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THE INVESTIGATION OF
A POSSIBLE GYRO~MAGRETIC EFFECT




SUMMARY ,

A Gray-Ross magnetometer was used to obtain I-H curves
for a steel rod under normal conditions and under the
influence of drotating magnetic field to find whether the
effect of the latter would be to help in the process of
producing longitudinal magnetisation of the rod. The rotation
of a bar-magnet in a plane at right angles to the axis of the
specimen, and near to the magnetising solenoid, was used to
supply this field, which was therefore not very strong and
decreased towards the end of the specimen distant from the
rotating magnet. When the I-H curves for a given range,
and under the different conditions, were compared, the
curve obtained for either direction of rotation of the
magnet differed but slightly from the curve for normal
conditions. Sometimes it seemed that the rotating field
helped, but in other experiments the opposite was indicated,
and in other sets no difference was distinguishadble, so it
was concluded that a rotating magnetic field of the order
used has no distinet effect on the longitudinal magnetisation
of a specimen lying in the direction of the axis of rotation.
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INTRODUCTION.

(1)
In 1908 O.%.Richardson pointed out that since, on

the electron theory, an atom of iron is itself a little
magnet because of electrons revolving inside it, and since
these electrons have mass, the process of magnetisation is
accompanied by the ereation of a proportional amount of
angular momentum about the axis of magnetisation. Thus the
term 'gyro-magnetic effect' came into use to denote the fact
that magnetisation is accompanied by rotation, and that
rotation may be used to produce magnetisation. This effect
has been investigated by various workers, and S.J.Barnett(z)
succeeded in magnetising a rod by rotating it, the resulting
polarity being the same as would have been produced by an
electrice current flowing round the rod in a direction
opposite to that of the rotation.

It was suggested that by rotating a magnetic field
about the centre-line of a rod as axis, longitudinal
magnetisation might be indueed in the rod. This seemed
reasonable according to the principle of precession which

holds for gyroscopic motion. The atoms of a magnetic

(1) O.W.Richardson: Phys. Rev., 26, 1908, P.248.
(2) S.J.Barnett: Phys. Rev., 6, 19%5, P.239.
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material, due to their spinning electrons, resemble

gyrostats, and it was thought that a rotating magnetic

field, rotating about an axis in line with the rod, would

have an effeect similar to that of a couple acting on a
gyrostat, and would tend to turn the directions of the

axes of electronic spin to be parallel to the axis of

rotation of the field, and so induce longitudinal magnetisation
in the rod.

To investigate this, the experiments now deseribed were
carried out in the Natural Philosophy Institute, Glasgow
University, under the supervision of Professor J. G. Gray, D.Sc.
and at his suggestion. They consisted in putting a specimen
through a hysteresis cycle, by the deflection magnetometer
method, with and without a rotating magnetic field, and in
looking for differences in the I-H curves obtained.



APPARATUS.

The magnetometer used was of the improved form devised
by Professors J.G.Gray and A.D.Ross(a), the general arrange-
ment of which is shown diagrammatically in Fig.l. The base
is a beam of mahogany about 12 feet long with & cross-beam
about 4% ft. long, both fitted with channels in which the
stands for the various coils, ete., could be adjusted and
readily clamped in any position. A 1is the solenoid for
magnetising the specimen S. B, C, and D are the compen-
sating coils which form & special feature of the magnetometer.
B is the principal one, and by it the field at the magnetom-
eter needle, E, due to coil A 1is approximately balanced.
Coil C has only a few turns and is generally placed at a
good distance from E, so that by its means a slight adjust-
ment of the compensation may easily be effected, as may be
necessary if the position of B 1is slightly altered in the
process of clamping. A similsr shift of C would have a
negligible effect because of its few turns and large distance.
In this way balance is made exact as far as the field in the
direction of the long beam is concerned. Coil D 1is to
allow for a lack of true alignment between the coils A, B, and
C which would result in a component of field in the direction

(3) Gray & Ross: Proc. Roy. Soc. Edin., Vol.29, 1909, P.182.



