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oF Jce.—By J. H. L. JouxstonE, B. Sc., Dalhousie
University, Halifax, N. S.*

Read 13th May, 1912.

The following investigation was first begun in January,
1911, with the object of detérmining the resistence of ice.

A great many difficulties were subsequently met with,
which resulted, as will be seen, in a modification of the original
methods of experiment; and several other problems appeared,
closely connected with the one treated of in this paper, the
chief one of which is the effect of polarization, and its nature
as related to ice. The latter problem is to be investigated fully
at a later time.

Dr. H. L. Bronson, when working in the Physical
laboratory at  McGill, Umvermty, noticed the peculiarities
connected with this problem and as a result this work was
undertaken, with his guidance, by the writer.

The only measurements of the resistance of ice, that could
be found after a diligent search, were obtained from a paper
by Ayrton and Perry.' As these measurements appear to be
the only ones published; a brief summary, together with the
results of their work, ig-given here.

Aryton and Perry measured the resistance of ice as follows:
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"Ayrionand Pu-p}'/.'s Apparatis”

Frc. 1. FIG 2,

" = Contributions irom the Sclence Lahora.torles of Dalhousie Um\erslty—[Physles]
1Ayrton, M, K., and Peery : Proc. London Phys. Soc,, Vol. 11, 178, March, 1877.
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Ice was frozen from distilled water in a copper vessel, like
that shown in Fig. 1. Connections were then made as shown
in Fig. 2, the current passing through the ice being measured
by a galvanometer. Knowing the E. 1. F. of the cells in the

TABLE 1,
AYrTON AND PERRY'S
VALUES _
For THE REsisTiViTY OF IcE axp H,O.
Tsﬁpl?naruns °C. Resisnrivity,
—12.4 22 .4 x 10°
—6.2 10.23 x 10°
~5.02 9.486 x 10°
~3.5 . 6.42 x10°
-3.0 | 5.693x10°
—2.46 4.844@x108
—~1.50 3.876 x 10°
—0.2 2.84 % 10°
+0.75 1.188 x 105 -
+2.2 - 2.4»8§x10T
+4.0, 9.10: x 10°
+7.75 5.4 | x10°
4+11.02 | 8.4 I x10

Resistance in ohms. (“BA").
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TABLE IL
SPECIMEN.
AYRTON AND PERRY'S
REsurTs.

VOLTAGE TiME A GaAL. DEFLECTION
2.61 0 30.1
4.25 1 39.5

3 36.E
41 50.5
8.7 51 49.1
17 4 61 72.7
73 69.0
123 59.5
28.7 133 76.5
171 67.2
Ice short'| circuited for 4 | minutes
87. I —— great swing | off scale,
231 212
261 145
83 66.2
129 66.2
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ecircuit, the resistance of the sample of ice was calculated from
these data, and from this, the specific re.istance of the ice.
This was done for several temperatures.

A great difficulty was encountered in determining the
actual value of the current passing through the ice. Ayrton
and Perry were troubled greatly by polarization effects which,
at that time, they were unable to determine the nature of. As
they could not eliminate this effect, which will be shown to be
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very considerable at times with the method of experimenting,
their results do not appear to be very reliable.

The method just outlined was first nsed and investigated,
with results similar to those obtained by Ayrton and Perry?
and to those obtained by Dr. Bronson.* '

A D’Arsonval galvanometer, manufactured by Leeds and
Northrup, was used as a current measurer, its sensitivity and
resistance being first determined.

The resistance was determined bv several methods, the
mean of these several
values being taken and
found equal to 1930 °
c¢hms, at 17°C,

The sensitivity, or
cwrrent which produces
a deflection of one scale
division was determined
as follows:

»oon Ohms

The galvanometer = ovo obms
was connected in a eir- :
cuit as shown in Fig. 4.

Fic. 4.

1s a 10,000 ohm resistance coil,
is o standard one, (1)}, ohm coil,
1s a storage cell,

is a 1000 ohm coil.

The E. M. T. of the storage cell, as determined by a Weston
voltmeter was 2.00 volts, so the current passing through the
2

1000
10000 + 1930

B O

=

galvanameter, i = amperes.

