOSITY SODIUM POTASSIUM ALLOY
(L9.,0 Weight-Percent Potassium) "
36.1 Atom-Percent Potassium) .

' Time Head | Density| Viscosity Differ-
sec cm gn/ce centipoiges ence
Metal Exptl. | Determined | Percent
Andrade
: Equation ‘
149%.6 | 14.88 | .8922 | .7238 | .6923 =l
1h93.3 11,.88 .8922 .2237 .6323 -u.iﬁ
lh—l 07 lh—.88 08 05 ‘. 85)4' 06627 "'3. l
1276.0 | 1L.87 .8895 | .6631 6Ll -2.82
1375.6 | 1L.87 .8895 | .6622 | .6LL -2.80
1127.2 | 1L.85 .8810 | .530 .5323 -0.32
1127.3 | 1L.8 .8810 .zghp .5223 -0.32
1037.5 | 1L.8 8765 | L8790 088t +0.23
1037.5 | 184 | .8762 | .Lu87° L8 % +0.23
9lic.9 | 1h.81 | .8702 | L4355 1360 +0.25
9la.5 | 14h.81 .8202 1357 136 +0.21
879.9 | 1h.79 8652 .hoag .j033 +0,15
880.2 | 1L.79 8652 | .lj02 1033 +0.12
192 819.5 | 1lL.77 .8550 | .3701 <3485 -0.143
TABLE VI

VISCOMETER II
VISCOSITY SODIUM POTASSIUM ALLOY
(78.6 Weight-Percent Potassium)
z68.h.Atom~Percent Potassium)

Time Head |Density Viscosity DIfTer-
sec cm gm/cc  |__centipolseg | ence
Metal Exptl. }Determined |Percent
Andrade
Equation
13%6.0 | 14.88 | .8573 |.6204 | .5982 -3.58
1222.5 14.88 .853% .6188 .5982 -3.33
1221, 1. 87 .85 5650 .5589 -1,08
1225.3 11,87 .8225 .Egzh .2289 -1.1
1032.1 | 1L.82 8060 | .1682 L8667 -0.0
1032.0 | 1.82 | .8460 |.Lh668 | .L66T -0.02
928. 11.80 LlaT | .4h293 301 40.19
g u.ﬁ 14.80 L8429 |.4322 | JL313 -0.21
874h.3 | 1L.78 8359 | .3860 «3869 +0.23%
87h.2 | 1L.78 .8355 |.3860 «3869 +0.23
821,2 | 1L.76 .8307 |.3582 3587 +0,06
8%2.2 1&.76 .8307 1.3582 | 3587 -0.06
765.7 | 175 | .82 «329 .329 -0,03
765.7 | 1Lh.75 .Baﬁg <329 .329g -0,03




TABLE VII
VISCOMETER II
VISCOSITY POTASSIUM

Temp Time Head Density Viscosity Differ-
°¢ sec cm gm/cc gentipoisges ence
Metal Exptl. | Determined| Percent
Andrade
Equation
69.6 | 11 171 | L8267 5171 | 51l ~0.52
68.6 11 3 1L.71 .8267 .2173 .glhh -o.;
69.6 1166 171 8267 .3}39 .51l +0.0
10%.7 997 170 | .8187 g2l | LL298 -0.5
103.7 9 g 1L.70 | .8187 J275 | L1298 +0,5
121.5 91 1,70 | .8150 .59%5 . 3956 +0.58
121.5 422 1A.Zo .8150 L5061 | .3966 +0.13
147.0 8L0 1l. .8087 3558 | L3566 | 40,22
147.0 836 1.69 | .808T 3539 | 3566 +0.76
167.1 790 1l1. 69 .80/0 .3312 .3309 -0.09
1671 792 14.69 | .80LO .5312 3309 -0.2
192.7 739 1}.68 «798 .305 <3012 -0. .
192.7 758 1l;. 798l L3053 | .30l2 -0.36

The equation advanced by Andrade has been found to satis-
factorily express the temperature variation of viscoslity for
numerous unassoclated compounds and metals over wlde temperature
ranges. It will be shown that mixture equations for viscosity
below 200°C and for density up to 700°C seem to exclude any appre-
ciable compound formation or association in the liquid state, at
least above 100°C. Therefore, viscoslty values have been calcu-
lated for the pure metals and the alloys i(using the derived tem-
perature equations) up to 700°C. These values are presented in
Table VIII and are plotted in Figure III. The curves represent
experimental values between 100 and 200°C. The viscosity values
for the pure metals by Chiong are plotted as dotted lines on
Figure III for comparison. The values for sodium show excellent
agreement with those reported by Chiong, while on the contrary,
the NRL values for potassium would coincide with Chiong's data at
70°C, but diverge as the temperature ls increased; the extended
values differing by as much as 21 percent at 700°C. There is at
present no explanation for thils difference.

The mixture equation reported in NRL Report C-3105 does
not accurately represent the variation of viscosity with composi-
tion for the alloys. The experimental viscosities for the two
alloys reported in Report C-3105 were too high, and thus led to
the erroneous use of mol fraction in the mixture equation. Since
statlstical data in the literature still leaves the question of
the true-ideal-mixture equation quite undecided, one 1s at liberty
to choose that equation which best fits the case at hand. The

=]l2=



TABLE

VIII

VISCOMETER II
VISCOSITY OVER EXTENDED TEMPERATURE RANGE
BY ANDRADE FORMULA

Temp Sodium 31,7 Wt. % K 49.0 wWt. Z K 78.6 Wt. 4 K Potassium
°c Density Viscos-|Denslity Viscos- |[Density Viscos- [PDensity Viscos-|Density Viscos
gm/ce ity gm/cc ity gm/ce ity gm/cc ity gm/ce ity
Calc. Calc., Calc. Calc. Calc,
Value Value Value Value Value |
103, 74.2 | 492 +68L .898 .582 .881 e5%2 .8L6 L67 .819 430
121.54.2 .922 623 .89 .E}& 877 .de .8l2 1130 .815 «397
1%7.0¢.2 «916 «552 «887 . 7% 'BZO 37 .836 387 .80 «357
1 70’-‘-"02 0911 03-06 0882 .LI-B 08 5 -).].05 0851 n559 080 0331
192.9#.2 | .905 059 .876 <397 8 . 369 .825 .329 .798 <30l
250 .393 « 381, .362 «332 .8 «310 .811 .280 .78% .258
200 'BZ9 <332  1.850 .292 .832 27l '788 .2h9 <771 022
50 .866 .296 .8%8 .26% .820 .2hz 787 226 <759 20
00 .854 +269 .826 «239 .808 .22 <775 .207 <7h7 191
00 .829 «229 .802 .206 .785 «196 « 751 .180 .Zaa «166
00 .805 «202 «T7 .18 <759 7L 72 162 .698 .148
700 .780 .182 75 +16 . 736 .159 .70 .148. 67 136
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mixture equation found to accurately satisfy the varilation of
viscosity with composition was:

ITLUTAMNS

boer
rr
v

g = X #°x + Xya #Na
where: £ = Fluidity of Alloy
Xxg = Welght Fraction Potassium
Xyg = Weight Fraction Sodium

¢°K = Fluidity Potassium
¢°Na = Fluidity Sodium

The applicability of the mixture equation to the experi-
mental data for the pure metals below 200°C and to the extended
data to 700°C is illustrated In Table IX. Thils table shows the
values calculated by the nmixture equation, and further, their
deviation from the corresponding experimental or extended values.
It is interesting to point out that assuming the extended values
are of the same accuracy as the experimental values, then the
mixture equation can be used to obtain values up to 700°C, which
are in error by less than 1 percent in most cases and not more
than 3.1 percent in any case.



TABIE IX
VISCOSITY BY MIXTURE EGUATION

-9'{-

Temp Viscosity in Centipoises for Compositions in Weight Potassium
°c Sodium 31,7 Percent 49, ercent Ce6 PETCENT Potzssium
Table Table Cale, |Diff. Table Calc., Diff. Table [alc. Diff, Tatle VIIJ
VIII Values |Values| Per- Values |Values Per- Values {Values Per- Values
Values cent cent cent
103,7%.2 .684 .982 .576 1-1,0 532 «530 -0.,4 467 467 0.0 430
121.5%.2 0623 -532 .527 |=0.9 .488 .486 -0.4 .430 .430 0,0 2397
147.,0%.2 .552 474 .470 |-0.8 «437 436 ~-0,2 .387 .386 -0.3 357
16704“02 0506 .436 .433 -007 04‘03 04‘02 -'002 .359 .357 —Oné .331
192.9&.2] .4959 0397 «395 |-0.5 .369 .367 -0.5 .329 | .328 | -0.3 304
250 ) 0381 o332 0331 -003 0310 O309 _003 0280 .277 -1.1 0258
300 332 292 «291 1-0.3 274 272 -0.7 0249 245 -1.6 .229
350 0296 o263 0261 -018 .247 .245 "058 .226 '222 -108 .208
400 269 2239 .238 |-0.4 0226 . 224 -0,9 . 207 . 204 -1l.4 .191
SOO .229 .206 0204 -l.O 0196 0193 -l. 5 0180 . 176 -2 °2 .166
600 202 .183 L.181 |-1.1 <174 171 -1.7 162 157 -3.1 .148
700 0182 .166 .164‘ "102 0159 0156 —109 .14’8 .144‘ "2.7 .136




Results - Viscometer I

This section presents corrected viscosity values with
the Fenske glass viscometer on two alloys, 52.0 and 93.9 per-
cent by weight potassium. It has been shown how the effective
head values were obtained by a calculation of capillary ef-
fects in the viscometer. Admittedly, the literature values
for surface tension, used in these calculatlions, were highly
questionable. Relative to recent NRL measurements of surface
tension, the literature values were several times too high.
Therefore, the viscosity results reported in NRL Report C-3105
have been amended using NRL surface tension values.

The method for calibration of the viscometer by prelim-
inary experiments wlth water has been described. Actually, two
separate calibrations were used; both are presented (Tables X~
XI)e In calibration (A), the mean effective head was deter-
mined as with the alloy by calculating capillary effects. The
second calibration (B) used head values as determined experi-
mentally with the attached manometer., As in previous calibra-
tion tables, the viscosities for the water experiments as cal-
culated from the empirical constants are compared with the ICT
values., The calibration constants used in NEL Report C-3105
were obtained from calibration (A). The values of the constants,
here reported for the same calibration, differ somewhat, due in
part, to the use of the method of least squares and, in part, to
the use of more precise viscosity-temperature curves for the ICT
values.

