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Surface Tension Techniques for Molten Salts
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8.J. Janz, J. VWong and €.R. Lekshminarayansn

Rensseleer Polytechnic Institute, Department of Chemistry, Troy, N.Y. 12180

ABSTRACT

Some 200 surface tension determinations have
been made on 107 single-salt melts using eight experi-
mental techniques. Ffrom a consfderation of the experi-
mental difficulties, such as the inconvenience of visual
observat fon on the melt, the corrosive nature of the melt,
volat{i{zation and condensation of salt vapors on apparatus,
the most versatile method recognized to be epplicable to
these molten systems at elevated temperatures {s the method
of Maximum Bubble Pressure, by which 75 per cent of the
total determinations on the 107 salts were made. Other
methods in descending percentages of application are:r Wilhelmy
Slide Plate, Cepillary Rise, Maximum Pul! on Cylinder, Pin
Method, Pendant Drop, Ring Method and Sessile Bubble. The
basic principlies, surface tension range of applicabiiity
and temperature limitation for these techniques sre briefly

considered.




INTRODUCTION

There {s much information relatively at large in the l{itersture
relative to the surface tensfon of inorganfic compounds {n molten
state, but a careful and critical evaluation of the results and

of experimental techniques {n this ares of high temperature
chemistry appesr an outstanding need., E{ght experimental techniques,
{.e., Maximum Bubble Pressure, Whiihelmy S1ide Plate, Pin, Maximum
Pull on Cylinder, Pendant Drop, Ring, Capillary Rise, Sessile
bubble have been used to gain surface tensfon data of some 107
single-salt meits over a wide range of temperature. This article
develop{n a review of the basic principles, experiments) techniques,
temperature Timictations and other salient features for each method.
Compar{sons of the var{ous methods are considered from the view.
points of experimental difficulties, range of epplicabilfty and

regifability of the results.

SURFACE TENSION TECHNIQUES FOR MOLTEN SALTS

(f) Maximum Bubble Pressure Method

" The maximum bubble pressure method of determining the surface
tension of a 1{quid, first suggested by Simon (31), was developed and
applied to molten salt systems by Jeeger (20). It {nvolves the very

stow formetion of a bubble at the tip of » cepiliary fmmersed in
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the meit and the subsequent determination of the maximum pressure
in the bubble at the very {nstant {t bursts. Cantor {6) discussed
the theory of bubble formation; his equation for the maximum bubble

pressure, corrected by SchrBdinger (29), 13

vm B[ - B fEaee) ™

where y = surface tension of the melt, dyne o’
r = radius of the capiliary, cm
p = maximum pressure difference between the ins{de
and outside of the bubble at the level of the
end of the tip, dyne cm 2,

h= -/ {p=p!), the height in cm. of & column of
the melt equivalent to pressure p

p = density of the melt be{ng measured, gm, cme?

pi= density of the bubbling ges saturated with the
salt vapor, gm. cm=3

g = acceleration of gravity

Sugden (32) showed that the Schrodinger approximation is valid
for values of % < 0.2. When E exceeds 0.2, it becomes necessary to
use the Sugden tables and his method of successive approximations (16).
A thorough investigetion of the maximum bubble pressure mathod by
Hoffman (19) and Tripp (33) showed that the mathematical theory is in
accord with experiment only {f the bubbles are formed slowly (one
bubble per 30 or 60 seconds). The phenomans are more complex end not
readily smenable to theorstical treatment when the rate of bubble

formation is high.
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The most extensive appiication of this method has been by
Jasger (20) (51 saits) and by Elifs et af (8-13) (20 salts). The
method appears well suited for molten saits having surface tersions

ranging from 50 to 150 dyne cm '

and for the temperature intervel from
room temperature to 1600°C.
The method is not readily applicsble to viscous malts
(e.g. ZnC1,) and highly volatile systems (7). Irreqular formation
and behavior of the bubble can occur in melts of this typej; the
bubble may burst into a number of smailer bubbles with a resultant
stepwise pressure drop in the system; alternstively the bubble may
not burst daspite a rise and fall of pressure, or the prassure
response when the bubble bursts may be slow and abnormally small.
Some of the experimental features that distinguish the high-
temparature application of this method to inerganic molten salts

