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XX. On the Velocity of Solidificution and Viscosity of Super=
cooled Liquids. By HaroLp A. Witsox, B.A. (Camb.),
D.Se. (Lond.), M.Se. (Viet.), 1831 Ezhibition Scholar,
Allen Scholar, Cambridge University¥.

IN the following paper an account is given of a series of

experiments, the object of which was to obtain infor-
mation on the influence of the viscosity of a supercooled
liquid on its rate of solidification. When solidification is
started in a supercooled liquid, rays of solid grow in the
liquid with a definite velocity the relation of which to the
inttial supercooling has been determined t for a number of
substances, e. ¢g. phosphorus and benzophenone. In consi-
dering the nature of the observed relation between the velocity
and the supercooling, it is important to take into account the
production of heat which accompanies the solidification, and
which must raise the temperature of the surface at which the
solidification takes place ; so that the observed relation may
differ greatly from the relation between the velocity and the
temperature of the solidifying surface.

In a previous paper “On Velocity of Solidification 7§ 1
have shown that the general character of the relation ob-
served between the velocity of solidification and the super-
cooling of the liquid can be explained in detail by supposing
the solidification to be due to the difference between the
internal pressures in the liquid and solid, and that the mole-
cules at the surface of separation between the solid and
liquid are urged from the liquid into the solid by this differ-
ence in the internal pressures, Using the method given
by Van’t Hoff for calculating the osmotic pressure of a salt
in solution from the depression of the vapour-pressure, and
making certain assumptions described in detail in the paper
just referred to, the following formula for the velocity was
obtained:—

Aa 60 ’

where v is the velocity of solidification, F' the latent heat of
fusion of one gram of the solid, A the force required to give
unit velocity to one gram of the liquid diffusing through
itself, a the thickness of the layer of molecules at the sur-

* Communicated by the Author.

t Gernez, Journ. de Phys. |2] ii. p. 159. Friedlander & G. Tammann,
Zettschr. f. Phys. Chem. xxiii. p. 826, and xxiv. p, 152,

1 Proc. Camb. Phil, Soc. vol. x. pt. 1.
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face of separation of the liguid and solid in which :the fall
of pressure takes place, 6, the melting-point on the abso-
lute scale, and € the actual temperature at the surface of
separation.

If we regard F and « as constants and A as being propor-
tional to the viscosity of the liquid, we can write the above
formula thus:

QJ=C%,

where C is a constant, s=8,~@ the actual supercooling, and
V is the viscosity of the liquid.

Since V increases as the temperature falls, ¢+ may attain a
maximum value and then fall when s is increased.

The experiments described in this paper were undertaken

with the object of testing the formula v=0%; and they show

that the main features at any rate of the observed relation
between the velocity and temperature can be deduced from
the results for the viscosity by means of this formula. In
tact, when the constant Cis so chosen as to make the maximum

value of C‘%, equal to the maximum value of the velocity, then
the values of (;‘-—% agree fairly well with the ohserved values

of the velocity.

To find the extent to which the temperature of the soli-
difying surface, or rather that of the tips of the growing
rays of solid, is raised above the original temperature of the
liquid, experiments were made in which a thermocouple was
immersed in the liquid, and the change in its temperature
observed as the boundary between the solid and liquid passed
it. The substance first used was salol, which was chosen
because it solidifies very slowly (maximum velocity about
4 millimetres per minute), so that the thermocouple has a
chance of taking up the temperature of the surface of
separation.

The salol was contained in a glass U-tube which was im-
mersed in a water-bath at constant temperature, and the
thermocouple was put down one of the limbs of the U-tube.
The couple used was made from iron and nickel wires each
0-2 millim, in diameter, which were twisted together for
about 2 millims. and kept apart by a thin capillary of glass
round the iron wire. The iron and nickel wires dipped into
small mercury cups kept in the same water-bath, from which
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copper wires led to a very dead-beat mirror-galvanometer
read by a telescope and scale. A detlexion of about 3 millim.
divisions was obtained for a difference of temperature of
one degree between the couple and the mercury cups, so that
1 of a degree could be measured easily.

The sulol was first melted by means of hot water, and then
the U-tube was fixed in the bath and the couple put halfway
down one limh. When the salol had taken up the tempe-
rature of the bath, solidification was started in the other limb,
and the galvanometer observed as the surface of separation
passed the couple. A millimetre-scale was fixed to the
U-tube, so that the temperature of the couple and its position
with respect to the surface of separation could be observed
simultaneously. The following series of observations were
obtained in one experiment: —

Diameter of tubing, 0°5 centim.
Temperature of bath, 31°5 C.
Melting-point of the salol, 41° C.