The viscosity results for each alloy as calculated by both
calibrations are presented in two Tables (XII-XIII)., The values
by the second calibration are presumed to be of higher accuracy.
Thus, these values are used for comparison with corresponding
values by Viscometer II - by mixture law. It will be noted that
the values with Viscometer II differ in the case of the 93.9
percent alloy by a constant | percent, and in the case of the
52.0 alloy by a constant 8 percent. These discrepancies can
readily be attributed to uncertainties existing in the estima-
tion of the caplllary effects. Now, surface effects for both
alloys were figured on a non-wetting basls. Both alloys were
distilled from glass, and the meniscus shape for the 93.9 per-
cent alloy was definitely of a non-wetting type, whereas that
with the other alloy indicated partial wetting; therefore, the
results with the 52.0 percent alloy are admittedly probably too
higho

The results with the Fenske viscometer offer no value in
the final correlation of results. However, the values do serve
to substantiate the general shape of the viscoslty curves with
Viscometer II. The principal error in results for the two alloys
can be attributed to the magnitude of the effective head values

which would have small effect on the relativity of the viscosity
17~




values. It 1s particularly significant that the shape of the
viscosity curve for the 93.9 welght percent alloy follows the
same trend as the curve for pure potassium with Viscometer II,
in that values for potassium by Chiong (see Figure III)
diverge appreciably from the NRL values.

TABLE X
PYREX VISCOMETER I
WATER CALIBRATION A

-9
A =110 x 10 B = ,00897
Temp | Time | Head | Density ICT ' A /P% 4/Pt%|Deter-| Diff
°C sec cm gm/ce | Viscosity| x 10-9 x10~9{mined | Per-
Water polses Viscosq cent
ity
poises
32,0 | 223.2| 8.05| .9950 .00767 |{L.3751 2.5L3|.00767] 0.00
32,0 | 223.,2 | 8.05] .9980 .0076 h.372 2.513].00767| 0.00
35.3 208.5| 8.05| .99I0 .0071 u.sg 2.91L}.00716| 0.00
Be 207.7 1 8.05| .993 .00715 |L.387| 2.93 .OOZl3 -0.28
.2 | 187.7| 8.05| .991 .00610 u.352 3.236 .00642|+0.31
1.9 | 185.L | 8.05| .99l | .o006%2 |L.358]| 5.885].0063)|+0.%2
1.9 | 185.5 | 8.05] .991k | .o00632 |L.356 3.685 .0063) |40, 32
9.0 | 163.9| 8.05] .9882 .00558 | L.363] L.715|.00557|-0.18
29.0 163.5 | 8.05| .9887 .00328 1375 %.759 .00 -0.36
1.2 | 136.7 | 8.05 .9822 00062 {lL.357 .g79 .00[150{-0.13
61.2 | 136.2| 8.05] .982 .00L62 u.37Z 6.8291.004591-0,65 !
70.7 | 120.8 | 8.05{ .§774 | .ooho3 |L.32L| 8.681}.00L0%| 0.00
70.9 | 120.6 | 8.05| .9772 .00402 {L.321} 8.710{.00402| 0,00
79.2 | 109.L| 8.05] .9723 .00361 |L.299 |10.58L}.00%361| 0.00
79.6 | 109.0 | 8.05| .972% .00359 | l.292 |10.661|.00360|+0.28
|

=18~




TABLE XI ‘ e
PYREX VISCOMETER I o
WATER CALIBRATION B ~ g

.....

A = L.160 x 10 ? B = ,00817 -
Temp | Time |Head |Density ICT M /Pt 1 d/Pt? |Deter-~ |Diff.
°c sec cm gm/cc {Viscosity|x 10-9{ x10-9 imined |Per-
Wate:: polses Viscos~|cent
ity
poises
. 186. 8.17 | «9922 | .006 L 113 |.35811.00658 |+0.
Eg.% 186.% 8.1% .8822- .ooég holal .3588 .00627 +o.g
1.6 | 181.0 | 8.17 | .9916 { .00635 |L.l16 |.38091.00637 |+0.3
hl.g 181.0 | 8,17 | .9917 .ooéﬁg L.123 |.3810].00637 |+0.2
50. 155.2 | 8.17 | .9 7Z .005 Il 1% {.5182].00503 {+0.2
51.0. | 153.2 | 8.17 '987u .00527 {l.lizl |.5%18}.00535 |-0.l
51. L 15%,2 | 8.17 | .987 .0053 L.L31 {.5%18 .oosai -o.%
21.3 15L.7 | 8.17 | .9872 | .0053 u.ggs 5215 .00 +0.
2.0 | 131.3 | 8.17 | .9822 | .oo0l56 |L.ld3 |.72L0].00055 {-0.2
62.1 ‘| 131.5 | 8.17 | .9821 { .o0L56 u.hog .7218|.00455 {-0.2
62,3 | 131.2 | 8.17 | .9820 | .oolksL 1l.39 .5221 ooL5L | 0.0
66,3 | 12L.4 | 8.17 | .9792 | .ooh29 |L.3%92 |.8065{.00429 | 0.0
7he3 112.) { 8.17 | .9752 | .0038 h,sgz .9879 .00383 +0.3
7&.2 112.1 { 8.17 | .9752 0038l {L.38L |.9932].0038 0.0
72. 112.1 | 8.17 | .9752 00383 . .99311.0038l {+0.3
36.8 | 196.5 | 8.17 | 9934 | .00695 |l 3252 |.00693 'O'ﬁ
37.0 195. 8.17 | .9932 | .00692 |L ﬁzg .32701.00689 |-0.
27.0 195.5 | 8.17 | .99%3 | .006%92 L. «32661.00690 |-0.3
|




TABLE XII
PYREX VISCOMETER I
VISCOSITY SODIUM-POTASSIUM ALLOY

(52.0 Weight - Percent Potassium)
(38.9 Atom-Percent Potassium)

Time | Head | Denslty Viscosity Difrf,
sec cm gm/cc| Centipoises Percent
Netal Exptl.] Exptl.[Exptl.#
A B
ViseI | Vis.I |Vis.II
71 8.58 .889 | .802 |.813
91 8.58 889 | 776 | .787
.2 8.58 .889 .77% .785
.81 8.58 .889 .27 .287
HER )
.7| 8.58 .87 «57 .582 5Ll -7.5
cl 8058 0878 057 058 05)41 "7.7
it 8.58 878 | 579 |{.587 |.5L2 -7.2
.51 8.58 871 | .503%3 {.510 [.L71 -7
.71 8.58 871 | .501 |.508 }.L72 7.1
.11 8.58 871 | 502 |.509 [|.h72 -Te3
.0} 8.58 .865 .Bhs 056 .hea ~Te7
.3| 8.58 860 | .22 |.428 |.395 -7
.? 8.58 .860 | 22 |.428 ].395 -7.g
8.58 .85% | .380 |.386 |.356 -g.
g 8.58 853 | .381 |.387 |.356 -8.0

# By Mixture Equation




TABLE XIII
PYREX VISCOMETER I -
VISCOSITY SODIUM-POTASSIUNM ALLOY -

(93.9 Weight - Percent Potassium)
(89.9 Atom-Percent Potassium)

Temp T ime Head Density] Viscosity Diff.
°C sec cm gm/cc | Centipoises Per-
Metal E%Etl. Exgtl. Exptl¥ jcent
ViSoI ViSQI ViSoII
O. 211. 8.36 Bl 1.6 .68
ﬁa.g 210.3 8.%6 .8L0 .622 6l2
I3, 209.1 8.36 BLo 4630 [.639
3.4 209.1 8.%6 B8Lo 1.6%30 :.639
2.7 211.0 8.36 Blo |.636 1.6 2
L3.1 211.l 8.36 BLho 1.637 [.6L
L5.9 206.3 8.36 8Lo [.621 }.630
6.7 20l.7 8.3%6 «839 [.616 |}.62
hé.g 20L.5 8.36 829 |.615 |.62
5. 194.0 8.36 837 14582 .590
5541 193.8 8.36 .852 581 {.590
9.8 187.9 8.36 .83 «563 |.571
60.2 187.1 8.36 .836 |.560 [.568
61.0 186.7 8436 836 1.559 |.56
70.5 176.9 8.36 83l 1.528 |.53
70.6 176.1 8.36 83l | .526 |.533
L3 156.0 8.36 .828 |.L62 .Zé
9l 5 158.0 8.36 .828 |.Lé7 .h7a
9L.5 158.0 8.36 828 |.L67 U7
llh..o 1 6.3 8. 36 082’-‘- 0)4-30 QLI.B 01‘21 "30)4-
11%.0 146.1 8.36 82l 1.429 (.h36 | el |-3.L
136.2 136.0 8.36 819 ].396 |.h02 | .38L -3.5
122.2 135.8 8.36 819 1.396 {.Lho2 | .38L -u.g
2.l 131.2 8.36 o8L7 381 {.387 |+373 |-3.
1%2.5 1%0.7 8.36 817 |.380 .382 +37%3  |=3.1
161.0 12,9 8.36 813 |.361 |.36 «3L9 -2.6
160.8 12).9 8.36 813 |.3%61 |.366 |.3L9 |-L.6

#By Mixture Equation

P]l=



VISCOMETER III
(NICKEL TYPE - 0,238 cm I.D. CAPILLARY)

GENERAL REMARKS

In the discussion of experimental results for sodium and
three alloys presented in NRL Report P-3057, it was noted that
there was some doubt a&s to the constancy of the kinetic energy.
factor Into the higher temperature range. For the results pre-
sented at thet time, the viscometer was calibrated with water
in a manner simllar to that used with the glass viscometers,
where (A) and (B) in the viscosity equation are assumed to be
constant over the experimental flow range. Since that t ime,
further anaslysis of the data has shown that the supposed con-
stants -~ (A§ and (B) -- change appreciably with the flow rate
and also that the transition from streamline to turbulent flow
begins at an approximate Reynold's number of 2200 for all the
metals. It was further found that the water determinations made
with the viscometer were more than adequate to provide a good
calibration up to the turbulent region.

The nickel viscometer, with the non-standurd length, size,
and shape of caplllary, advanced problems with no parallel in
the literature. Therefore, two unusual calibration methods
have been developed and applied to the solution of the results.
Both of these methods, together with their application, will be
discugsed in detail below. ZEach method, in essence, corrects
for any change in (A) and (B) in the viscosity equation. Method
I, which corrects for (A) and (B) by a calibraticn with water
over the flow range, has provided acceptable viscosity results
for the metals up to LOO and 500°C. Method II, in which the
changes in (A) and (B) are obtained from the experimental data
on the metals without ald of water calibration data, has pro-
vided acceptable results for the metals over the entire experi-
mental range up to 700°C.

Before discussing elther method, it might be well to dis-
cuss the characteristics of the viscosity equation to be applied:

M = APt - B/t
where u = Absolute Viscosity
P = Mean Effective Pressure
d = Density
t = Time Rate of Flow - sec/cc
A & B = Varlables

It has been shown that each quantity in the equation must be
considered as a variable in the measurements; however,gu), (p),

-P22-



and (d) have specified values for a given liquid and temperature., -«
Both (P) and (d) are experimental values measured independently o
of the viscosity measurements, while (%) is the only variable de- o
termined directly from the flow measurements on the liquid. Now, r
any change in either (i), (&) or (B) will be reflected in the
experimental (t), and therefore in the experimental (Pt) and
(d¢/t)e Any change in either (&) or (B) must be reflected in both
(Pt) ana (d/t), and therefore, change in either or both will show
up as effective changes in both,

Method I

Compared to the calibration of the glass viscometers, this
method is merely & more exacting variation wherein the known
and unknovn are compared under the same flow characteristics
such that the Reynold's number 1s the same; and, therefore, the
(A) and (B) terms are the same., The values of (A) and (B),
without doubt, must depend on the flow characteristics of the
apparatus, and therefore, on the Reynold's number,

Now, the function (d/tp) can be shown to be proportional
to the Reynold's number for a given viscometer.