from the ambient-temperature applications to aqueous and organic

ffquids are as follows:
(a) Since certain meits may be quite corrosive, the radius
of the capiitary tip should be checked, preferably after each experi=-
ment. In addition, the time and area of contact of the meit with 7
vorvicus components of the surface tensfon sssembly should be minimized. ﬁ
(b) Since visual observations of tha meit are frequently not

possible, the contact of the cepillary tip with the surface of the

meit must be detected by Indirect techniques (e.g. electrical contact).
{¢) To prevent s possible cooling effect at the surface of the

melt during the formation and release of the bubbles from the capiliary




tip, preheating of the {nart bubbling gas to the temperature of
the measurement was recommended by Jaeger {20) and Semenchenko
and Shikhobatova (30). For very siow bubbiing rates, Dsh! and

Duke {7) found this step unnecessary.

{11) Detachment Methods

The term 'detachment method" denotes any method of surface
tension determination which is based on a measurement of the force
required to detach an object from the surface of the liquid. The
maxfmum pull just before the object {s detached from the surface
will be equal to the weight of the object plus yL, where L is the
total perimetsr {introduced into the meit, This assumes that the
weight of the liquid which has been raised above the 1iquid surface,
at the moment of detachment, {s given by the total tension that {ts
syrface will support and that the contact angle {s zero. The foliow-

ing four methods may be classified as moiten salt surface tension

detachment methods.

(4) Wilhelmy S1ide Plate Mathod

The simplest application of the above principle is that of
Withelmy (34). 1In this method the maximum pulling force necessary
to detach & thin platinum plate from the 1iquid surface {s determined.
For & straight edge, the force {s proportional to the surface tensfon
of the liquid. The plate, suspended from one arm of a balance, is
dipped into the liquid and the meit container is lowered until de-
tachment occurs. The 'bullf on the balance arm s noted at tho-inttant

detachment {s effected. The surface tension {s calculated by the

axpressionn




Weot = Ys1qde * 2¥(Ltx) (2)

where L = width of the slide

X the thickness of the si{de

Yeot, Vattan * e ohaerved weights at the memant
into tquid respectively,
End effects are assumed negligible, This reletively simple method
has been estimated to be accurate to within 20.1% for room temoer-
ature measurements of aqueous and orgenic liﬁuids (28), provided that
the 1iquid wets the siide. Bertozzi (2,3) wpplied this technique to
molten atkali metal nitrates (300-600°C) and halides {600-900°C) with
an accuracy of $0.6%. | |
(b) Pin Method
This procedure was introduced by Janz snd Lorenz (21,22) to
measure simult.nco&:ly the surface tensions and densities of molten
slkali{ nitrates end carhonates, and has_been used by Morris, McNair
and Koops (25) for the molten molybdates. In this method, & surface
tensfon detachment pin {s machined to be part of an Archimedean density
bob, which {s suspended from an analytical balance. The weight {is
noted at room temperature and sgein at the working temperature after
temperature equilibrium has been reached in order to correct for the
slightly decreased buoyant force of air at highar temperatures.
The crucible with the melt {s then raised unti! the surface tension
pin just contacts the melt; at this point the contact weight (wc)
and the relative crucible haight are noted. The cruciblie is then
lowered and the maximum ‘bulil ™, just at the moment of detachment, {is

measured. The bresk-point weight (wb) and the final rest waight (\lr)




are thus obtained.

The surfece tension pull on the bob {s 2wry dynes, where r
and ¢ have their usuel significance; this is eaqual to the difference
botw.;n the break and the rest weights,

oWy = g(W, - Vr)
sssuming zero angle of contact at the brask-point., Thus, {1t follows
that the surface tension is given by:

Y- ;—,;‘-,’.' - AWy (3
where the constant A {s a characteristic of the pin dimenstons. The
radius of the pin at any temperature t°C may be celculated from the
relatfons

rewry (1 + apt) ) ()
vhere rg * radius of the pin at the calibration temperature (t;),

a = the coefficient of 1inear expansion of the pin material and

4t = (t-ty). Hence, the final form of the surface tension equation

a1
v o T (5)

where Ag = 5;&:—. The constant A, may be calculated directly from
the measurement of ro or obtained indirectly from messurements with
calibration l1iquids of sccuretely known surface tensions,