Distance of the Temperature-Difference
Couple from the Solid. indicated by the Couple.
mms,
36 0
2 0
47 02
28 09
23 12
4 15
10 19
05 24
04 30
00 33
=08 27
=20 05

The velocity of the boundary in this experiment wax
1'3 millim. per minute. The maximum temperature was
always indicated in the time during which the couple was
partly in the solid and partly in the liquid. The twisted
wires formed a couple about 0'4 millim. in diameter; so that
in the experiment just described this time was about 18 seconds,
The following table gives the maximum rise of temperature
observed with the same tube at several temperatures.
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| Temperature| Maximum at which CoVrtiesp;)ndlfng
of Bath. |Rise observed.| Solidification S eloaity O
olidification,
‘ occurred,
° 1 ° ° mms./min,
27°5 36 331 24
220 90 310 34
170 890 259 39
90 2005 41

i 11'5

The following table gives the results obtained with a tube

0'2 centim. internal diameter,

1 Temperature Cor &
Temperature | Maximum at which c%’rfsp.(t)n ?g
of Bath. |Rise observed.| Solidification S eloaty o

olidification.
oceurred.

o ‘ ° ° mins. /min,
360 | 06 366 04
325 g 16 341 18
310 22 332 23
25'3 28 28-1 38
210 34 24-4 40
167 36 20-3 41
113 38 151 41

The last column in each of the above two tables contains
the velocities of solidification in the same tubes obtained by
interpolation from observations on the velocity at a number
of temperatures, The velocity was determined by measuring
the time taken by the boundary to pass between two marks
on the tube at 4 known distance apart. The following results
were obtained with the same two tubes:—

Tube 0*5 centim. in diameter.

Temperature Velocity of

of Bath. Solidification.
o mms,/min,
320 . 1-10
250 302
2000 o 355
150 . 400
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Tube 0°2 centim. in diameter.
Temperature Velocity of
of Bath. Solidification.
o mms./min.
343 110
330 .l 1:62
3000 .. 2-88
280 330
270 o, 323
240 3-87
285 388
170 . 393
15 +13
Fig. 1.—Velocity of Solidification of Salol.
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These results are shown graphically in fig. 1.

It will be

observed that the velocities are not the same at the same
temperatores in the two tubes¢; but when the correction in-
dicated by the thermocouple is applied, the two curves

hecome approximately identical.

The wider tube had thicker

walls than the narrower one, which of course would render
the escape of the heat developed more difficult in the wider
tube, which accounts tor the greater rise of temperature found

in it.

The effect on the velocity of surrounding the tube by a
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wider glass tnbe forming an air-jacket was tried, This was
found to diminish the velocity considerably, as we should
expect owing to the increased difficulty with which the heat
developed could escape. Thus with the water-bath at 32°
the velocity with the additional tube was 0-88 ==, and without
the additional tube it was 1175,

To test the validity of the formula v=C

8
\'E
supercooled salol was measured at « number of temperatures.
The apparatus was of the ordinary form, consisting of two
small glass bulbs connected by a capillary and bent round
into a U-shaped tube. The time required by the meniscus
of the liquid to pass between two marks, one above and one
below the upper bulb, was determined whilst the apparatus
was fixed in a water-bath at a known constant temperature,
The capacity of the upper bulb was about 2 cub. cent., and the
time for water at 15° C. was 24'5 seconds.

The open ends of the U-tube were connected by india-
rubber tubes to bulbs containing calcium chloride to prevent
moisture getting to the liquid. When the liquid began to
solidify, it was melted by putting the tube in hot water. The
following tahle gives the results obtained for the viscosity of
salol.

the viscosity of

Salol.
Melting-point, 41° C.
Density 1:195 at 35° C,

Temperature. Time, (Walf;g?g%‘z 1)
o secs,
420 1493 727
359 196-5 9hY
290 2785 1357
250 35000 17:056
195 5192 2529
150 6$49-0 31-C0

These results are shown graphically in fig. 3.

The formula v=0% indicates that the velocity should in-
crease proportionally to the supercooling when it is small.
Now the relation ohserved between the velocity and super-
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cooling usually shows a very small rate of increase of velocity
when the supercooling is small. This is shown in fig. 1, where
the velocity-curve produced cuts the axis of temperature at
37° whilst the melting-point of the salol was about 41°0.
Still some indications of partial melting occurred atabout 37°;
and it is very probable that if the substance were quite pure,
then the very small rate of increase of the velocity near the
melting-point would not occur. Tammann (lo¢ ¢it.) has shown
that purifying a substance always diminishes this region of
small velocity; and consequently, for the purpose of testing

the formula »=C %, I have measured the supercooling from

the point (37°0) at which the velocity-curve shown in fig. 1
cuts the temperature-axis.