Reynold's number = VDd (1)
M
where = Velocity Rate of Flow
cn/sec

Diameter Capillary cm
Density gm/ac
Viscosity poises

nun

-
D
d
U

Then, if (a) is the area of the capillary

d = Vad
t/& M
but Vad + (D/a) = Reynold!'s number = R
7 v
therefore d = kR (2)
v

From this proportionality, it can be readily shown that when
comparing two fluids in the same viscometer at the same Reyn-
old's number, that certain equalities must exist,

-23-



In other words, if - « - - -

Rg,0 = Rietals thens Apyp = Apepqy and Bry0 = Byetal

it follows
(a/t pduao = (a/tpdyetal (3)
(Pt/pdugo = (BE/p Dyepa (L)
Pt = Pt?
(T ) Hs0 (T) Metal (5)

Now, obviously, one could compare experimental results for a
metal with water under the same Reynold!s number, and could ob-
tain directly a correct value for the viscosity of the metal
without an intermediaste calculation of the effective values of
(A) and (B). A convenilent graphical method of solution is to,
first, plot for water the experimental values of (Pt?®/d) against
(d/t{L). Then, from the experimental walue of (Pt®/d) for the
metal, one could read directly from the water figure the corres-
ponding value of (d/tp) for metal at the same Reynold's number,
The viscosity of the metal being the only unknown, the solution
is direct.

The method would naturally be limited by the flow range
covered ln the water experlments. The water data available was
adequate to a value of R = 2100, which, as stated, provided vis-
cosity values for sodium and the three metals to 400° and 500°C,
A plot of the water experimental data, simllar to that used for
the solution of the results on the metals, is presented as Figure
IV. It will be noted that an apparent break in the water curve
appears at & point corresponding to R = 21L0, which should cor-
respond to the start of transltlion from streamline to turbulent
flow.

A complicating factor in any mathematical analysis of this
method is the difference in dimensions of the capillary with
any difference of temperature. In the method, as described, the
(A¥ and (B) terms include dimension factors. Now, when compar-
ing water results with metal results, there exist differences in
temperature and consequently differences In dimension factors.
The inter-relationships Involved for this change in dimension
factor with corresponding changes in (A) and (B) and changes in
Reynold's number cannot be predicted. However, the dimension
factor effectively enters into the equation only to the third
power and the maximum difference for any comparison of water with
metal was only about 1 1/2 percent of the factor.

=2l-
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Method II

Any acceptable method of callbration for the nickel vis-
cometer must In some way compensate for the effective changes
in the (A) and (B) factors of the Poiseuille equation. The
advantage of Method II over the preceding method rests in the
fact that the effective changes in (A) and (B) are evaluated
directly from the experimental data with the metals, and, thus,
would not be limited by the range of the water experiments. As
might be expected, the princlpal assumption made in Method I
must again persist; namely, that with no change in (Pt?/4),
there should be no change in the value of (4) or (B). Now, if
we speclfy an appropriate value of (Ptz/d) as a base line and
can obtain the effective changes in (A) and (B) over the flow
range as related to this base line, the vilscosity for the metal
at an experimental point can be readily calculated, knowlng the
base line values of (A) and (B).

The principal step in the procedure is to obtain for esch
of the four metals that curve, which will be called an idesal
curve, relating (Pt) and (d/t) with change in viscosity, but
with no change in base line values of (A? or (B)s It will be
shown how such a curve for each metal enables one to correct for
the effective changes in (A) and (B) over the flow range. Now,
the so-called ideal relationship between (Pt) and (d/t) can be
derived from an experimental plot of (Pt®/d) vs (Pt) for any
metal or for any palring of metals. Such a plot combining the
data for sodium and an alloy is illustrated on the next page,
Figure V. Later it will be shown mathematically that the ideal
relationships between (Pt) and (d/t) are independent of the
metal pairing, but it will be necessary to refer to Figure V to
clearly present the steps involved.

In Figure V, when proceeding horlzontally from the sodium
curve to the alloy curve at any fixed value of (Pt®/d), there
-must be a change in viscoslity accompanied by no change in Reyn-
old's number; and, therefore, there must be correspondin
changes in (Pt) and (d/t) with a constancy of (A) and (B%. Now,
by a downward, stepwise procedure betweerd the two curves, 1t is

ossible to obtain from the base line ideal changes in (Pt) and
%d/t)'over the flow range which should be valid for any metal
and which should contain no reflected changes from (A) and (B).
To justify this reasoning, we must then justify several points.

First, it must be shown that the ideal A(Pt) and A(d/t)

on each step are essentially independent of the metal or metal
pair. This can be shown mathematically in the following manner.
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Labeling any two (Pt®/d vs Pt) curves as 1 and 2, respectively;

Then from Method I (page 23)

(R); = (R)p; then, (A)y = (A)p and (B)7 = (B)y
and (Pt?/d); = (Pt®/d)p; (Pt/m )y = (Pt/pe )y
(a/t /p)y = (a/s /)

and it follows =~ - - - -
(Pt),/(PE)y = (a/t),/(a/8)y = (p)5/( pe)y
or (Pt)y - (Pt)1 _ (a/t)y - (a/t)1 _ (m)2 - (M)
(Pt)y (a/t)q (M)
Then -- across each step - - - -

APt/Apu= (Pt//l.)l = (Pt/uls
and A4/t /op= (d/t fu)y = (&/t /uls

and APt/nd/t = (Pt®/d){ = (Pt3/a)o

These relationships will exist only when the values of (A) and
(B) are constant and the following conclusions may be drawn.
The magnitude of the A(Pt)and the & (d/blacross the s ame step
will depend solely on the magnitude of the &pm ., The ratio of

A (Pt?/zs(d/t), on tHe other hand, will be constant for each
step and equal to the value of (Pt*/d) for the step; the ratio
will, therefore, be Independent of the metal or the metal pair-
ing.

In the second place, it can be shown that the effective
changes of (A) and (B) in proceeding from one step to the next
will not be reflected in the values of A (Pt) and A& (d/t).
Wthen proceeding from one step to the next; the eflfective values
of (A) and (B) have changed, but these changes have been reflected
in the values of (t) such that the changes in (Pt) and (d4/t) for
each metal have exactly compensated for the same changes in (A) and
(B); therefore, the desired A (Pt) and & (d/t) on each step would
necessarily ve independent of any change in the value of (A) or
(B)e DNow, the dimension change for the capillary from step to
step 1s practically the same for each metal, and it can be reasoned,
in like manner, that the A (Pt) and A(d/t) will be independent
of any change in (A) and (B) due to dimension changes,
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The stepwise procedure served as a convenient means of
explaining the method, but such a procedure was too long and
tedious for actual use; thus, an alternate procedure leading
to the same final results was adopted. The first step in the
new procedure was to obtain the ideal ratio of zs(a/t? /A (Pt)
at consecutive values of (Pt*/d), beginning at the base line
value and proceeding in equal increments over the experimental
range. By obtaining mean values for this ideal ratio from the
base line to each experimental value of (Pt°/d), the correspond-
ing experimental changes of (Pt) would readily give ideal re-
lations for A(Pt) and A (d/t). The ideal ratios were found to
vary at a uniform rate over the range of (Pt®/d). Therefore,
an adequate value for the mean-ideal-ratio from the base line
to each value of (Pt®/d) was obtained by a mathematical average
of ratios up to each point. The values for the mean-ratios
over the flow range are presented in Figure VI. This curve was
derived independentljof the metals by equating A (Pt)/A (d/t)
and (Pt?/d) for consecutive values of Ptz/d§, and proceeding
as described above. A curve similar to Figure VI can also be
obtained from the experimental pairing of any two metals (Figure
V) by reading ratios of A (d/t) /A (Pt) between the two curves.

The ideal values of (Pt) and (d/t) for each metal were
readily obtainable from the base line values of (Pt) and (d/t),
knowing the ideal changes in (Pt) and (d/t) as referred to the
base line. The plot of ideal (Pt) vs (d/t) for each metal was
the final graphical step. Final viscoslty results were obtained
directly from the experimental data and these ideal curves. A
sample curve for sodium is shown as Figure VII. Along with the
ideal curve for sodium, the experimental counterpart is included

to illustrate how the changes in (A) and (B) are reflected in the

experimental values. Now, for any experimental value of (Pt),
there will be an ideal value of (d/t); correspondingly, for each
experimental (d/t), there will be an ideal value of (Pt). It
follows that the ideal valuesfor (Pt) and (d/t), thus obtained,
represent those values for a similar experimental run with no
change in the base line values of (4) and (B). Then the viscos-
ity at each experimental point could be obtained by a simple
substitution of the corresponding ideal values in the viscosity
equation, using the base line values of (A) and (B).

The base line values for (A) and (B) were obbained from
water ca%}bration data, Figure VIII gives a plot of (A/Pt )
vs (d /Pt%) for the water experiments in the range of the base
line. The abundancy of the water experiments in this range

gives high accuracy to this curve. The base line value of (Pt?/d)

was 69,000, Thus, the intercept and the slope for a tangent at
the equivalent value of (d/Pt®) determined the values of (A) and
(B). The base line value for (A) was 1.250 x 10~ and for (B)
was 2,708 x 10-3,
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DESCRIPTION OF APPARATUS AND OPERATIONS

Only a very brief description of the apparatus will be -
presented here. For a complete description refer to NRL Reports e
P-293%1 and P-3057. DBriefly, two horizontal nickel tanks were
connected by & small nickel capillary (0,238 cms and 570 cms;
inside diameter and length, respectively). The capillary was
colled such that it could be enclosed with the upper tank in an
electrically heated furnace. The lower tank, wound with an
electric heater, was placed directly on the platform of a sen-
sitive pair of dial scales which was arranged to read the weight
of the container continuously. To increase accuracy, an optical
system was arranged for magnifying the scale readings. Though
limited by the sensitivity of the scale and the flexability of
the arms connected to the lower tank, a reproducible accuracy of
better than five grams was obtained over the entire scale range.
The measurement of flow through the cepillary was then made by
noting welight change with time.

Temperature readings were noted with a thermocouple inside
the top container and a Leeds and Northrup, type K, potentio-
neter. The thermocouple was roughly calibrated at several temp-
eratures and for these measurements no correction factor from
the standard EMF curve was required. ’

In the results previously reported, all flow measurements
were made under gravity head. Though not mentioned at that time,
a number of water calibration experiments were made with a con-
stant applied head on either the upper or lower tank. These
meéasurements have found importance, in that one of the new cali-~
bration methods requires water results over the flow range. The
constant heads for these experiments were obtained with a mineral
oll bubbler and were noted wlth an attached manometer.

EXPERIMENTAL RESULTS

This section will present the corrected results for vis-
cosity measurements on metallic sodium and three alloys. The
table below glves each alloy, along with two composition values,
representing analyses on the alloy before and after the viscos-
ity determinations. The slight composition change in each alloy
can be attributed to some loss of the potassium-rich vapors at
the higher temperatures.