The pin method, although has not been theoretically justified,
has been verified experimentally in the cese of molten Li,(0,, the
surface tension of which has been measured {ndependently by Janz
and Lorenz (22) using the pin method and by Mofseev and Stepanov {24b)
using the maximum bubble pressure technique. Both sets of results

egree to within 0.3% in the temperature renge studied.
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{c) Maximum Pul! on Cylinder Method

This method s & modification of the ring method in which
the ring is replaced by s vartical hollow cylinder and has besn
widely used both at ambient and at elavated temperaturas. An
F expression similar to that developed by Hariins, Young and Cheng (18)

for the ring method is used to calculate the surface tension, {.e.

; M
. Y= nai- F (6)
whers R » the mean radius of the cylinder, cm

F = s dimensionless factor depend-
ing on R3/V and R/t

V= volume of 1iquid held up by
the cylinder (= H/p') em?

t = the thickness of the cylinder wall, cm,

King (23), using this mathod for determining the surface tensions
of sliicate slags, found that the F-factors did not have the same
values for a cylinder and for a ring. Using 1iquids of known surface
tensions, he determined correction factors and hence a calibration
curve applicable to the cylinder (R = ,‘i-inch). Bradbury snd Maddocks
(4), atso using @ cylinder of R = é- inch, obtained a somewhat diffarent
calibration for F(R?/V) versus R3/V. No explanstion was advanced for
the difference in the two calibration curves although cylinders of the
same R-value were used. The above differsnce may be attributed, in

part, to the neglect of the dimensionless variable R/t in the preced-

E
E
|
|
?
]
;
;

ing calibrations and to possible differences in the thickness of the

walls of the cylinders used by King (23) and by Bradbury end Maddocks (k).




The effect of the contact angle, @, on the meximum pull on
the cylinder was investigated by King and was shown to be negligible
unless 8>40°,

(d) Ring Method

The tleoretical principles of this methed ware established by
Harkins, Young and Cheng (18), and further refined by Harkins and
Jordan (17). A complete discussion of the'theory and experimental
aspects of this method at ambient temperature is given by Harkins (16).
This method has been used at high temperatures by Callis et al (5) for
sodium metaphosphate and mixtures of Nay0 and P04, with dus cognizance
to the correction factors of Harkins and Jordan (17) for the calculation

of surface tensions.

(111) Capitlary Rise Method

The capiilary rise method {s the s mplest method to operate in
8 closed system, & requirement for low-msiting salts with high
volat{ifty (ofg. UF, (26), InC1, (12), GaCly (14,15) and its organic
complexes). The theoretical principles of this method are well estab~
1isheds it fs best suited for systems whers visual observation of the
meit {s possible. For a single capillary, Harkins (16) gives:
¥ = grh(p=p!) (n

where v = surfece tension, dyne cm™'

r = radius of capiliary, em

h = height of meniscus from immersed
end of capiliery, em
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g = scceleration of gravity
p = density of 1iquid measured, gm, cm=3
p! = density of vapor, gm. cm-3

For double capillary, Sudgen (32) gives:

vo Mept) g (g -5 (8)
where ¥, g, p, p! carry the same significance as asbove, H {s the
vertical distance betwesn the lowest points of the menisc! in the
two vertical tubes of radius r, and r,, cm, and b, and b; sre the
radti of curvature at these points, cm.

To use equation 8 for the calculation of surface tension, it
{s necessary to have zome relation between the radius of the tube and
the radius of curvature at the bottam of the meniscus (32).

The derivations of gqs. 7 and 8 assume that angle of contact is
zero. This fact was experimentally verified only in cases of water-
and scme organic-glass systems by Richards and Carver (27), and may
not be vaii} {n cases of molten salts {n contact with the spparatus

material.

(fv) Mechods Based on the Shape of Static Drops on Bubbles

The general procedure for this class of methods is to form a
liquid drop or s gas bubble in the liquid studied under conditions
such that ft {s not subject to disturbance, and then to make certain
measurements of {ts dimensions, e.g. from a photograph. These methods
favor the observations of long term changes in surface tensions {.e.
if very slow time effects are {nvolved.