Fig. 1

Diagrammatic Sketch of Magnetometer Circuit
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of the cross-beam. A few turns of D may be used to coun-
ter-balance such a component. P @and G are the lamp snd
scale for the magnetometer needle, E, which is of the sus-
pended mirror type. (The distance between E and G was
rather more then a metre) H is a stand for a small perman-
ent magnet used in testing whether coil D needs to be
brought into the circuit. J 1is a damping coil. A pulse
of current sent through it creates a temporary magnetic field
at E, and may be used to bring the needle to rest more quick-
ly. A small dry cell, a tapping key, and a resistance in
series with J (but not shown) are used to provide the
pulses of current.

K is a mercury-cup reversing-key to whose centre
pair of terminals coils A, B, C, and D sare connected in
series. An outer pair of terminsls is connected in series
with L, a battery of storasge cells, M san asmmeter, and a set
of three rheostats Ry, Rz' and R3 wound non-inductively
and capable of carrying currents of 0.25 amps, 1.5 amps, and
10 smps, respectively. N is a special four-hole mercury-cup
key with terminals 1 and 2 connected to the terminals of
M, terminal 3 to the join of R, and Ry, and temminal 4
to the join of Rz and R;. The function of N 1is as follows:
Before running a cycle the specimen is first demagnetised by

the method of reversals, and a link of copper is meanwhile



used to connect up cups 1 &and 2 and so short-circuit the
ammeter M and protect it during the sudden fluctustions of
the graduslly reduced current. Then, when running & cycle,
resistance Rl is first reduced by stages to increase the
current through the magnetising solenoid A, and when it is
cut out completely - or supposed to be - the copper link is
ingerted in N between cups 2 and 3. In this way the
last turn or so in the Rheostat R; 1is protected when heavier
currents are sent through R3 and Rz . Similarly when the
second rheostat is fully cut out another link is inserted
between cups 3 and 4.

It should be noted that the connecting-wireswere
everywhere intertwined to make them as non-inductive as pos-
sible.

The rotating fieldeas suppligd by rotating an ordin-
ary‘bar magnet sbout an axis through its middle point and at
right angles to its length; this axis being coincident with
the axis of the solenoid. The attachment for holding the
magnet was very simple, and is shown in Fig.2. It consisted
of a horizontal spindle turning in a wooden base, which fit-
ted into the chﬁnnel in the long limb of the magnetometer,
and was provided with the same kind of clamping arrangement
as the bases of the coils. The spindle was kept in position
by means of two small brsass collars, and carried at one end a

small brass pulley for a cord drive. The other end of the



Fifl. 2

Diagram matic sketch showing arrangement

for imposing a rotating magnetic f'eld.



spindle was screwed to fit a specisl nut. This nut in
addition to its screwed hole had a transverse hole bored in
it to fit the magnet that was to be rotsted. By sliding the
nut along to the middle of the magnet and then screwing the
nut tightly to the end of the spindle, it was easy to fix the
magnet securely. This piece of apparatus was designed and
made by Mr. Wm.Johnstone, the mechanic at the Institute. It
was rotated by means of a cord-drive from & small electric
motor, which worked off the electric lighting mains, the

speed being controlled by means of a variable resistance.



PROCEDURE.

The sole control field for the magnetometer needle

was to be the horizontal component of the earth's field, He'

so the first step in setting up the apparatus was to lsay out
the magnetometer on a horizontal table and adjust it so that
the long beam was accurately at right angles to the magnetic
meridian. This adjustment was made by the method described
in Gray's 'Absolute Measurements in Electricity and Magnetism'
(2nd. Ed., P.124). The magnitude of Hy, st the position
occupied by the needle was then measured by the usual method

involving the use of the equations

M _ (8% =1%)° . tan@-ceememee- (1)

He 2.d

M, He _ 4.TI2.K .................... (2)
p 2

To obtain a mean value three small cylindrical magnets were
used, each in turn, at distance d from the needle due East
and due West and reversed in each position, and the deflection
§ of the magnetometer noted in each case. Then the needle
was removed and replsced by a suspended aluminium stirrup and

the period of oscillation, T, was accurately measured for

each magnet when placed in the stirrup. The timing was done
by means of a 'time switch' graduated to one-tenth of =a

was
second, and[repeated carefully three times. The results for

the three magnets, A, B, and C, are summarised in Table I,

and yield an average value of 0.1485 gausg for Hg.
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Table I.

itesults of IZxperiments for findinz H

e

(Horizontal Component of Zarth's Field).