1. Loec. cit,

2, Loe. cit.
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It was observed that this current yroduced a deflection of
51 scale divisions. Therefore the current necessary to prodnee
a4 deflection of one scale division, will be
2
1000 = 8.29 x10™® amp.
(10001 + 1930) 51

The specimen of ice was prepared as follows: Two brass
electrodes,—circular dises, were made; a copper rod was
soldered to one of them and a copper wire was soldered to the
edge of the other one. A cylinder of ice, 8 cm. in height, was
cut from ice, obtained from the Dartmouth Lakes. The
electrodes were then frozen to this cylinder of ice by warming
them slightly and then pressing them to the npper and lower
surfaces of the ice. This conductivity cell, so to speak, was
placed on a plate of parafine wax, and the whole thing was
placed in a box, which was kept in the open air, shaded from
the sun. Of course experiments could only be performed when
the air was below the temperature of 0°C, which was quite
frequent at this period of the year. Several sets of readings
are given below, together with a set of readings from Ayrton
and Perry’s papers.! The apparatus was connected up as in
Fig. 2.

In the actual experiment, the current was made to pass
through the ice for a considerable period of time, in some cases
the circuit being unbroken for 48 hours.

When the eurrent was suddenly reversed after flowing for
quite a length of time in one direction, a very much greater
deflection of the galvanometer was obtained than at first. This
deflection decreased somewhat with time. Thus for instance,
the deflection changes from 9 divisions, on one side of the zero,
to 13 divisions on the other side when the current is reversed
through the ice. This is an increase of 40% of the current, which
passed through the ice in the initial case. If this is all due to

I. T.oe. cit.
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TABLE 1II
Jan. 24, 25, 26, 1911
TiME TEMP SHUNT || VOLTAGE S ElEeTEe
' Right Left
Jan, 24— 4.15 1ohm.lj 20.9 9 13
445 W |« 6 | 15
4.50 “ 40.7 | 27.5
8.0 « 20.9 | 85
10.00 40 (1 « 102.0 106.0
“ 251045 |—.5°C| 30 « 140*-65
« e 1200 ¢ € ‘ 73-bs | sa-ar
« e 1285 “ « 80.-29
1001« « “ 16
200 +1°) = « 175-158
“ 26—10.25 || —6°| - “ 17-15 | 19-15
10.30 || = « 120.1 cells 25
1045 || « « |l40.7 102-23
1250 || —5° « 10 cells | 15-16%

* The curreni, took 10 seconds to fall from *140-65" in value.

1 The current took 3 seconds to fall from 73-23 in valoe.

In the 2nd column we have the temp. of air beside the ire, recorded.

In the last column the deflections of the gal., and the deflections when the cur-
rent is reversed, are given.

polariza%ion, the @henomena we have here to treat of, are quite
‘different from the so-called electrolytic polarization effects.
Ayrton and Perry' noticed similar effects on reversal, and on
short-circuting their “cell,” (see page 128). In one case, it will
be seen that on short-circuiting their cell, the current increased
Similar results were con-

about 1754 of its original value,

sistently obtained by the writer.

1, Loa. ¢it.
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As resistances calculated from such values of the current as
the above would bave little or no value, & method was then
sought, whereby the effects just indicated could be eliminated.

A great deal of time was spent in attempting to find out
the nature of this polarization and measure its value. The
“Tuning Fork™ method of measuring electrolytic polarization
was used first of all, with water as the electrolyte, and correct
values were obtained. But when the ice cell was substituted
for the water cell, this method would give no results on account,
principally, of capacity effects. A “commutator” method was
also tried with similar results.

By using Kohlrausch’s method for measuring the resistance
of electrolytes, the polarization effect would probably = be
eliminated. However, the maximum resistance that can be
measured by this method is of the order of 10% ohms. As ice
has a specific resistance of more than 10° ohms, this method is
not practicable. It might be possible however, by taking thin
sections of a block of ice, to measure its resistance by means
of Nernst’s conduetivity apparatus,?

Now one of the methods of measuring the resistance of a
solid conductor, is to determine the drop in potential between
two sections of the substance, when a steady current is flowing
through these sections. Knowing the values of i and e, the
resistance can be caleulated.

A method very similar to the above was adopted, and as
will be shown, the effects of polarizationm, ete., will be elimi-
nated as far as the measurement of the resistance is concerned.

The apparatus was set up, as shown in Fig. 5. B, is a “U”
tube, 12 cm. in height, with a bore of about 2 em. @ and 4, are
glass tubes of 24 mm. bore, with platinum points sealed at the
ends ¢ and ¢ b and b, are glass tubes of 4 or 5 mm. bore, with

1 Watson, M. :—Text book of Physics, page T90.

¢ Nernat. W, :—Zeitschr. f. phys: Chem., 14,622, (1894); also Maltby, M. E.:
ibid. 18, 133, T1%95). '
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platinum wires, ¢ and d, sealed in the end as shown in the
figure. Thes: four tubes are fitted carefully in corks, and
then in the “U” tube as shown.