{a) Sess{le Bubble Method

This technique consists of mounting » squere-ended tube vertically
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fn a square spectrometer cuvette containing the liquid. A
pbubble of inert gas {s grown at the end of the tube and held
stationary there while & photograph is made with & microphoto-
graphic camera. The equatorial diameter and hetight of the bubble
are then measured in the print by use of a travelling microscope.
The magnification factor can be checked by measuring the dismeter
of the tube, which {s shown {n the photograph.

This method has only been applied to one molten salt system-
InC1; (13). The author calculated the surface tension of InCl, from
the dimensions of the bubble by use of Bashforth and Adams Tables (16).
The results were claimed to be of low preciston because of difffculties
in messuring the pertinent dimensions. No further spplication of this
method to molten salt systems is to be expected due to this fact.

(b) Pendant Drop Method

In this method, the salt is melted to form & drop hanging on
the end of an {nert rod. Surface tensfon can be calculated from
measurements of the absolute drop diameter and a shape factor fixed
by a 'selected! diameter, d’, defined as the diameter normal to the
drop axis at a distance from the base of the drop equal to the
maximum dfameter, d of the drop. The surface tensfon is related to
the 1iquid density, the absolute value of dm and the ratio ;: as
given by Harkins (16).

This method has only been applied to {norganfc meits in the
case of oxide systems (24) of Aig0,, B,04, GeO,, 510, and P,0, uﬁth

an overall accurscy of no better than 7%,
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DISCUSSTON

The preceding considerations of the verfous techniques,
temperature range, the surface tension range and equations are
sunmarized in Table 1. The fraction of the tots! determinations
made by each technique i3 tabulated {n Table 2 as the percent
spplication. The surface tension range and temperature range of
application are given in Fig. | as a guide relative to the appli-
cabflity of each technique,

A comparison of the results gained by various techniques {s
of interest. For NaCl,afght independent investigations have been
r;ported using three different tecﬁniques {.e., the maximum bubble
pressure method, (3s,7a,20,24a,30,31a) the plate method (3) and
the ring method (1a). These results are represented in Fig. 2. The
insert in Fig. 2 {Vlustrates an altarnate presentation in which the
percent departure of the varfous results from the values of Sokolova
and Voskresenskaya {31a) are shown; the results of Sokolova and
Voskresenskaya were selected as the reference norm from a consider-
ation of such factors as preparation, purity of the salt, temperature
range of study as well as precision and accuracy of the results.
Inspection shows that the values obtained by the maximum bubble pressure
method (7a,20,31s,24a) and the ring method (1a) are in good agreement

( 0.5 dynes cm='); the results gained by the plate method (3) are

/consist’htly higher (3 to 4 dynes cm='). Relative to the surfasce .

5




tension studies generally the maximum bubble pressure method 1s most
widely used technique; undoubtedly because {t has many advantages |
from the viewpoints of experimental difficulties such as the fn~
convenience of visual observation of the meits, the corrosive

nature of the melts, volatil{zation and condensation of the salt
vapors on the apparatus and thermal gradient effects, Moreover
highiy realiable and sccurate results can be gained by this technique

/e’peciany for melts in the range 50-150 dyne cm=',
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Table 2 Classification of the Molten Salt Surface Tension Techniques
by the Fraction of the Total Determinations Made by Each

Jechnique as Per Cent Application,

Method Per Cent Applicnfion
Maximum bubbla pressure 74.6
Wilhelmy slide plate ) 7.2
Capillary rise ) 5.7
Maximum pull on cylinder 4.2
Pin method 3.2
Pendant drop ‘ 2,5
Ring method 2,0

Sessile bubbdble 0.6
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Fioura lantian Shaar

Surface tension range and temperature range for the

various techniques.