HMagnets. A B c
llean Length = L cm. 10.10 10.14 1C.14
llean Diameter = 2r : cm. 2570 2370 2580
lMfass = m o :ogm. 54000 0.048 5.964

1° r”

K = m. {'1‘2:‘+ Z‘; : C.g.S.U. 30.07 | s0.42 | 30.55
Period = T : sec. 6.891 6,087 6.779
Distance from needle = d : cm. 30.0 3C.0 3C.0
Half magnetic length = 4 = %L 4.21 4.25 4.25
l'ean deflection = @ : cm. 18.74 | 20.67 | 19.75
Distance from Needle to scale=D|106.3 106.3 106.3
20 - Tan™ 3 99591 f11%1  [10° 32!
62 4%592' | 5%11 | 50 16t
& - (—d:;—?‘ Tan & 1134 1252 1195
M.He = i_,T;;,_K 25.00 |27.68 |26.24
Hor.Comp.of earth's field: Hy . 1489 1487 '.1482
Illean value of Hé = .1485 c.g.s.u.
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The arrangement of apparatus was then completed &s in
Fig.l and readings for a number of I - H curves for a specimen
of chromium steel (marked W.T.3, 4.05 % Cr.) were taken in the
ordinary way, so as to determine its magnetic qualities and to
become familiar with the method of working. In each case the
magnetising solenoid was placed at such & distance from the
magne tometer needle'that,when the current used was at the
ﬁaximum value for the cycle, the deflection of the needle,due to
the magnetism induced in the specimen, was almost the full
1ength of the scale (25 cm.). Thus for maximum currents
l, 2, 3, 4, 5, 6 and 7 amps. the solenoid wés placed at 53, 60,
go, 90, 100, 110, 120 cm. respectively from the needle and the
process of compensation repeated in each case. It was never
necessary 5o bring compensating coil D 1into the circuit
which shows that the magnetometer and its fittings had Veen
well made. |

The effect of the rotating magnetic field was then
tested as follows.

The stand with the rotating magnet was placed in
position in the channel in the lonz limb of the magnetometer
base and clamped with the mégnet at a measured distance from
the specimen in the magnetising solenoid. Readings for the
magnetisation curve were taken first with the magnet rotating
in one direction,- with the cord from the motor arranged for

open drive; then secondly, with the cord drive crossed and the
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magnet rotating with the same speed in the opposite direction;
and thirdly, with the magnet removed but the motor still
running, so that if any stray field from the drivinzg motor had
' an effect at the magnetometer needle it would affect all three
cycles equally.

This was done for different positions of the solenoid,
and different distances of the rotating magnet,and different
maximum currents through the solenoid.

Before the I - H curves could be drawn for the above
experimenggzgﬂgghsiderable amount of calculation was required.
The evaluation of I - +the magnetic moment per unit volume -
was quite straightforward and dependent on the eguation (1)

given above. Thus:

1 = He . (d*-4*)% tan © X |
2d mrrl

ie. I = k;,.lxnmé?.

k, being a constant for a given position of the solenoid and

® being obtained from the equation
Tan 20 = % where 8 and I denote respectively the
deflection of the magnetometer 'spot' and the distance between
the scale and the magnetometer needle.
The evaluation of Hl the applied field was also

simple, depending on the solenoidal formula
H" 4 .m.n.C
< o

1

where n~ is the number of turns per unit length of the solenoid,



~

- 10 -

and C 1is the current in amperes. This gove 20.5 C for
the applied field, but the effective field was smaller since
the lines of force due to the induced magnetism run the
opposite way to those of the applied field.
If, in the case of & cylindrical rod, the free poles were con-
centrated only at the end faces, the demagnetising field at the
centre of the rod would obviously be given by

2.(m. .1 ie. 2.0. 1

(+L)? et

where m 1is 'dimension-ratio' of length to diameter.