Now suppose we fill the tube with an electrolyte and pass
a current through it, by way of the electrodes b and 4. There
will result a polarization at these electrodes and the value of
the current will vary somewhat with the time. If this current
is mrusured by a sensitive galvanometer and if the difference
in potential of the two electrodes is measured by a voltmeter,
a value of the resistance of the electrolyte could be calculated
@t any particular time; but this is a varying quantit-y, and not
the true resistance of the electrolyte.

Now if two other electrodes ¢ and & (see Fig. 5), are placed
in the position shown in the fignre, their ends ¢ and ¢, being
lower somewhat than the exiremities of the platinum wires
d and d,. and then a enrrent is passed through the electrolyte
by way of the eiectrodes d and d,: then if we measured the dif-
ference of potential between the points ¢ and ¢,. by some electro-
static instrument and knew the valune of current, we could
calculate the value of the resistance of the electrolyte between
the peints ¢ and ¢,, and the resistance so caleulated would be
constant in value and unaffected by polarization. This would
be so, becanse when there is a variation in the current due to
polarization or any other causes, there will be a proportional
change in the potential difference hetween -the two potential
electrodes, so that the ratio of the potential difference to the
current will be constant {with a const. temp.). Therefore the
resistance determined in this way will have a counstant value,
Thus, polarization effects will be eliminated.

The current passing through the. electrolyte, (which was
ice in this ecase), was measured by a Dolezalek electrometer,
A, (see Fig. 5). - The poteniial of each potential electrode
was measured by a Wilson Tilting electrosecope, D, the plate
of the electroscope being kept at a potential of 320 volts, from
small storage cells. A ea'tbration enrve for this instrument,
as it wasg used in thcse experiments iz shown in Fig. 6. It
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will be seen that this method of measuring high resistances of
any kind, insulators for example, is very advantageous, for
currents as small as 107" amperes, can be measured with ease
by the Dolezalek electrometer, while the Wilton Tilting electro-
scope can be made very semsitive, For electrolytes with low
resisiances, the current could be measured by a galvanometer
and the potential by the electrometer, since the latter as a
current measure would be too sensitive for use in this case.

PreparaTiON OF TuE ICE.

Pure water was obtained with a resistivity of about 1x10°
cohms,

After cleaning the “U” tube very ecarefully—first, in a
solution of potassinm bichromate and sulphuric acid, then in
an aleohol-ether solution and then washing several times in
distilled water, both hot and cold—the pure water was put in
the tube, its resistance carefully determined and temperature
noted. The specific resistance of a sample of this water was
then determined by the Kohlrausch method, the temperatures
being the same in the two cases. From these results the “cell
constant” of the apparatus can be calculated.

The “U” tube was then placed inside a cylindrical glass
vessel, about 15 em. in diameter and 45 cm. in height. This
was then placed in an earthenware-jar, which in turn was sur-
rounded by an ice-salt mixture, contained in a bucket. The
while apparatus was kept in a refrigerator.

A thermo-couple (Fig 7) consisting of a German-silver-
iron junction, was used to measure the temperature of the ice,
which was formed in the “U” tube. The junction was enclosed
in a capillary tube, which could be slipped in and out of one
of the electrode tubes, “a ”, (Fig. 5). For a diagram of the
connections: of the thermo-couple see Fig. 7. A very careful
calibration of this instrument was made over the range of



138 THE ELECTRICAL RESISTANCE AND

A

L

3

Merciry tontact

Therma [‘pre

A
F16. 7.

temperatures through which it was to be used in the experi-
ment, viz.—from 5° to -—12°C.

It was found very difficult to freeze the water in the “U”
tube in the method described, without the tube being broken
by the expansion of the ice. To obviate this difficulty a piece
of rubber tubing, about .5 em. in diameter and 15 em. in length,
and very carefully cleaned by boiling, etc., was closed at one
‘end, by mesns of a glass stopper. The other end was also
élosed with the exception of a small hole, the size of a pin-head.
This tubing was placed inside the “U” tube, care being
taken to prevent any quantity of water entering through the
opening in the one end. When the water expands on freezing,
it can be seen that a certain amount of freedom is allowed it,
by its being able to push in the lateral surface of the rubBer
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tubing, the air inside escaping through the pin-hole. It was
found that the water could be frozen with ease in this way
without the glass tube being broken.