To get the value of C in the formula v=()% the values of
the velocity (v) and viscosity (V) were taken at 22° at which
temperature s is 15% hence C= 4—1—:52*19 =574,

The following tahle shows the results obtained, using the
formula v=>5742 and values of V taken from the curve for

v

the viscosity of salol.

[ |
i | v v,
Temp. s, V. —574 8 (Found.)
v
o] [o]

35 p 100 1-15 125
33 4 107 214 25
31 6 120 290 32
29 8 135 340 37
27 10 150 382 39
25 12 170 405 40
24 16 225 408 41
19 18 250 413 41
15 22 316 400 41

The agreement between the found and calculated values of
v is sufficiently good. The independence of the velocity and
the temperature from 15° to 25° thus appears to be due in
this case to the viscosity being approximately proportional to
the supercooling between these limits of temperature.

The formula +=C &

v

thus represents the variation of the
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velocity with the temperature at which it takes place in a very
satisfactory manner in the case of salol.

In the case of substances having greater velocities of soli-
dification than salol, it is not easy to determine the rise in
temperature during solidification. I have made measure-
ments of the viscosity and velocity of solidification of super-
cooled salol, benzophenone, benzoic anhydride, and azobenzol,
for which measurements of the velocity have also been made
by Friedliinder and Tammann (loc. cit.), and my results for
the velocity do not differ much from those given by them.

mms.

Benzoic anhydride has a maximum velocity of about 35 === ;

so that the thermocouple would only be in the boundary for
06 sec., which is probably not long enough to enable it to
take up the temperature at the boundary.

Another difficulty was that the galvanometer available had
rather a long period of swing, so that it could not be used for
measuring so sudden a rise of temperature. An attempt was
made to increase the time during which the couple was in the
boundary, by moving it along with a velocity nearly equal to
the velocity of the boundary; and an apparatus was made
which automatically did this. Unfortunately, however, the
motion of the couple in the liquid nearly always cavsed it to
solidify, and the couple became fixed in the solid. I believe
that this could be prevented by taking care not to allow the
wires from the couple to carry any of the liquid into the cold
air above the bath, and by heating the couple with the liquid
for a long time; but I am not able at present to devote any
more time to these experiments, and shall therefore simply

use the results obtained to test the formula v=0% without

correcting for the rise in temperature during the solidi-
fication.

The following Tables give the results obtained with
benzoic anhydride. The velocity was measured between two
marks 10 cms. apart on a tube 0'3 cm. in diameter. The
apparatus already described was used for the viscosity
determinations.

Plil, Mag. 8, 5. Vol 50. No. 303. Aug. 1900. 8
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Benzoic anhydride.
Melting-point, 42° C.
Density at 38° C., 1-188.

Velocity of Solidifieation. (WatZ ;s:z)slxtbyc; -1)
\ Temp. ]l Velocity. Temp. [| Time. Viscosity,
° l mms./min, ° : secs.

380 188 397 i 2875 1397
350 20-1 ‘ 340 370 1784
306 336 33:3 382 1807
265 352 273 513 24-92
24-75 349 2065 767 3679
1875 349 18:5 880 42797

121 1384 6725

Fig. 2—Velocity of Solidification and Temperature.
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These results are shown in ﬁés 2 and 3.  Calculating in

the same way as before, we get
lowing results:—

60, which gives the fol-
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1 '
| v. v. !
Temp. s. V. ( —¢ j,) (Found.)
V)
o o mms./min, mms./min,
38 4 15-0 162 180
34 8 177 272, 305
30 12 220 328 340
26 16 27-0 i 356 350
23 20 340 : 353 350
18 24 431 | 338 350
12 30 i} ] 267 1 L

Fig. 3.—Viscosity and Temperature.
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The agreement between the found and calculated value
of v is about as gocd as it was with salel, although the

S 2
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rise in temperature due to the solidification has not been
tlowed for. It may be that the rise in temperature is
less when the velocity of solidification is greater; and so
neglecting the rise may not make much difference. The
calculated value of v at 18° C. is smaller than at 22° (., so
that at 18° C. the supercooling is greater than that for which
v is a maximum. Hence the temperature of the solidifying
surface is probably® raised by the heat developed to the
temperature at which v is a maximum; so that when the
bath is below this temperature the actnal temperature at which
the solidification takes place remains constant, consequently
observations on the velocity cannot reaily be made at any
lower temperature unless the temperature is so low that the
latent heat of solidification is not enough to raise the tempe-
rature up to that at which the velocity isa maximum. Hence
the calculated values of the velocity will not agree with the
uncorrected values found apparently below the temperature
at which the velocity is a maximum except so long as the
calculated velocity also remains practically constant at the
maximum value.