But the distribution of the free poles in a cylindrical speci-
men is never so simple as that. Indeed, it is not possible
to predict it, and the self demagnetising effect of the induced
magnetism has éo be found empirically. It is generally‘
assumed to be proportionsl to I and to depend also on the
value of m , the dimension-ratio, and so the demagnetising
field is generally expressed as N. I. In fact, N the
'demagnetising factor' is generally stated in text-books to
depend only on the dimension ratio and is tabulated alongside
the corresponding value of m. Shuddemagen(4), however,
giving the results of his experiments on several series of
rods, in which he kept to one diameter in one series and a

different diameter in another series, showsg that the actual

diameter of a rod, as well as the ratio of the length to the

(4)

C.L.B. Shuddemagen: Proc. Amer. Acad. 43, 1907, P.18J5.
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diameter, also influences the demagnetising factor. In his
baper Shuddemagen gives a very thorough summary of the work
which had previously been done in connection with demagnetising
factors. He confirms the finding of Mann(S) thet it is only
for values of I 1less than about 800 c.g.s. units that the
demagnetising factor mey be considered constant. He emphas-
ised, also, the findings of Benedicks(G) thaet for a ballistic
experiment the value of the factor N for the range in which
it is constant is smailer than for the same rod in a magneto-
metric experiment, becoming still smaller after the constant
stage is past, whereas the factor for & magnetometric deter-
mination increases after I = 800.

The reason for this difference in the demagnetising
factor lies in the fact that in the ballistic type of experi-
ment, with a search-coil round the middle part of the rod, it
is the maximum value of I which is measured, whereas in &a
magnetometric experiment it is the mean value of I for the
whole rod, and due to the distribution of the free poles all
over the curved surface the mean is considerably less than the

maximum., It is generally the ballistic method of measurement

that has been used by the different workers in this field of

(5) R. Mann: Phys. Rev., 3, 1896, P.359.
(6) Benedicks: Wiedemann Ann., 6, 1901, P.726
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research, and to obtain the correction factor for the
present magnetometric experiments, the writer had to go
back to the results of Mann in the paper just referred to.
As meN varies less rapidly than N, a graph was drawn of
m2N against m, and from this the value of 0.0832 was
obtained for N. Thus for each value of the applied
field, given by H' = 2%.5C, the value of the effective
field w_as obtainéd from H = H' - 0.08%2.1. For the
few values of I greater than 800 +the factor should
be slightly higher than this, but the same slight error
would equally affect the I-H curves with or without
the rotation of the magnet, and it is therefore

unimportant.
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RESULTS.

The tables of results and the corresponding graphs
are now given. In Table II the various steps in the
calculation of I and H are shown for an ordinary
hysteresis cycle with a maximum magnetising current of
seven amperes, and in Fig.3 the intensity of the induced
magnetism is plotted against the apparent magnetising
field as wellaga %ig corrected field., Tables III to VI
give the values obtained for I and H in the experiments
with the rotating magnet, and Figs. 4 to 7 give the
corresponding graphs.

Fig. 8 is added to showthe curves originally obtained

for the specimen under normal conditions and with maximum

magnetising currents ranging from one to seven amperes.
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TABLE II

Full Table of Results for Ordinary Hysteresis Cycle
with 7 amperes miximum current.

Length of specimen = 20.4 cm.

Diameter o0 o0 = 097 cm
Distince from necedle to specimen = 120 cm.
. scale = 106.7 cm.