Surfasce tension of molten NaCl obtained by the various
techniques in the range 800-900°C: A, Barzakovskii
(Ring, 1960)1‘; B, Bertozzi (Plate, 1965)3; C, Bloom,
Davis and James (M.B.P., 1960)3.; D, Desyatnikov (M.B.P.,
1956)7'; E, Jaeger (M.B.P., 1917)2°; F, Lantratov

24a

(M.3.P., 1961)2%%; ¢, semenchenko (M.B.P., 1947)39;

H, Sokolova and Voskresenskaya (M.B.P., 1962).3‘.

-
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ell security classification of the report. Indicate wiether
"Restricted Data’ is included Mearking is to be in accoed-
ance with appropriste security regulstioas.

2n. LROUP: Automatic downgrading is specified in DeD Di-
rective $200. 10 and Armed Forces Industrial Manuel. Enter
ths group number. Also, when applicable, show that optionsl
muckings have heen usned for Group 3 and Group 4 ‘as suthor-

Ve,

3 U RTPADT TITLE: Enter the complete report title in all
1 oot et Tities in all cases should be unclessified.
, ' peoeng (0! title cannot be selected without classifice
tieen, sthaw title classification in all capitals in perenthesis
, wrnediately follnwing the title.

1. DESCRIPTIVE NOTES: If appropriate, enter the type of
1port, e.g., interim, progress, summary, annual, or finel.
Give the incluriv~ Jdates when s specific reporting period is
wevered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
+ v in the report.  Enter last name, {irst name, middle Initial.
[ 1 .tary, shnw rank and branch of service. The name of
the principal «ithor is sn absolute minimum requirement.

6 REPORT DATL. Enter the date of the report as day,
month, year, nr month, yean, If more than one date sppesrs
on the report, uss date of publication.

75 TOTAL NUMBER OF PAGES: The total page count
should follow normal paginstion procedures, i.e., enter the
number of pages containing information

75. NUMBER OF REFERENCES Enter the totsl number of
references cited (n the report. .

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the applicable number of the contract or grant under which
the report was written.

$), Aic, & 8d. PROJECT NUMBER: Enter the appropriste
militery department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMUER(S): Enter the offi-
cial report number by which the document will be jdentified
and controlled by the origineting sctivity. This number must
be unique 1o this report.

obh. OTUER REPORT NUMBER(S): If the report has heen
un 1pred any other roport numbers (either by the originator
e Lyv the eponsxor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
ity on turther dissemination of the report, othar then those

INSTRUCTIONS

imposed by security classification, using stendard stetements
such as:

(1) °Qualified requesters mey obtain cosles of thia

report from DDC.

“Foreign snnouncement and dissemination of this
teport by DDC is not authorized *’

“U. S. Government agencles may obiain coples of
this report directly from DDC. her qualified DDC
users shall request through

£
3

““U. S military agencies may obtaln copies of this
report directly from DDC. Other qualified users
shall request through

()]

“All distribution of this report is controlled Qual-
ified DDC users shall request through

()

I{ the report has been frnished to the Office of Technical
Services, Department of Commerce, for sale to the pubdlic, indl-
cate this fect and enter the price, Lf known.

1L SUPPLEMENTARY NOTESR: Use for additional explans-
tory notes.

12 SPONSORING MILITARY ACTIVITY: Enter the name of
the depertmentsl project office or 1aborstory sponsoring (pay
ing for) the research end development. Include address.

13. ABSTRACT: Enter sn abstract giving a brief and factual
summary of the document Iindicetive of the report, even though

it may also appear elsewhere in the body of the technical re-
port. If additions! space is required, & continustion sheet shall
be attached.

It is highly desirsble that the abetract of classified reports
be unclassified. Each paragraph of the sbstract shall end with
an indication of the militery security classification of the in-
formation'in the paragraph, represented as (TS$). (5). (C), or (U).

There is no limitetion on the of the abstract. How-
ever, the suggested length is from 150 t5> 2285 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that charscterize s report snd may be used as
index entries for cataloging the report. Key words must be
selected so that no security clsssificstion is required. ldentl-
fiers, such as equipment model designation, trade name, militery
project code name. geographic location, ey be used as key
words but will be followed by an indicatic 1 of technical con-
text. The assignment of links, reles, anu weights is optional.

Best Available Cop}

FORM

T AN AS

DD 1473 (BACK)

Unclassified
Security Classification

~