# 3% 3 %
Alloy Compositlon Weight Composition Weight
Percent Potassium Percent Potassium
Before After
1 0.0 (Metallic 0.0
Sodium) -

2333 28§g
33 2.3
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It should be poilnted out that the capillary and the tanks’
were disassembled once during the course of the measurements
for cleaning purposes; however, a correlation of water results
made before and after the cleaning operation has shown that the
viscometer was not eltered in any way. This simplified the
calibration procedure, allowing a single callibration by each
method for all four metals.

Another factor which has become worthy of consideration
is the measurement of static heads. A statlc head for water
or for metal at any temperature and at any position of the
liquid relative to the top and bottom tank, was readily deter-
mined experimentally by noting the applied pressure on the
bottom pot just necessary to start the liquid up and down, re-
spectively. In practice, an average static head for a given
temperature was determined between the positions of the liquid
equivalent to those limits used in the flow experiments., Act-
ually, only one experimental head was required; the correspond-
Ing values for the same liquid at any other temperature was then
calculable from a knowledge of the density change and the dimen-
sions of the apparatus. An alternate method which might be
used to obtain the static heads for the metals would be to cal-
culate the head values directly from the experimental water head.
As the weight of metal or water introduced in each case corres-
ponded to a volume of approximately 1000 cc., the static head
for each metal was readily calculated from relative density
values. A table comparing head values calculated in this manner
with the corresponding experimental values 1s presented below.

¥ o % %

Average Static Head Values for Viscosity Experiments

Temp Composition
°C Weight Percent Experimental  Experimental Head
Potassium Head Calculated from
Water Head
29 WATER 5%.2
150 0.0 56.1 5.2
125 28.3 5li.2 5h.2
125 165-5 55.1 5&-2
100 7.0 5542 Sli.
# % 2 2

The results previously reported were based on experimental
head values. The choice between the two sets of values seems
of small import except in the case of sodium; for with the al-
loys, the difference between the two values 1is In the order of
one percent or less. Now, it is believed that the experimental
values for the metals may have been influenced by solld particles

-3li-



of oxide, ete., particularly as the experimental value is in
each case higher than the calculated value. The experimental
water head 1s an average of numerous head determinations and

we then feel justified in assuming that the calculated head
values are of higher accuracy. Therefore, the calculated values
have been used for the final results with the viscometer.

Both new calibration methods and thelr appllcation to this
viscometer have been dlscussed in detail. The water calibration
experiments for Method I are presented in Table XIV. Method I,
as stated, has been used to obtain results for the four metals
up to 1j00° and 500°C, and Method II for results up to 700°C,

The final viscosity values by both methods are presented in
Tables XV-XVIIT, Comparable values by both methods show except-
ional agreement, differing in'most cases by less than one per-
cente In each table, the average of the experimental values

by both methods 1is compared with the corresponding value derived
from the extension of the results in glass. The average devi-
ation of the extended value from the experimental was approxi-
mately & 5 percent.

The comparison between the experimental values in nickel
and the estimated values from glass, was further extended with
four curves relating the values (Figures IX-XII). Strangely
enough, the experimental curve for each metal was found to have
a definite break at around 350°C. ©No attempt will be made to
interpret this break. It is interesting, however, that the
break should occur at a temperature very near those reported
for the wetting temperatures against nickel (which are now
strongly suspected as beling related to the reduction of nickel
oxlde). It seems doubtful that any change in physical proper-
ties of the metals would occur -- at 350°C; it would be more
reasonable to attribute such a break to features of the calibra-
tion, such as wetting conditions in the capillary, etc.
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TABLE XIV
VISCOMETER III
WATER CALIBRATION
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TABLE XV

VISCOMETER III
VISCOSITY SODIUM

‘‘‘‘‘‘‘

Temp| Flow | Head | Denslty Viscosity Centipoises

°C | Rate cm gm/cc | Exptl. Exptl. |[Exptl. |Exptll|Diff,
gm/sec | Metal ethod I |lMethod II| Ave. |Exten-{Per-

is, III [Vis., III |[Vis,III| ded |cent

Vis.II ‘
11]. Y 10 E.a [ l .EOE 060}4- ] 6 -608
1h§ .72u ?u.z .81 .822 _ .582 .553 -L.1
19 [ B OO 5,4-.3 090)4- . 8 ')4-63 L 5 . 2 -208
198 | .805 | 5L.3 .90% | .L61 157 1159 Al9 [-2.2
25 | 845 | BL.3 .892 | .Lo9 L9 L1109 387 |-5.4
250 | .8 g 5&.3 .891 |.391 . 388 <389 «381 {-2,1
292 | .8 5l 881 {.353 « 350 «351 .359 -3l
368 | .9l | 5L.5 862 1.301 .300 «300 286 -7
71 0937 51‘.02 .861 0303 0305 .303 028J-|- - 03
7 | «970 | 5L. B2 | .263 263 263 .2L9 -2.5
M’-Z 09 5 5)4-.6 08h2 0266 0267 0267 021-1-9 - -7
50 «990 | 5L4.7 .828 |[.233 .23 «235 227 |-3.L
506 [1.000 5u.g .828 |.225 .22 227 227 | 0,0
571 j1.01L | 5L, .812 207 .207 «209 [+1.0
552 1.020 | 5L.8 .812 .202 .202 208 [+3.0
686 [1.031 | 54.9 .783 7L A7k 185 |+6.3
#Values obtained from PFigure Al
TABLE XVI
VISCOMETER III
VISCOSITY SODIUM - POTASSIUM ALLQY
(28.3 Weight - Percent Potassium)
Temp| Flow | Head |[Density Viscogity Centipolses

°C | Rate cm gm/ce | Exptl. Exptl. [Exptl. {Exptl§ Diff.
sm/sec | Metal Method I {Method II| Ave. |Exten-| Per-

Vis. III |Vis. III |Vis.III| ded cent

Vis.II ‘

lul- [ 65 5)4.0 08 O oh-88 QLI-Ba 014-85 o}-l.88 +O.6
171 | .800 5&-3 .88& i A0 JAdi0 1138 | -0.5
176 | .813 | 5hL.L .883 |.L27 J126 J0i126 129 | +0.7
2l | .868 | 5L.5 867 |.360 « 360 . 360 3L5 | ~L.2
252 | 081 5h.2 865 |[.3L8 347 «3k7 «3%5 | =3.5
325 | .92% | 5kL. .th .29Z «297 .297 .282 | -5.0
332 | .92% | 5L.6 8L6 | .29 .297 297 .2ZZ ' =5.7
395 | .965 | 5L.7 .820 |.254 .229 252 .2 -2
?93 .970 | 5L.7 .8%0 |.250 216 o2 2h5 | -1.2
I «989 | 5L.7 .820 |.225 .22% 22l .228 | +1.8
Wit | .992 5&.2 .818 }.220 .220 220 .225 [ +2.3
510 [1.008 |E&L. 803 .197. <197 0206 | +4.6
516 |1.009 | 5.8 801 .195 .195 20l | +4.6
566 [1.015 |5L.9 .783 .18 .18; .192 [ +h.9
270 1.02§ 5L.9 .18 .17 .178 .19; +7.3
37 |1.02 55.0 .7 % '163 .163 '1Z +g.a
02 |[1.0%2 .1 . .15 e15 167 pil.3
%08 1.0%0 %?.1 .3%5 J151 .151 166 | +9.7

<




TABLE XVII

VISCOMETER III
VISCOSITY SODIUM - POTASSIUM ALLOY

(43.5 Weight - Percent Potassium)

Templ Flow | Head | Density Viscosity Centipoises
°C'| Rate cn gm/cc | Exptl. Exptl. |Exptl. Exptl. |[Diff,
gm/sec| Metal Method I |Method II| Ave. [Exten~ |Per-
Vis., III {Vis, III |Vis.IIIj ded [cent
Vis,1I

.689 L. .888 | .586 «586 | .57h [-2.0
%g 0687 gh-og 0888 0290 L] 90 03—72 "2.0
143 [ <771 | 5L.5 876 | JL60 156 458 | JL56 [-0.L
16 | 773 5&-2 876 | 159 .hgu .hgé 150 -1.2

191 L] 29 5’—'-. 08 ll- 0390 05 8 . 9 0579 -2.
192 | .826 | 5l.6 .86l | <393 391 ¢392 | .378 -3.6
250 | 878 | 5L.6 .850 | 333 «332 «332 | .316 |(-[.8
256 | .879 | 5L.6 .8 «330 « 330 ¢330 | .311 |-5.8
320 | «915 | 5L.7 .833 | .28 .288 .288 | .268 |[-7.0
32 .922 54.5 831 | .28 .283% .285 | .26l |-7.4
38 .959 | 5h. .816 .2h§ <239 211 | .235 [-2.5
?92 °986 5.8 815 | 2Lk .2 2Lz | .233 |-lL.1
581 .987 | 5L.9 799 | 204 .206 .205 |.210 |+2.l4
Ll t .987 | 5L4.9 «798 | 204 .205 .205 209 |+1.9
509 | +997 | 5L.9 <187 2191 191 | .197 [+3.1
517 | «99 55.0 °7BB 190 190 | .195 {+2.6
535 | 1.00 55.1 .76 C171 <171 | .180 [+5.3
588 [ 1.007 | 55.1 767 170 170 | .179 [+45.3
651 1.010 | 55,1 .52 .159 .159 | .168 [+5.7
651 1,010 | §55.1 <745 +155 155 | .16l |+5.8
689 | 1.012 | 55.1 U3 152 152 | .163 [+7.2

-38"




TABLE XVIII
VISCOSITY SODIUM - POTASSIUM ALLOY
(67.0 Weight - Percent Potassium)

Temp | Flow | Head |Densityl Viscosity Centipoises
°C | Rate cm gm/cec | Exptl. [Exptl. Exptl. [Exptl, |Diff.
gm/sec | Metal ethod I|Method II| Ave. [Exten-|Per-
is, III|Vis. III |Vis.III| ded ‘|cent
Vis.II
Al W61 L.6 .867 | .662 662 | .583 [-11.
g%og oélg gh..6 086g o665 0665 027 -13.%
2.0{ .602 | 5Lh.6 .86 .691 'ﬁﬁi «55 -19.2
1142 .736 5’-{.07 0851 . oh-h-o . (] 2 - 60
146 .780 | 5L.7 '828 16 113 Ll | JLo6 1= 1.9
138 .825 | 5Lh.7 .8 .36l 361 .362 | 348 |- E.g
195 .829 5&.5 .838 | .358 «356 357 | .340 |- L.
203 .850 | 5L. 836 | .3 «335 «33 «331 |~ 1.8
211 .851 | 5.8 835 | .336 «333 .33 e32% |- 3,3
221 .871 | 5.8 832 | .319 .313 .31 31l |- 6.3
232 .821 | 5L.8 .830 | .356 360 .358 | 304 |-15.1
26 .878 | 54.8 .821 | .300 .299 299 | .277 |- Z.g
232 °8aﬁ 5&.8 .g% .593 .391 .392 .g 2 |= 6.
3 09 5 L) * . . . . - 7.
23] .910 | 5L.9 .806 .222 .2 .2 % L2U0 |- é.g
295 .951 | 55.0 791 | .220 .21 .219 | .215 |- 1.8
95 .9 55.0 .790 | .223 .220 221 | .21 |- 3.2
33 .958 | 55.0 .780 .188 .183 <202 |+ 3.6
160 .976 | 55.1 175 . .1 195 |+ 3.7]
L6l .925 55.1 <17 .200 .200 .202 | .195 |- 3.5
L67 .9 55.1 <T7 194 .19h | .19 0.0
479 <995 | 55.1 .720 .179 <179 .130 + 6.2
1,90 .983 | 55.1 .768 .178 .178 | .188 |+ 5.6
511 .980 | 55.2 .763% .17E <17 182 |+ 2.8
60 09 6 5502 0751 01 l17 .172 - 101
12 09 3 55.3 0739 ol 1 .161 .163 + 1.2
629 .98% 55.& <735 .122 .158 | .160 |+ 1.3
669 .991 | 55, .725 .1 Ah6 | .155 [+ 6.1
689 .990 | 55.L »720 143 L3 | .153 |+ 7.0