Half magnetio length of specimen = 20.4 . (5/12) = 8.5 cm,

I=(1262 - 8,59°% , G,1485 ,tan © = 0420 . tan ©
2 . 120 .M. (U.4E5)2 . 20.4

c tamé I H' | K.I H
amps. (a 1'6'6‘73 @420tand (@35C) (o832 1) (H'- N.])
+1.36 | 42,55 1°22' . .0119 100 L 32,0 8.3 | 23,
+2.14 1 +4.96 2°4C" | L0233 6 | 5043 | 16.3 53.3
+2,90 | +l.06 4°20' | L0379 317 68.2 | 26.4 | 41,¢
+3.44 i +1042 5234' 1.0487 ' 409 0.6 | 34,0 | 4.8
+4,06 | +12.90 6°54! ;.0603 g508 95.5 | 42.3 | 53,2
+4.76 | +15,38 . 8°12' (U717 1604 | 111.9 | 50,3 | 61.6
+5098 | 418,78 9°50'  ,0872 734 | 140.6 | 61.1 | 79,5
+7.17 | #21.15  11°12' ! L0981 5 826 | 168.5 | 68.8 | $9.7
+3e06 | #16,16  E°3('  .0752 | 633 72.0 | 5246 | 15.4
+3.7C |+10.72 ° 5°44' | L0501 425 16.5 | 35.2 |«1647
e C +5.5o o 4°2.' 11,0389 | 327 0 27.2 | 27,2
-0.97 | +3.27 2° [V ] L0187 | 157 | =22.8 | 15.1 -35 9
=1 .69 0, U5 - 27 0‘0005 } -39 07 2 -’5/ .5

e2.56 | <5.00 -2°40" -:0233 | &196 | <60.2 | -1(.3|-33,%
3,45 | ©5.90 «5°18' | -,0463 -390 S «81.2 | =32,4] 48,8
84,58 | «14,50  27°56' | ~,0694 | =584 | «107.6 | «45.6|55.0
«6.06 | #18.58 102 6' | - 08E4 | =744 | 2142.5 | «61.9|250.6
©7.08 | «20.96  #11° 6' | =30972 | «81E | -166.5 | «68.1]| aCE .4
=715 [ @21 .15 1 «11°12 | - 0981 | =826 | =168 68.8! #5652
®3.69 | «17.35  #9° 14" | -,0808 | -680 | ~86,8 | =5646|=30,2
131 [ «12.75 «6°49' | =,0596 | =502 | «30.8 | =41.&| 11.0

C ~E.65 ' ®4°38' | -,0405 | -341 0 «2t.4 o
+O.9o .‘052 % ‘2" 26' -.0212 .178 21 02 -14.8 §g.3
+1.72 | +0.05 | +0° 5' | .0007 +6| 40.4 .5 | 35.9
+2473 +6.,00 i 3°13 erial 2317 64.2 15.7] 44,5
+3.51 (410,20 | 5°28' | L0476 | 402 82.5 | 33.4| 49.1
+4.64 +1§.18 8° 61 .0708 | 596 | 109 49,6 59.4
+6.,00 | +1C,.92 13: 4* | L0881 42 | 141 61.7] 79.3
4-7 022 +21 025 1‘ ° 16’ 00987 5‘ 169 07 6902 100 .5
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TABLE II1

Results of Ixperiments with Rotating Magnet. [First Set.

Maximum magnetising current ...... 9 amperes,.

Distance of magnet from centre of specimen ...... 25.2 cm.
Distance of needle " n ] " ceeseell0 cm.
(giving 1 = 8420 , tan 9)

Speed of rotation of magnet about 150 revs. per minute.

Condensed Table of Results

Magnet Rotating Magnet Rotating Normal Conditions
with with
Cpen Drive Crossed Drive
- . R S Rt o AR B
b>mw3§ 9.8 34 9.4 32 95
72 18.7 72 18.9 67 18.3
115 32.4 181 52.8 178 32.1
336 43 .3 336 43 .2 348 44,0
49§ 52.6 511 54.3% 45¢ 52.6
636 65.0 642 64.5 633 66.0
153 §3.2 T44 g1 .0 137 81.4
£a3 990 £25 100 .1 | g2 101.7
£18 | 116.8 e9s |122.2 || 924 | 135.5
924 134.4 | 930 136.7 Ej e oo

In this Set the points for the m:gnet rotating in either

direction lie partly abdbove the curve for Normal Conditions.