The following Tables give the results obtained with benzo-
phenone,

Benzophenone.
Melting-point, 46°5 C.
Density at 31° C., 1:099.

Velocity of Solidification. (Watzssact?sllﬁz’ =1)
|
Temp. Velocity. Temp. Time. Viscosity.
° mms. /min. e secs.
383 150 32-93 241-0 1080
347 | 819 27-10 3195 14-33
330 ! 378 219 4105 1841
320 430
300 459
240 46:4

These results are shown graphically in figs. 2 and 3. Cal-
culating in the same way as before, we get C=441, which
gives the following results:—

# See paper “ On Velocity of Solidification,” loe. cit,
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|

v.
Temp. S V. (=C %) (Found.)
o
< 4 90 196 150
A 8 104 338 340
32 10 11-1 398 430
30 12 124 427 459
28 14 136 455 460
26 16 151 467 464
24 18 169 470 464
22 20 193 456 464

The following are the results obtained with azobenzol,
which are also shown graphically in figs. 2 and 8:—

Azobenzol.
Melting-point, 67°5 C.
Density at 50° C., 1-038.

Velocity of Solidification. (W MZ;S:: sllg%'z 1)
[
Temp. Velocity. Temp. Time. Viscosity.
° mms. /min. ° secs.
620 671 651 60-2 2:56
597 88-2 637 615 2-61
571 207-0 619 621 264
534 346 585 655 2-78
488 465 578 666 2:83
455 484 575 680 I 2:89
420 492 52-8 750 ‘ 319
414 500 516 790 | 336
395 500 470 9241 | 392
...... R 431 Lo | 470

Calculating in the same way as before, we get C=125,
which gives the following results:—

v, v.
Temp. s, V. s (Found.)
(=ev)
60 2 272 92 90
58 4 282 177 170
56 6 2:94 2566 250
54 8 310 322 320
52 10 330 379 390
50 12 3:52 426 445
48 14 380 460 470
46 16 413 485 483
44 18 462 498 490
42 20 500 500 495
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It thus appears that the formula v=(‘/€—, represents the

variation of v with s sufficiently well to justify the conclusion
that the velocity is largely determined by the viscosity in the
way indicated by the formula.

Two main causes, to which I have already referred, probably

account for-the discrepancies between the values of C% and

the velocities observed. The first cause, namely, the rise of
temperature due to the production of heat accompanying the
solidification, does not affect the comparison of the calculated
and observed velocities in the case of salol, for in this case
it was measured and allowed for ; but with the other three
bodies investigated the temperatuves at which the velocities
are measured are too low, owing to this effect. 1f the cor-
rection for this effoct were made, it would probably raise the
point at which the straight part of the velocity-curve when
produced cuts the temperature-axis, so that measuring s from
this point probably partly eliminates the error due to this cause.

The other cause, namely, the presence of impurities in the
substance, probably accounts for the small velocities observed
near the melting-point, which I bave not attempted to repre-
sent by the formula, and which occur with three out of the
four substances investigated. When impurities are present,
solidification near the melting-point is more correctly de-
scribed ‘as, erystallization from a strong solution, and must
evidently depend on the rates of diffusion of the substance and
impurities in each other, for as the pure substance separates
out the impurities collect round it; and so it is easy to see
that the rate of solidification may be greatly affected by small
amounts of impurities quite insufficient to have a corre-
sponding influence on the viscosity of the substance. That
purifying the material is able to diminish greatly the range of
temperature over which the velocity increases very slowly
with the supercooling has been shown by Friedlinder and
Tammann (loc. ¢it.), so that it seems reasonable to suppose that
with pure substances the velocity would be at first propor-
tional to the supercooling, as the formula C% indicates, and
as is approximately the case with the benzoic anhydride I used.

1 think, therefore, that the above results render it probable
that the velocity of solidification of a pure substance varies
directly as the actual supercooling at which the solidification
occurs, and inversely as the viscosity of the liquid.

‘Wilmersdorf, Berlin,
Feb, 15, 1900,