‘The electrometer was then calibrated. In this experiment,
the needle was changed to a potential of about 200 volts, The
electroscope was then calibrated over the range at which it was
to be used.!

To obtain a set of readings at different temperatures, the
“U” tube was connected up with the electrometer and electro-
scope and source of current, (Fig. 5). In most of the
experiments the current was obtained from 10 storage cells,
whick gave an E. M. F. of about 20 volts. The “U” tube was
very carefully packed in the glass vessel with ‘“felt” and so
temperature changes were slow. The time, in seconds, for the
electrometer needle to pass over 100 scale divisions, was
recorded on a stop-watch. The temperature of the ice was then
read from the thermo-couple. The potential difference of the
two electrodes, ¢ and ¢, (Fig. 5), was then determined from the
electroscope readings at these points.

If d = the scale divisions passed over per second by the
electrometer needle;

D = the number of divisions per volt, and C = the capacity
of the system in mierofarads, then the current, ¢, passing
through the ice will be,

Cd
{of p Mmperes.

If V = the potential diffrvence of the two electrodes ¢ and ¢,
then R, the resistance of the electrolyte between ¢ and ¢, will
be,

Vx10°xD h
Od onms

If % denote the cell constant of the apparatus then the

specific resistance of the ice will be,

Vx108xDxk
ca ohms.

1, Eee Fig. 6.
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In the following table column I gives the time at which the
readings were taken; columm II the readings of the electro-
scope, when the gold leaf was connected with each onz of the
potential electrodes, ¢ and ¢,; column ITI, the time taken for
the ¢lectrometer needle to pass over 100 scale divisions;
column IV, the temperature of the water bath in Fig. 7, the
reading of the galanometer, and the calenlated temperature
of the ice; column V, the electromotive force used in the
experiment; column VI, the capacity of the system; column
VII, the caleulated resistance and column VIII, the specific
resistance of the ice. In the experiments performed, readings
were taken as the temperature of the ice decreased to the
minimum temperature for the particular salt and ice mixture
in the outer vessel, and then as the temperature rose up to zero.
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April 2, 1012

2 ELECTROBCOPE S — TEMPERATURE B . SpECIFIC
[ METER i T = S‘ Ris.
I l II. Th. Cp |Th. Cp ’ Cal. ,Temp e (Ohma.)
4.10 15-83 61.1-83]f 1m, 24 e.|| 126 125 16.9 ts.sol 41.2{/0.0a|] 3 86x100
430 “ “ lm. 258 127.8] 125.5[ 17.0{ 19.7 || « | = 3.90x10°
4.40 . £ Im. 2§ 8.]| 128 125.5) 16.9( 19.9 || =« }i = [ 4.04x10*
5.55 " 64.5-83/{ 1m. 30s || 127 122, | 16.9[.19.6 || « || « 4,13x10"
7 40| 14 5-80] 62.0-80/! 1m. 17&|[ 1214 o 18.3) 18.6 | « [ « 3.56x10°
8 00 82.-15] 62.5-82||'Im. 13a.|| 1920.2| 118.8f 16.4 e | e 3.47x10°
9.00|| 15-8L.5! 59.0-81l| 1m, O0s.[l 137.00 117.0] 16.4| 17,21 « || « || 269x10°
10 00| 18-81 3] 58-81-5 458l 112,80 112,00 < | 159 ) * || « 1.95x10°
10.04| 815-16] ** 46 4| 111.1) 111.0] = o e
10.15 “ s 44 [} H2aal vu1.el ¢ | 15.8 1 < 4| « 1.94x10°
10.20(/81.3-16.5| 55-81.3 45 | 111.0 16.4 s [l
10.40 “ “« 40 | 109.5{ 110.0] - | e
11.00|| 14.5-81 55.5-81 22 4 95.0 93 “ 1308 e e
# “ “ Bg o« < oo e 0.2 || 0.947x10°
1110« “ Yo <l 945 -t |t |08 s oo |l 0.958x10°
11.17|| 1581.5| 55-81.5 88 ! 93.00 91.5 16.3 10.3i o b |} 0.938x10°
11.40 £ 5y 88 || o £ 9.4 | « [ « || 0.852x10"
12.00|| 16-81.5/53.8-81.5 415 75 73.5| 16.8) 4.5 ' *¢ || * || 0.457x10°
12.15 & £ 89 |l 72.80 72.0116.75] 3.85] « || * || 0.430x10°
}&2.%5 15-81.5(54,2-81.5 383+ 71.50 70.0| 16.8 3.5l |l |1 0.410x108
10.15|| 23-80.5] 67 80.5 48 ¢||  77.8] 76.00 14.8] 7.1 || 1 0.464x10°
1025 (13 [ 6 &% 77.1 76.0 6 . . L1 (11
11,10l 20.82.5 64825 79 | 62.] 6L.0l 152 2.3 < {1.00|| 0.169x100
11.15 " 66-82.5 85 (| 3.0 61.3] 15.2| 2.6 « I || 0.181x10?
11.33 1 s 36 || 77.5 77.0| 15.3] 6.8 ¢ l0.20 0.390x10°
11.37 4 s 38 BL.Op 791 7.8 < | 0423x10°
11.47([21.6-82.6] 62-82.6 21« 56.8) 55.6 15.4] 0.6 ¢ .1.00|0 0386x10°
11.55 o “ 193¢ 55.0 . 0.1 1] | 110.0340x 107
12‘00 (1] £ 19 [0 (13 (13 111 £E
12.10((20.0-82.4| 58.82.4 21 <}l s55.1; 57.0] « 0y « |« {0.03671(109