C.q.S.-Units

@ MAGNETISATION
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F 8
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TABLE IV

Results of Experiments withRotating Magnet. [Second Set.|

Solenoid moved much nearer to needle, to suit
Maximum magnetising current of 1.4 amperes.
Distance of magnet from cegtre of Spec%men eeees 25.2 cm,

"

Distance of needle * 7" " T ... 60.0 em.

(giving I = 1021 tane€)

Speed of rotation of magnet..... 150 to 1€0 r.p.m.

Condensed Table of Results

Magnet Rotating Magnet Rotating %!Kormal Conditions
with with |
Open Drive Crossed Drive |
i ,WW,R,““HM,JiWWW?W“iWWT ;Wwﬁx e
12.2 | 3.3 || 125 3.90 | 115 | 3.86
24.8 1.31 24,9 1.85 249 | 1.61
e - .. cee 12505 1 1475
39.1 | 11.62 38.9  11.56 % 39.5 | 11.64
55.1 | 15.27 54,8 . 15.41 55,0 | 15.35
65.8 | 18.46 68.4 18,17 6844 | 18,17
85.4 ~ 21.09 |  85.8  21.66 sa | 21,70
104.2 | 24,80 ?% 102.9 24,70  104.9 . 24,88

In this Set, save for occasional exceptions, the points

for allthree conditions lie on the same ourve,

{3E



10 12 Ik H 18 20 22 2k 2k

H in  c¢c*9*s*units

FiO. 5.
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TABLE V .

Results of Experiments with Rotating Magnet. [Third Set,|

Solenoid moved away from needle, to suit

Maximum magnetising current of £.t amperes.

Distance of magnet from centre of specimen ..... 16.5 cm.
(To attain this shorter distance, thespecimen was
pushed along near to the end of the solenoid
distant from the needle. Neqr the end of a solenoid
the magnetising field is not quite uniform, but
this condition is the same for each run.)

Distance of needle from centre of specimen .....129.C cm.
(giving I = 10470 . tan®).

Speed of rotation of magnet about 150 r.p.m.

Condensed Table of Results

Ungnet Rotating | Magnet Rotating | Normal Conditions
with with ¢
Open Drive Crossed Drive

1 | k| 1 | = 1 o

30 0.4 31 103 31 1c.4
66 18.2 107 25.6 17" 18,3
176 . 33.6 170 32.9 184 33.6
320 | a4.s 323 44 334 443
485 | 54.9 é 487 | 547 493 54.6
622 § 674 gf 637 = 6847 636 67.4
726 | 8.2 | M9 8.9 732 82.9
802 | 1003 | 807  101.4 807 | 100.7
861 % 6.8 87 1199 811 12003
901 . 132.5 . 900  131.4 904 132.5

In this Set some of the points for the magnet rotating
lie slighfly below the normal curve,
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TABLE VI

Results of Experiments with Rotating Magnet. [Fourth Set,)

Solenoid again moved closer to the needle, to suit

Maximum current of 1.4 amperes.

Distance of needle from centre of specimen ..... 12.6 cm,
(The magnet was brought still nearerto the specimen
by reversing the solenoid so that the end with the
projecting tube for the cooling arrangement now
faced towards the needle instead of towards the

magnet.)
Distance of needle from centre of specimen ..... 7240 cm.
giving I = 1787 ., tan 0 .,