E
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Fig. 9 Viscosity Sodium (Nickel Viscometer III)
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VISCOMETER IV
(NICKEL TYPE - 0.159 cm I.D. CAPILLARY)

GENERAL REMARKS

This viscometer, essentially, was identical with the
other nickel model except for the smaller capillary which was
installed to permit gravity flow experiments under smaller
Reynold's numbers. The theory of capillary flow and the dis-
cussion of its application with the first nickel model, apply
equally well for this viscometer. As would be expected, the
viscometer terms -- (A) and (B) -~ were found to change with
the flow rate. Potassium was the only metal used in the vis-
cometer, but both Method I and liethod II were applicable for
calibration. These methods, which have been described in de-
tail, were used to calculate the final potassium results.

DESCRIPTION OF APPARATUS AND OPERATIONS

The description of Viscometer III and its operation, as
finally reported, will in general, cover the modified model.
No attempt will be made to repeat this discussion. There are,
however, several features which were added and are worth men-
tioning. The smaller capillary installed was approximately
<159 cms and 640 cms, inside diameter and length, respectively.
All thermocouples were calibrated against Bureau of Standard
thermocouples up to 600°C, particular care being exercised in
the range below 100°C. A Rubicon potentiometer replaced the
Leeds and Northrup type, mainly because the latter was na longer
available. The capillary heater, which was manually controlled
in the previous setup, was placed on a control circult through
a8 Brown recording potentiometer. In general, the apparatus was
revamped in an effort to better the overall accuracy of the pre-
vious model.

EXPERIMENTAL RESULTS

The intentlion of the work with this viscometer was to ob-
tain values for potassium up to 700°C, needed to round out the
data with the previous nickel model. However, at about L00°C,

a plug developed unexpectedly in the capillary and the measure-
ments ended at that point. Actually, only about six experiments
were obtained at three temperatures up to 350°C. The final re-
sults, as calculated by both methods, are presented in Table XX,
Figure XIII also glves a plot of the experimental values from
the nickel viscometer against the experimental and extended
values from glass. An extrapolation of the water results was
required for the solutlon of viscosities by Method I; and, thus,
the values by Method II are belleved to be of higher accuracy.
In Teble XX, therefore, the values by Method II have been used
for comparison with the glass values. It will be noted that
these measurements serve to verify the experimental and extended
values for potassium in glass.

=l



The water experiments with the viscometer are presented
in Table XIX with the usual comparison of calculated with ICT
values, It will be noted that the water experiments with this
viscometer.,are of higher accuracy than those with the previous
model, For liethod I, an extrepolation curve was used to ob-
tain the potassium results at 275° and 350°C. Such an extra-
polation was thou§ht to be justified in that the rate of change
of the slope d(Pt®/d) / d(d/tu) in the streamline range was
found to be of low magnitude and practically constant for the
water experiments with this viscometer and with viscometer III,

It should also be mentioned that there is no felaﬁibn be-
tween the water heads and metal heads as was the case with vis-

cometer III. The height of the lower tank was varied after the

water experiments. The head for potassium as listed in Table
XX 1s an experimental head carefully determined as previously
described. :

TABLE XIX
WATER CALIBRATION
(VISCOMETER IV)

Temp | Flow |Head |Density ICT - |d/Pt® |d/tp |Deter- | Diff,
°C Rate cm gm/ce {Viscosity 1 mined Per--
gm/sec |{Water poises- . {Viscos- | cent
' x 10%2 |x10%6 [x10=2 | ity
, 1 ‘ poises
x10+2
.3} .208% {58.8 .9917 .638 0.763 [.3260 | .63%0 -1.2
ﬁg.B .2016 ?g.u .881 .6ﬁ o.$5 .%135 .6ﬁ2 -0.2
38.3 .1996 |58.8 .992 .672 0.201 .2361 .632 -0.3
28.2 | .19L= 5g.u .5929 677 0.6801.2869 1 .681 +0,6
56.71 .2L30 |58.8 .989 Jioly 11.056 (11919 ] .L93 -0.2
56.71 .23%67 5g.h. .98%9 Jol 11.0261.4791) JL98 | +0.8
gh.o| .2269 |58.8 9862 | .51 1.001}.1h600] .51 | -0.2
£3.7 | .2506 5@.& 9863 | .51 0.971 [ LLs2 | .21 | +0.6
69.£ 271k 158.8 | .978d .310 1.%3%51{.66201 .Lo6 | -1.0
69.2| .2633 5g.u .9782 Q12 1.2871.6%91{ .L13 +0,2
67.71 ,2669 {58.8 979+ 120 1.2801.6%33 ] 120 0.0
67.9| .260 5g.u .9790 J9 o J1.260(.6222) JL20 +0.2
25.8] .16 58.8 .9962 878 0.1169 {.1867 .8@2 -0.7
25.6| .15 5g.u .9963 .882 {0.451{.1802] .883 | +0.1
23.§ .1571 1 8.8 997 .918 0.430{.1711 | .919 +0.1
25.8| .151 5@.% o7k | 2921 load2li1élod 932 | +1.2
72-8 o2 28 5'-h <97 . 376 l'ﬁﬁ% .722% -373 0.0
° 2 ° . 3 0572 »l. ! . 03 +O‘o
%7.6 .2521 25.8 .3%;5 <36 1.1,98 .;77u .328 , 0.8




VISCOSITY POTASSIUM

TABLE XX

(NICIQL VISCOMETER IV)

Temp Flow Head |} Densityl Viscosity Centipoises Percent.
°C Rate cm gm/cc Difference
gn/sec; Metal Exptl. Exptl. Exptl. (Vis. II
Method I Method& Values from
Vis IV | Vis. IV Eyten— Vis, IV
' ded Values by
Vis.II { Method II)
197 | .232 5946 <796 «311 «310f .302 -2.6
197 | .233 59.6 . 796 308 .308} .3%02 -1.3_
272 0257 59.8 778 02)-1-2 .253 02}4-7 -2.
273 | .257 59.8 .778 2h2 2531 .2l -2.%
250 | 267 60.0 <759 .205 L2260 .211 -6,
250 | .263 60.0 <759 .213 2331 .211 -9.1
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ANALYSIS OF ALL VISCOSITY RESULTS

The policy of basing all comparisons of the viscosity
results on the experimental and extended values for glass
viscometer II has been strictly followed in the discussion
of results for each viscometer. In general, the following
conclusions were drawns:

(1) The results with glass viscometer I have
served to check the general shape of the
viscosity curves up to about 200°C.

{2) The results with nickel viscometer III
have served to verify the values up to
700°C within engineering accuracy, the
purpose for which the values are in-
tended. We feel adverse to attributing
the breaks In the viscoslty curves to
the physical properties of the metals.
If the future should shed light along
this line, rectification can be made at
that time. '

(3) The results with nickel viscometer IV
have served to substantlate the wvalues
for potassium up to 350°C.

With this in mind, a composite curve was drawn up repre-
senting experimental vlscosity data with viscometer II up to
200°C, and the .extended data from 200° to T00°C (Figure XIV).
The saccuracy of values estimated from this curve should be
better than & 1% below 200°C, and x 8% above 200°C.
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DENSITY
REVIEW OF DENSITY DATA

Sundry density investigations for the NaK system have
been completed at Mine Safety Appliances Company, at NRL,
and elsewhere., In thils report all avallable density values
are correlated and presented in final form.

The investigation at MSA was limited iIn general to work
with the seven master samples of NgK. Pyrex dilatometers
were used to obtain values from the melting point up to about
200°C, and a buoyancy method for values from 300° to 700°C.
This work in final form was included in NRL Report No. P=3010,
Additional measurements of a preliminary nature were also re-
ported in NRL Report No. C-3201.

Literature values to be conslidered are t?ﬁ e from measure-
ments o? the pure metals reported by E. Rinck and by E. B.
Hagen(5).

The low temperature Iinvestigation at NRL was initlated in
an effort to explain dlscrepancies in the dilatometric values
at MSA. For this work, two quartz dila?gTeters, blown and
calibrated at the Laboratory, were used. Density values for
the pure metals and two high sodium alloys up to about 250°C
were determined and reported in NRL Report No. C-3201. Since
that time, in order to cover the composition range, measurements
have been conducted on four additional alloys, using the same
dilatometers, but varying the method somewhat. The results of
this work and the methods employed are to be presented here.

NRL DILATOMETRIC MEASUREMENTS
DESCRIPTION OF APPARATUS AND OPERATIONS

Apparatus - As explalned above, the quartz dllatometers
were adapted for the present measurements. The bulb volume
was 33 ml with stems having approximately 0.25 ml per cm of
length. A 1liquld bath replaced the alr furnace used previously.
This bath, together with the temperature control assembly, was
identical with that described for the viscoslity measurements
(NRL Report No. C-3201). Temperature readings were then noted
with the five junction thermel and & Rubicon high-precision
potentiometer, with which the temperature was, therefore, con-
trolled and lkmown to much better than the 1 0.5°C which was
quoted for the previous measurements.

(4) E. Rinck, Comptes Rendus, 183, 39-41 (1929)

(5) E. B. Hagen, Physik, 255, p 437 (1883)

(6) Dr. R. E. Leed assembled and callibrated the apparatus_and
made part of the measurements at NRL while on summer leave
from 6MI, Lexington, Virgin%g.



Operation - The operations involved were also similar to o
those previously described, The usual precautions having been
taken to thoroughly clean the quartz surfaces (with a final
preheat to approximately 300°C under vacuum), the alloy in each .
case was dlstlilled from a nickel still directly into the dila-
tometer and the dllatometer fused off as a closed system under
a slight negative pressure of nitrogen. Then, as before, to
make a volume measurement (where d = w), it was necessary merely

v
to allow the bath to reach equilibrium at the desired tempera-
ture and to note with a cathetometer the helght of the metal
meniscus in the calibrated stem of the dilatometer. Again, the
net weight of the metal had to be determined at the conclusion
of the runs in order to eliminate an appreciable error arising
from metal adhering to the walls of the tube extending from the
capillary. Thus, the dilatometer was broken off in the capil-
lary as near the calibrated zone as feasible, and the welght of
the lower portion noted before and after removal of the metal,
All welghings were carried out on & small beam balance, accurate
“to ¢+ .05 milligrams.