It was found that the rubber tubing in the “U” tube affected
the conduetivity of the contents to quite an extent, and in this
particular experiment the water was frozem without the pre-
sence of the rubber, and also in the suceeding experiments.
However, the general shape of the temperature resistance curve
was found to be the same in every experiment performea.

The water, which was put in the cell originally, had a
specific resistance of about 1.4 x 10° ohms at 17.9°C.

In the measurement of the temperature of the ice between
the “potential” terminals, by the thermo-couple, it was found

that there was a considerable temperature-gradicat in the “U”
Proo. & TRANS. N. 8. INgT. S¢I., Vor. XIIL

Trans.—10.
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tube in the direction of its length, although the tube was
enclosed in three separate vessels, in a refrigerator and closely
packed with felt. The junction of the thermo-couple was
enclosed in a capillary-tube, (see Fig. 7), so that it could be
placed inside the “potential-terminal-tube,” ¢, (see Fig. 5).
A reading of the galvanometer was taken when the end of the
capillary tube reached the end of the “potential-terminal-tube.”
The capillary tube was then drawn up about 3 centimeters or
80 and another galvanometer reading was made. The average
of these two readings was taken as the average temperature
of the ice between the potential terminals.

When the water was frozen, cracks were observed through
the ice in the “UJ” tube, and it was found impossible to obtain
ice at low temperatures, by freezing in the tube, without the
cracks

These cracks may have a considerable effect on the
resistance of the ice. So the accuracy of the values of the
specific resistance as given in this paper, is limited by this
uncertainty,
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A temperature-resistance curve is shown in Fig. 8, and it
will be observed that it is nearly expotential. This was found
to be the case in every curve of six, plotted.

The specific resistance of the ice was found by multiplying
the resistance of the ice between the “potential-terminals” by
the “cell-constant”' of the tube.

To determine the temperature co-efficient of the resistance
at different temperatures, the cofangent of the temperature-
resistance curve, (Fig. 9), was determined graphically at
different temperatures, and this was divided by the resistance
of the ice at this point. Thus if R, is the specific resistance
at temperature ¢ then the temperature co-efficient at this tem-

. 1 dR,
perature will be & S T
curve, see Fig. 9.

For the temperature co-efficient
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SuMMARY.

1. The specific resistance of ice has been determined at
temperatures ranging from 0° to — 19°C.

2. The eflects of electrolytic-polarization have been
eliminated by the method used.

8. The value of the temperature-co-efficient of the resist-
ance of ice has been determined at different temperatures and
its value has been found to be very much higher than the tem-
perature-co-efficient of ordinary electrolytes. It decreases in
value as the temperature decreases from zero.

The values obtained for the specific resistance.of ice com-
pare fairly well with those obtained by Ayrton and Perry,
using a different method.

In conclusion I wish to thank Dr. H. L. Bronson, who
suggested this work, and without whose kind supervision and
assistance, this research could not have beer undertaken.

Dalhousie University, Halifax, N. 8.
April 20th, 1912,
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