Speed of rotation of magnet now about 300 revs. per minute,

Condensed Table of Results

Magnet Rotating Magnet Rotating fNormal Conditions
Opeziggive Croa::ghnrive %
I H I H 1 . H
5.7 | 2.05 & 1.95 6.1 | 1.9
11.2 | 3.85 10.9 | 3.98 12.5  3.94
17.5 | 5.68 17.2 | 5.62 19.3 | 639
24.3 | 7.64 24.3 | 17.68 240 1.56
39.3 | 11.68 39.3 | 11.65 39.0  11.66
52,2 | 14.96 51.8 | 1487 | 5246 } 15.00
66.8 | 18.17 67.2 | 18.26 | 68,5 | 15.43
83.3 , 21.51 85.2 | 21.91 €5.8 ; 22.10

102.0  24.64 | 101.3 . 24.65 ' 101.3 : 25.17

In this Set again all the points lie on one curve,
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Comment on the Results.

When the graphs for the experiments with the rotating
field are examined it is seen that their evidence is con-
flicting. In set (1) the I - H curve obtained when the
magnet was rotating clockwise seemed ﬁo coincide with the
curve for counter clockwise rotation but to lie, in part,
slightly above the normal curve. But in set (3) the opposite
effect seemed to be shown, as the I - H curves for both
directions of rotation again coincide but lie, in part,
slightly below the normal curve. On the other hand, in sets
(2) and (4) one curve seems to suit all the three sets of
points, thus indicating that the rotating magnet makes no .
appreciable difference.

To investigate further, single spot readings were taken
by bringing the specimen to a certain stage in the cycle of
magnetisation and reading the deflection for (a) normal con-
ditions, (b) magnet rotating clockwise, and (c) magnet
rotating counter-clockwise, but the readings were not consist-
ent on repetition. Readings (b) and (c) were sometimes a
little greater than (a), and sometimes less.

The effect of the rotating magnet on the control field
was tested by timing the swing of the needle for (a) normal
conditions, (b) motor running without the magnet, and

(¢) motor running and magnet rotating. In all three cases the
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period of oscillation was found to be exactly the same -
5.00 seconds - so that it was assumed that the rotation of

the magnet did not affect the control field at the needle.

Conclusion.

The results of these experiments may therefore be
summed up as follows: The influence of the rotating magnet
did not seem to be very appreciable. When an effect appeared
to be detected it was not consistent. For one set of experi-
ments, rotation in éither direction seemed to help the magnet-
isation; for another to hinder it; and in other experiments
it seemed to make no difference. Thus it‘is concluded that a
rotating field of the order used produces no distinct effect
on a specimen lying in the direction of the axis of rotation.
It is to be noted that the field due to the magnet was not
very great - a few gauss at most - nor was it uniform, being
greatest at the end of ¢he specimen nearest to the magnet, and
decreasing towards the farther end. Also it should be noted
that in a paper'whiqh was published a yeaf after these experi-
ments were carried out, J.W.Fishér(V) described experiments

with more elaborate apparatus and a much stronger field, in

which he also failed to obtain the looked-for effect.

(7) Proc. Roy. Soc., Ser.A, Vol.109, 1925, P.7.
{The following is his summary of the investigation:
'Experiments are described in which it is sought to

'detect /
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'detect a gyro-magnetic effect by magnetising a substance
'"{in most cases magnetite) by a rotating magnetic field,
'and looking for a component of magnetisation in a
'direction perpendicular to the plane of rotation of the
'field; such a component would be expected to arise if a
'rotation of the magnetic axes of the molecules is set up
'by a rotating field. Fields rotating at frequencies of
2 - 5.10% cycles per second were produced by valve
'generators, but no evidence of an effect of this kind was
'found, even for rotating fields of over 100 gauss. The
"magnitude of the effect has been calculated and the
'‘sensitivity of the apparatus was sueh that it should have
'veen easily capable of detection if present.'
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PART II

THE CORFFICIENTS OF DIFFUSION OF
ALKALI VAPOURS IN FLAMES




SUMMARY .