EXPERIMENTAL RESULTS

Dilatometric measurements at NRL have been made on the
pure metals and six alloys. For completeness, the experimental
results for all eight metals are presented 1n Tables XXI-XXVIII,
The composition value at the head of each table represents an
analysis on the metal as removed from the dilatometer at the
conclusion of the measurements. Figure XV, applylng these re-
sults, presents a plot of the density values for each metal
against temperature. It is noted that density, in each case, is
a straight line function of temperature.

The NRL dilatometric measurements have served to smooth
out discrepancies in the low temperature work at MSA. Figure
XVI effectively correlated low temperature values from both
sources. At several temperatures, density values (derived from
temperature-density figures) are plotted as a function of com~
position, and the best average curve drawn for each temperature.
In many cases, the measurements at MSA were determined over very
short temperature changes, and, therefore, the densities plotted
in Figure XVI, 1n some cases, were derived by straight line ex-
trapolations -- in no case, however, was the extrapolation greater
than 50°C.
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TABLE XXI

DENSITY OF SODIUM
(100.0 Percent Sodium)

Temperature | Denslty | Temperature | Density | Temperature |Density
°C gm/cc °C gm/cc °C gm/cc
110.0 9233 194.5 .gos 2L6.0 .8931
140.0 9177 220,0 «399 233.0 .8957
164.0 .9125 215.5 .8931 203.5~ .9013
182.5 « 9075 121.0 .9218 183.0 «905%
206.0 .9027 13?.0 .920 159.5 «9113
235.0 +8959 1.0 .916§ 140,0 .9159
261.5 .8899 132.5 «919 123.5 .9211
150.0 29150 126.5 .9206 11L.0 «9221
170.0 .9106 118.0 .9218 107.5 92
TABLE XXII
DENSITY OF SODIUM~-POTASSIUM ALLOY
(?.8 Weight-Percent Potassium)
2.9 Atom-Percent Potassium)
Temperature | Density | Temperature | Denslty | Temperature |Density
°C gm/ce °c ce °c gm/ce
11,9.0 .9120 137.0 .9150 263.0 .88L48
175.5 .9053% 123.5 .5095 253.5 .882L
195.5 .9012 18L.5 .3039 288.0 .8788
208.0 .8982 219.0 .8966 <5 .8888
12L.0 «9170 225.5 8909 .0 .8976
249.5 .8869




TABLE XXIII o
DENSITY OF SODIUM - POTASSIUM ALLOY -
(21.5 Weight - Percent Potassium) ‘ e

(13.9 Atom - Percent Potassium) ®
r—~
. Temperature [ Density | Temperature | Density| Temperature Density
° gn/ce °C gn/ce °C gm/ce
5&.0 «9203 - 167.5 .891 26 5 .8679
55.0 <9147 187.0 8 : 2h2.5 739 '
9.0 9119 lgﬁ 5 g 220,5 522
102.5 5 8872 196.0 .8
24,0 g 210.0 .8812 172.5 .8879
10,0 983 23L.0 .8251 152,0 .89L0
149.5 .8950 28 .8 127.0 .9006
.86 102.5 .9058
"TABLE XXIV

DENSITY OF SODIUM-POTASSIUM ALLOY
(L1.3 Weight-Percent Potassium)
(29. Atom - Percent Potassium)

Temperature v Density
°c gm/cc
28.& 3010

9.7
105.2
121, .883 ,
126.9 6
1 7.Z .8 32 -
192, .8672




TABLE XXV -

DENSITY OF SODIUM - POTASSIUH ALLOY
(63.9 Weight -  Percent Potassium) -
(50.1 Atom - Percent Potassium)

Temperature ~ Density
°C | gm/cc
= P
155 e
1588 .8568
1 7.8 .8 2
232.2 .81415

. TABLE XXVI
DENSITY OF SODIUM - POTASSIUM ALLOY
(8l4.3 Weight - Percent Potassium)
(75.9 Atom Percent Potassium)

Temperature Density
°c gm/cc
80 ' 08L|-8
29.2 ' 08 58
103.Z 8379
121.6 ' .8332 -
146.9 .8276
1 7oZ .8233
192. .81

8
216.L .811




TABLE XXVII

DENSITY OF SODIUM - POTASSIUM ALLOY
(97.1 Welght-Percent Potassium)
(95.1 Atom - Percent Potassium)

Temperature Density
°C gm/ce
N .830l

103, .8212
121, 8172
126'8 .8111
167, .8053
- 192.6 .8006
216.) <7956

TABLE XXVIII

DENSITY OF POTASSIUNM
(100.0 Percent Potassium)

rature | Density rature | Density | Temperature | Density
c gm/cc c gm/cc °C gm/cc
90. .820l 1.5 .808 21L.0 .7
105.8 .8182 12&.5 .SOhE. 228.0 .788
128.0 .8133% 188.0 . 7997 2li1.5 . 7869
200.5 <7975 25945 .78%6

TITrrUIAYN
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TEMPERATURE

Density Sodium - Potassium Alloy
N.R.L. Data - All Compositions (Weight Percent)
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ANALYSIS OF ALL DENSITY RESULTS

The purpose of this sectlion 1s to correlate and analyze
ell exlisting denslity data, to obtein, thereby, the best den-
sity values for t he temperature-~-composition range, and to pre-
sent these values In readily available form for future refer-
ence. With this in view, it was found desirable, first, to
obtain for each of the master samples (compositions used in
lSA density work) the best density curve over the,temperature
range by combining avallable low temperature and high tempera-
ture values. Then, from the resulting family of curves, the
composite curve for composition-~temperature variation of den-
sity was readlly drawn up.

The density-temperature figure for each master sample was
derived by plotting the MSA buoyancy values with the correspond-
ing low temperature values as determined from Figure XVI, and
by ruling the best curve through all the values. The set of
curves obtaeined in thils manner are illustrated In Figures XVII-
XXIV. 1In each case, a straight line was found to satisfactorily
connect the dilatometric and buoyancy values, and thereby to
represent the variation of density up to 700°C. The maximum
variation from the straight line was noted to occur in buoyancy
values for temperatures below 300 or 1,00°C, where the sensi-
tivity of the balance was admifttedly affected by surface ten-
sion and other phenomena. For each plot, the NSA dllatometric
measurements for that master sample were added incildentally,
for the dilatometric values from Figure XVI were given full
weight in ruling the curve.

The density-temperature figures for 0.2 and 98.8 weight per=~
cent potassium alloys (Figures XVII and XXIV), which essentially
are plots for the pure metals, also included the available 1lit-
erature values. Dilatometric measurements by E. B. Hagen and
buoyancy measurements by E. Rinck for the pure metals are plotted
along with the MSA and NRL data. The low temperature values by
Hagen for both sodlum and potassium are noted to coilnclde almost
perfectly with the NRL and NSA Ya%ues. The two melting point
densities reported by Hackspilll 7} would appear to be somewhat
in error. .The values reported by Rinck were obtained with a
buoyancy method similar to that used by ISA, and the results seem
to be of a reliable nature. Rinck's values were on the average
about 0.5 percent higher than corresponding values by KSA. Some
welight was given to the values by Rinck in drawing the density
figures for the pure metals.

From the eight density figures discussed, the final com-
posite curve of density-composition-temperature was drawn up
and is included as Figure XXV. These composition~-density iso-

(7) L. Hackspill =-
Compterends ,152,259=62



therms permit the evaluation of the density of any NakK alloy>
from melting point to 700°C with less than & .8% error. The
density values below LO0°C should contain less than x L%
error. 5 '

It was stated in a previous report that the density values
as obtained at LSA by buoyancy measurements with a plated cop-
per plunger would appear to be in error by the amount of the
surface tension force acting on the support wire. It was also
stated that this error could be as much as one percent based on
literature values for surface tension. However, values of sur-
face tension, as reported in this report, have shown that those
gleaned from the literature were in all probability much too
high. Assuming that the surfaces of the metal in the buoyancy
work were such as to have surface tenslons In the range of those
reported (90 dynes/cm), this correction factor, at most, would
amount to only 0.2 percent of the density value which would be
negligible for these measurements. It 1s true that conditions
at the surface can be such as to effectively provide higher sur-
face tensions, perhaps approaching the high literature wvalues.
As there is no way of defining the surfaces in the buoyancy
measurements, it shall be assumed that this correction is negli-
gible. Assuming that the worst condition is a surface tension
approaching 350 dynes/cm, this correction would amount to a max-
imum of 0,8 percent of the density at 700°C and would decrease
nearly linearly to nil at 200°C,

The presentation of a mixture equation for density will
offer no great advantage in estimating densities, as Figure XXV
is adequate in itself; however, the mixture equation applicable
will be presented for such use as desired., The equation found
to satisfy the varlation of density with composition was on the
basis of specifilc volume and mol fraction:

V = MK VK + MNa VNa
where: V = Specific Volume Alloy
Vx = Specific Volume Potassium
Vg = Specific Volume Sodium
Mg = Mol Fraction Potassium
Vo = Mol Fraction Sodium

Admittedly, the equation is solely of an empirical nature.
Actually, the ldeal mixture equation for density would involve
molal volume with mol fraction, or specific volume with weight fraction.

Table XXIX 1llustrates the accuracy to bée expected for den-
sity values calculated with the mixture equation. Experimental
values are compared with corresponding celculated values, and
the maximum deviation of the calculated from the experimental
value 1s shown to be about 0,7 percent., As the devietions are

=59=
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all in the same direction and of approximately the same magni-
tude, a modification of the equation including a constant cor-
rection factor of about 0.3 percent of the density value would
glve calculated values over the range within # O.L percent of

the experimental value.
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REACTIONS OF ALKALI METALS AND ALLOYS WITH WATER

STATEMENT OF PROBLEM

The problem 1s to determine rates of reaction of sodium,
potassium, and their alloys with water to f ix the rate of
hydrogen eveolution and pressure increase in closed systems,
This includes the study of the reactlon rate under variable
conditions of temperature, concentration, pH, and contact be-
tween the reactants.

METHODS OF MEASURING REACTION RATES

The reactions studied, being those of solids and liquids
with water, are of the heterogenevus type on which little in-
formation is avallable in the literature. This absence of
information is largely due to (1) non-availability of rapid
means of quantitative measurement by which to follow the course
of the reaction and (2) difficulby in controlling conditions
and factors, such as active surface area, dispersion of gas
bubbles, rupture of sample container, and mixing of reactants
upon which the rate may depend.

Choice of a means of rate measurement is limited essenti-
ally by three inherent properties of the reaction and the re-
actants: (1) its extreme rapidity, completion being attained
in some instances in a few milliseconds; (2) generation of gas
during the reaction which fact eliminates the possibility of
applying some of the opticdl and electronic methods; and (3)
the low density of the solid reactant which obviates use of a
continuous flow system. A consideration of methods showed
that the generated gas had to be used as an index of the rate
of the reaction; a commercially avallable composite of instru-
ments were used to follow the pressure rise in a closed vessel.
This apparatus and method are described in the following section.

DESCRIPTION OF APPARATUS AND METHOD

A schematic drawing of the apparatus is shown on Figure
XXVIII, The pressure "pick-up" or transducer used in measur-
ing pressure change is the lodel 3700 Pressuregraph, manufac-
tured by the Electro-Products Laboratories, Chicago, Illinois.
It consists of a capacitative bridge, a 100 ks oscillator for
a power source for the bridge, an amplifier for bridge-output,
and a negative modulation suppressor and demodulator. To in-
sure highest accuracy in actual operation, the demodulator and
suppressor were never used. A brief description of the opera-
tion of this pressure "pick-up" is as follows: a source of
pressure ‘mpinges on the steel disphragm of a condenser in one
arm of the bridge and changes its capacity, thereby, .changing
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the output of the bridge. This output 1s amplified and fed to
the input terminals of a type 208B Dulont Oscilloscope on whose
screen an Increasing pressure is seen as a widening of the
trace, which 1s photographically recorded by a General Radio
strip camera. Figure XXIX reveals a portion of such a record.
Flgures XXVI and XXVII show the pressure bomb to which the
pressure "pick-up" is attached. It consists of the bomb body
which contains a chamber or well and the cap to which is attached
the capsule breaking mechenism. The striker or plunger of this
mechanism 1s actuated by a compressed spring and is released by
rotating a cam through an external lever. )

In making the determinations, all of which were at room
temperature, the method of operating the equipment is as follows:
The spring-driven plunger of the capsule-breaking mechanism 1s
retracted and held by the lever-operated cam. A sample of the
reactant sealed within a Pyrex capsule 1s placed beneath the
plunger in a V-shaped groove and the bomb is assembled. Through
an opening in the bomb cap a desired amount of distilled water
is inserted, the bomb flushed-out with nitrogen to remove any
residual alr and the openings closed by means of the stopcocks
provided. The camera focussed on the oscilloscope screen 1is
started and when it 1s up to speed the reaction 1s started by re-
leasing the plunger and allowing it to crush the capsule. Start
of the reaction is indicated by & seriles of spark marks on the
edge of the film which result from the depression of a switch at
the time the plunger 1s released. In the on-position this switch

permits the output of a General Radio "Strobotac" to energize the
" spark-coil of the camera at a predetermined frequency. The pres-
sure rise within the bomb during a reaction could be evaluated
from the trace width with the aid of a previous calibration of
statlc pressure versus trace width.

APPARATUS, METHOD AND THEIR EVALUATION

In using an oscilloscope for recording purposes there was
a smaell amount of 60 cycle pick-up from the laboratory wiring
which showed on the scope screen and could not be avoided; con-
trary to being detrimental this pick-up was useful in serving as
a check on the timing obtained on the film with the spark marks
already described. When the capsule-breaking plunger was re-
leased, a foot-switch was tripped and this produced the first spark
mark of a serles of such marks on the film. This first mark was
taken as the earliest possible moment of contact between the re-
actants. By & coordination of hand and foot movements, 1t was
discovered that the spark mark coinclded In a majority of runs
with a ripple produced on the fllm by a disturbance set up in the
bomb by the striking of the plunger. It 1s admitted that there
1s room for lmprovement in this method of indicating the break-
ing instant of the sample contalner, but a&s the value of data
obtained from pressure measurements in a closed vessel 1is s till
somewhat questionable such an Improvement was not considered
worthwhile. o
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The response of the Model 3700 Pressuregraph to fast pres-
sure transients appears to be good. The manufacturer has claimed
response to pulgses of less than 0,000l second's duration, but
this may be a little too optimistic as the carrier frequency is
Just 100 ke. Response of this pick-up as & function of position
and dlaphragm size 1s receiving further consideration. Runs made
with CO» indicate no tendency for the "pick-up" to overshoot the
equilibrium or final static pressure. In these studies, pulses
of less than 0.0001 seconds duratlon were followed and 1t is felt
that the curves obtained are a falr reproductlion of the pressure
change taking place in the bomB during the reactlions. For faster
reactions some means of damping or eliminating the ripples men-
tioned in the previous paragraph will have to be used as evalu-
ation of pressure in the reglon where the ripple 1ls present 1s
impossible. Increasing the mass of the bomb may be beneficial
since a greater energy input would be required to start it vi-
brating. The absence of a ripple when small samples were used
agrees well with this idea.

Constant and uniform breakage of the sample capsule could

" not be assured and there i1s indication that this factor has

limited substantially the rates as measured. The degree of sub-
divlision of the glass capsule after each run 1s not proof that
the glass was broken to that extent as the result of initial
plunger crushing action. It was noted on two occasions that only
a small break was initlally produced, which, after an interval

of time, was followed by a sudden reaction that shattered the
glass. High speed movies taken of the reaction substantiated

the progressive nature of this breakage and indicated the source
of irregularlities In the reaction rate curves. To achleve more
uniform and instantaneous rupture of the glass, several varia-
tions in the capsule were tried; the wall-thickness was varied
from one to one-half millimeters, criss-cross file notches were
cut in the wall, and small bubbles, upon which the force of the
striking-plunger would be concentrated, were blowvn in the wall.
The last-mentioned appears to give the best performance; more
high speed photography will give further information with respect
to the breakage pattern and the tlme element involved.

The reaction bomb (Figure XXVI) had two openings of 0.063
Inches in diameter interconnecting the bomb chamber with three
threaded welk to which high pressure tubing was attached. The
volume of the bomb proper was 89.9 ml at 25°C., The total volume
of the attached tubes to the shut-off valves was 2.7 ml. When
curves of reaction pressure versus time were.obtained, a pressure
peak, higher than the theoretical pressure obtainable from the
reaction gas, was noticed. In accounting for this phenomemon, it
was thought that the peak 1s a non-equilibrium pressure produced
In part by the fallure of the small openings to allow the gas in
the 22.9 ml gas volume above the water to flow Into the 2.7 ml
volume as rapidly as it is produced. In one run, a shut-off
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valve was accidently left open and yet the pressure in the
chamber was able to reach 65% of the value possible with the
valve closed. This appeared to indlcate that a non-equilib-
rium pressure exlsts between the two volumes when the pressure
rise in the chamber is fast, but absence of a similar pressure
peak in a run made by releasing gaseous COp under pressure
withlin the bomb 1is stronger evidence in favor of the peak be-
ing a function of the reaction. A further discussion is given
under DATA in this section.

Of primary concern and importance in the measurements 1is
the contact between water and the alkalil metal. At no time-
could it be assured that the contact was continuous as the metal
floats fairly rapidly to the surface if considerable turbulence
is not present to prolong the Immersion. Several instances oc-
curred in which small bits of the metal were found clinging to
the inner surface of the cap, probably tossed there by a sudden
burst during the course of a reaction or carried there by a gas
bubble escaping from the liquid surface. Complete filling of
the chamber with water was found to offer possibility for con-
tinuous and complete Immersion although such procedure limlts
the size of samples which can be taken.

Recording of s olution temperature during the span of a re-
action was not too successful, primarily, because of the non-
availability of a fast and sensitive recorder. For future work
a more sultable recorder will be used and somewhat more reliable
data on the temperature change in the solutlon may be obtained.
Because of 1ts unreliabllity, no data on the temperature rise in
solution has been presented in thils report.

In most of the reactions, especially those in which large
samples were used, highly damped ripples or waves (Figure XXIX)
of less than one-sixtieth of a secondfs duration were recorded.
To trace the cause of this ripple, capsules of compressed COp
gas were broken under water in the bomb and a record of the
pressure rise was made. Exactly the same sort of ripples as in
the reaction runs were obtained and this showed beyond doubt
that the formation of ripples was due to the apparatus 1tself
and not the reaction. Two possible sources for this disturbance
exist; (1) the echo and re-echo of a pressure wave in the solu-
tion or in the water between the chamber-wall and diaphragm of
the pressure "pick-up" and (2) vibration of the bomb or the
"pick-up" diaphragm and fittings at a fundamental frequency, or
a multiple thereof, as the result of rapld disturbance such as
an explosion. Calculation of the time required by a sound wave
to traverse the distance from the diaphragm to t he wall and
back again was less than the time for one cycle of the rlpple by
& factor of 100, On the other hand, the natural frequency of
the bomb was in closer agreement and of the same order of mag-
nitude. This analysis of the natural frequency was accomplished
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by picking up the sound with a microphone when the bomb was
put into vibration with a mallet blow, ampliflyling it and feed- '
ing the output of the amplifier %o an oscilloscope or by an m.
accelerometer attached to the bomb whose output was fed to an o
oscilloscope and comparing the resultant trace with that pro- =
duced by a slgnal generator. Since the natural fregquency 1s '

of the same order, it is believed that the ripple formation 1is
assoclated with it; however, the cause of such phenomena is not

too important just so long as it could be shown to be independ-

ent of the reaction rate and to be of considerably shorter dur-

ation than that of the reactlon. ’

EXPERIMENTAL RESULTS

Data -~ It was not considered worthwhile to include the
entire data in tabulated form. Instead, the following table
1s given to serve as an 1lllustration of the type of data from
which the curves in this report were obtained. In each re-
action, 67 ml of distilled water was used unless ctherwise speci-
fied on the curves.

TABLE XXX
Composition - 36,1 mol % K Room Temperature - 22°C
‘Semple wt (gms) - 0.7190 Vol, of HoO at room temp.-6T7 ml
Time Pressure Time | Pressure Time Pressure
secs - PSI secs PSI secs PSI
0 0 2/% 206 15/ 200
1/15 60 11/15 222 2 206
2/15 88 /5 2110 2 1/3 196
1/5 106 13/15 20 2 2/3 196
/15 128 12/15 230 3 193
1/ 160 1 227 2 1/3 191
2/% 181 1 1/6 220 3 2/3% 191
5/15’ 188 11/3 | 21 191
8/15 19 11/2 212 5 191
3/5 19 12/3 203

Discussion of Data - As may be seen from the curves of this
report (Figures XXXI to XXXVI), the agreement between various
reaction runs 1s relatively poor. Desplite this lack of repro-
ducibility, the data 1s of value in obtalning some idea as to
the magnitude of the rates for the different alloys of sodium ad
potassium. By referring to a plot of the average reaction com-
pletion time versus the composition of the solid reactant (Figure
XXX), a definite trend is noted even though an alloy having a
"maximum rate cannot be definitely ldentified. - An alloy near the
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eutectic, very possibly the eutectic, appears to have the
maximum reaction rate. The time to complete a reaction was
assumed to be the time at which the ultimate pressure pesks
were obtained. Initial sample size was disregarded and the
times to attain peak pressures were averaged to obtain values
for Figure XXX. It should be noted at thils point that sample
size or the concentration of the alkall metal hydroxides in
solution appeared to have no effect on the reaction rates;
however, it may be that the data are too inaccurate to show
1t if such an effect 1s present.

Many of the pressure versus time curves are marked by
sudden pressure rises which destroy the smoothness of the
curves. Not until the capsule-breaking mechanism of the re-
action bomb was placed in a glass walled container and the _
reaction photographed at a high film speed of one hundred feet
in three seconds was thelr cause understood. The film re-
vealed a number of near exploslons taking place in the vicinity
of the sample as well as some distance away from it., It is
believed that such exploslons were produced by the metal, which
had become highly heated, combining extremely rapidly with
water., It 1s unlikely that sufficient oxygen 1s present in the
water to permit and sustain explosive combination with evolved
hydrogen. As the explosions occurred, the glass envelope of
the sample was fragmented a little more each time; this behav-
lor was strong proof that an incompletely crushed sample con-
tainer is of considerable hindrance to the reaction.

A feature, previously mentloned in this report, is the
pressure peak present in each pressure versus time curve. This"
peak is approximately 25% higher than the static final pressure.
As the theoretical pressures calculated for the reaction agreed
with the observed final pressures, there is not much likelihood
that such a peak pressure results from the absorption of hydro-
gen by the alkaline solution. As has been already stated, the
peak is not due to the expansion of the gas at a finite rate
through a small opening nor to the "pick-up™ overshooting the
true pressure. The remalning possibllity 1s that it is produced
by the energy of the reaction producing steam by local heating.
Sometimes as much as ten degrees centigrade rise has been noted
depending on the size of the sample taken, and the reaction soon
reaches an equilibrium temperature. An intriguing postulate has
been offered in an attempt to explain this peak phenomepon, it is
that heat from the reaction 1s distrilbuted unequally on the
weight basls between the gas and the solution with a relatively
larger part of the energy being in the gas until a sufficient
time has elapsed to achlieve an equilibrium distribution. Such
a postulate is, however, mere conjecture in the absence of sub-
stantiating calorimetric data.

Because of the poor agreement of the data from run to run,
no attempt has been made to convert bomb pressures to a basls

-76-



of fraction of the sample reacted or moles reacted at any in-
stant. Had such a conversion been made a plot of the fraction
reacted versus time would have yielded curves of essentlally
the same shape as presented in this report. -
: ot

ITLLUTIAUN

Caleculations = A questlion has been raised as to what might
happen if Na-K alloy and water in adjacent plping were permitted
Inter-access through a leak or rupture of the contalners. A
calculation of the time required to move a column of water a
certain distance before the working pressure of the pipe is ex-
ceeded will show whether or not the time interval is of the
same order of magnitude as the observed reaction rates for the
alloy. For consideration, a 2 1/2" extra strong pipe (2.32"
I.D.), 100 ft in length and a top working pressure of 1900 psi
has been taken. A 10 gram sample of alloy (45 mol % K) is
asgumed to have been mixed with water to produce 3545 ml of gas
(28 m1 at 1900 psi). ‘

From F=Ma = M M) =u.Y

- 3
W=281)dandF = (Ps)1h)y

|

Since M=VW/g

L 1)

S1 avVv
Ay S = F = (p)_
‘ g St®
or R R ¢
_ 1L, PSg

= Cross sectional area of pipe in sq.ft. = 0.,029L
l(g)= Length of pipe which would contain 28 ml of gas

(1 x 10-1 ££3)

Density of water in 1bs/ft3 = 62.5
Length of plpe in feet = 100

(o))
L}

f

Volume of gas in £ft9 = 1 x 10‘h :

Acceleration of ravéty in £t/sec? = 32,2

Pressure in lbs/gnc = 1900

Time in seconds for water column to move a
distance equal to l(g)

ok
wnnn

v = Velocity flow in ft/sec
W = Weight

M = Masgs

F = Force

a = Acceleration

Substituting the values for the letters

t = [100 x 62.5 x lO;E = 1055 X 10-3 SecCs.
V 1y x 1900 x 0.029L x 32.2 '
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Reference to the curves in this report will show that a
sample of L5 mol % alloy will have completely reacted in ap-
proximately one-half a second. Very possibly in the instance
of alloy squirting into water through a leak in a pipe, the
reaction time may be far less. To prevent dangerous pressure
sccumilation, the time which has been calculated should be
consideraebly less than the reaction time of the alloy with
water., In the case considered, the times are not very far off
in their orders of magnitude.

ANALYSIS OF RESULTS

It 1s believed that the measured reaction times for
potassium, sodium and their alloys are somewhat larger than
those which would be obtained if the contact between the
metal and water were unhampered by the walls of the glass cap-
sule. The rates for alloys near the eutectic are the highest,
56 mol % potassium, samples up to one gram in weight, reacting
completely in one-third to one~half seconds. What effect
larger samples have on the rate is not known; the normal thing
to expect would be a slowing,.
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SURFACE TENRSION

GENERAL REMARKS

‘The surface tension study has been hampered in that the
initial apparatus was desligned to fit untrue conditions, part-
1ally imposed by high surface tension values which were gleaned
from the literature. The caplllary rise method, because of 1lts
simplicity and usual high accuracy, would have been deslrable,
but was dropped originally in favor of a modified method.( ?his
method was similar to that devised by Ferguson and Dowson 8‘,
where the liquid 1s forced up or down to the liquild level in a
calibrated caplllary immersed vertically in the liquid, and the
pressure required to maintain the liquid at any position meas-
ured on a suitable differential manometer. The apparatus and
procedure was explained in detail in NRL Report C-3152, With
the apparatus as finslly used, an expanslion bulb replaced the
mercury leveling bulb to provide a closed system.

The modified apparatus was found to give excellent results
for water. Nevertheless, with the alloys several attempts to
obtain results were unsuccessful., With each attempt, after a
few rough measurements, the metal was found to stick in the small
capillary. A check of cleaning procedures for the glass, and of
techniques in general, falled to remedy this difficulty and the
method was finally abandoned. For each experiment, the metal was
distilled from the nickel still through a sintered glass filter
into the surface tension apparatus. Even though no reportable
results were obtained, the rough values served to indicate that
the literature values were too high and also that wetting of
glass capillaries could be expected. With this knowledge, an
appropriate capillary rise apparatus, in its usual form, was
assembled, This apparatus was used to obtain the results re-
ported In this section.

If the angle of contact between the alloy and the glass 1is
assumed to be zero, then ln a narrow tube the radlius of curva=-
ture of the meniscus is the same as the radius of the tube and
the simple capillary rlse formulsa may be used for the calcula=-
tlon of surface tenslon values:

¥ = 1/2 hgar

where ¥ = Surface Tension
h = Column of Liquid
d = Density
r = Radius tube

(8) Ferguson, Dowson, Trans. Far.Soc.Vol.17,Part I, Dec. 1921
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DESCRIPTION OF APPARATUS AND OPERATIONS

- Apparatus - The pyrex apparatus is shown as Figure XXXVIII.
It is of the usual capillary type, designed in this case for use
as a closed system. Three capillaries varying in diameter from
about 0.11lly cms. to 0.05l cms., were positioned around the large
bulb, such that the menisci of all three and that of the large
bulb could be read convenlently wlth a cathetomster:s Sultable
lengths of capillary were obtalned by checking both ends of
numerous sections with a traveling microscope. Finding likely
speclimens, the dlameter varlation between the ends was checked
by running a globule of mercury along the section. The large
bulb was about 6 cms. inside diameter which should eliminsaste the
effect of surface tension at the reference surface.

. The bath with control assembly was identical
with t?at used for the viscosity measurements (NRL Report No.
C-3201).,

Operation - Standard procedures were followed for cleaning
and £1lling the apparatus, the glass being heated under vacuum
irmediately before introduction of the metal. The metal in
each case was distilled from the nlckel still through a sintered
glass filter into the large bulb, and the apparatus sealed off.
For each surface tension measurement, the metal was made to rise
and fall in each capillary to its equilibrlium height. When
these two values checked, thls helght was used to celculate the
surface tension at that temperature; thereby eliminating the
factor of sticking. A thumping of the capillaries was necessary
to make the columns reach apparent equilibrium,

EXPERIMENTAL RESULTS

Surface tension measurements were made on the pure metals
and several alloys from room tamperature or the melting point
up to about 200°C. The variation of surface tension over the
temperature range was well within the high experimental error.
Therefore, only an average value over the temperature range for
each metal 1is reported. The results of the measurements are
presented in Table XXXI.

An interesting phenomenon was exhibited In the measurements.
With some of the alloys, the surface tension values up to 190°C
were of one magnitude, but after allowing the alloy to stand in
the capillaries at the higher temperature, the surface tension
values thereafter were higher over the same temperature range.
The set of results for each metal in Table XXXI, marked A, repre-
sents values before standing at the higher temperatures, whille
the B set represents results afterwards. Where there is no B
set of results, this phenomenon was not noticeable. The compar-
ison 1is further extended to Figure XXXVII where both sets of
values for each metal are plotted against composition in weight
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percent potassium. There are indications that the change in
surface tension values may be attributed to a change in con-

tact angle resulting from, perhaps, a cleaning of the glass
surfaces at the higher temperatures. This point is to be checked.
If such should be true, the high values are probably more correct.

Two sets of capillaries were used in the course of the
measurements. The first set, having measured dlameters of
0.11); ems., 0.072 cms., and 0.05) cms., were used for samples 1
through 7. The second set, having dlameters of 0.1lll cms.,
Q074 cms., and 0.05h.cms., were used for the remaining samples,
Each set of capillaries was tested with water before and after
the messurements with the metals. The surface tension of water
was checked in each case within about 5 percent.

The reported surface tensions are reproducible to about
& 10 percent. The absolute accuracy of the values 1s somewhat
questionable and no set figure will be Indicated for this report.
In each case, the metals were found to wet the glass capillaries,
and any estimation of the overall accuracy of the results would
nave to be based on an assumption of zero contact angle for the
menisci in the capillaries. For a liquid to have zero angle of
contact it 1s considered, with some authority, that a liquid
£ilm must cover the walls of the capillary tube above the menis=-
cus. Such is not the case with the liquid metals. .
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TABLE

XXXI

SURFACE TENSIONS SODIUM - POTASSIUM

Composition Average Surface Tension (mp-193°C)
Sample dynes/cm
Welight Per-
cent Potas- Large Med ium Small Average
sium Capillary | Capillary ; Capillary |Value
62.9 A1l 6lie 69.2 6.8 66,1
0.0(SOdiM) A 2 208 8200 8 0,4- 80.1
9.6 A z 0.6 8206 i 8 .9 80.0
5.2 A 69.5 86.1 773 777
B 89.9 9.7 96.1 93%.6
68.0 A S 50.9 71.2 7hel ga.l
B 0.2 95.7 90.3 8.8
85.L A 6 9%,3 giz 6l1.9 58.5
B 86.6 2 8L.8 5¢3
Lo A 7 90.9 85. 80.1 882
B 9.6 102.6 98.
21.0 A 8 8l.7 : 8li.
0.0(sodium) A 9 9@.9 99,8 12l.5 107.%
2242 A 11 gz 91.3 92.9 90.6
5242 g 12 76.0 gg.g 58.3
96. . T5
61.8 A 13 86.0 83.2 88.6 85.9
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CONCLUSIONS

A study of the properties of the sodium - potassium
system 1s being continued. The measurements for viscosity
and density are considered adequate, and no further work
is anticipated for these properties. Work is either in
progress or under consideration for specific heat, thermal
conductivity, surface tension and studlies on contaminants,
wetting and reaction rates.
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