Experiments are described in which the coefficients
of diffusion of sodium gnd potassium vapours in a bunsen
flame were measured by means of an electrical method.
Electrodes of platinum wire, insulated dy Quartz tubes were
connected to a battery and galvanometer and held in a flame
in which a bead of salt was being vaporized. The cathode
was moved about in the flame, and when the current in the
galvangmeter was the same for successive positions of the
cathode it was assumed that the concentration of metallic
vapour was the same at these points. By noting the positions
of pairs of such points, and by measuring the velocity of
the flame gases, the coefficients of diffusion were calculated;
The values obtained are rather higher than those got previously
by Professor H. A. Wilson from measurements of the maximum

diameter of the coloured region in the flame.
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INTRODUCTION.

When an alkali salt is faporised in a bunsen flame the
distinetive colour obtained seems to originate in atoms of
the metal which are set free by the dissociation of the saltfl)
This would explain the familiar fact that the same coloration
is produced by different salts of the same metal, and the
less known observationkhat the same molecular concentration
of different salts of the same metal imparts the same electrieal
conductivity to the flame (1%'). On this assumption, that
the spread of colour through the flame is due to the diffusion
of the metal atoms, and on the further assumption that the
boundary of the coloured region marks a surface over which
the concentration of the metallic vapour is uniform, Profecssor
H, A, Wilson calculated the coefficients of diffusion through
a flame of a number of metallic vapours using measurements of
the maximum diameter of the coloured region (2). The
experiments here described were carried out at his suggestion
in the hope that more accurate values of the coefficients

might be obtained by an electrical method.

(1) Thomson : 'Conduction of electricity through gases',3rd Ed.,
P. 402,

(1') 1Ibid, P.413.
(2) H, A, Wilson :; Phil.Mag., July 19%2, P, 118,
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THEORY.

The term 'Coefficient of Diffusions of a Substance'
is best explained by refere’nce to Picks law of diffusion,
which may be stated as follows:- 'Consider the substance to
be distributed through a given medium so that layers of ecual
concentration are horizontsl, less dense layers being upper-
most; and let the concentration in the layer at a height x
sbove a fixed plane be ¢ gm. per c.c.; then through unit
area of this layer/iK. %% grams of the substance will pass
in unit time from the side on which the substance is more
concentrated to that on which it is less.' The constant
factor, K, in this expression is termed the coefficient of
diffusion of the substance through the given medium and under
the given conditions. In such an arrangement, which is
illustrated in Fig.l, since the concentration decreases as x
increases, the concentration-gradient, %%, is negative, and
the mass of the substance, Q grams, diffusing upwerds in
time t seconds, through an area A s8q. cm., at right
angles to x, is given by the equation

Q=~K.A.t.%§;~ ------- (1)

This equation fits the relatively simple caese of the diffusion

of a substance in solution from a concentrated layer at the

foot of a vessel into the layers of weaker solution sgbove,
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but the conditions of the present problem are more compli-
cated. A bead of salt in 2 flame may be regarded ss a

source from which metallic vapour issues at an slmost steady
rate and diffuses in zll directions, even downwards against
the upward current of the flame, as the colouration of the
flame shows. The above equation must therefore be extended
to three dimensions, and allowance must be made for the
velocity of the flame. It will be observed that the equation
is closely analogous to the simple equation relating to thermal
conduction (sometimes called 'diffusion of heat') and the
following treatment is similar to the standasrd method of dealk
ing with the problem of thermal conduction.

Let the origin of coordinates be tagen et the centre
of the bead of salt, with the axis 0 X vertically upwards,
i.e. in the direction of motion of the flame. The axes O Y
and O Z sare thus in a horizontal plane, as shown in Fig.2.
Consider the point P (x, y, z) at the centre of a very small
parallelopiped ABCDEFGH whose sides AE, AD, AB are &x,
dy, 8z respectively. If ¢ 1is the concentration of

{ Ac .1&5}
metallic vepour at P, (¢ - @x ~~2§ ; may be taken as the

Sx
average concentration over the fsce ABCD, and {%‘; - g—z;fs. ' ';_‘)'
the average concentration-gradient in the x-direction for the
same face.

Thus, neglecting in the meantime, the upward velocity
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of the flame, the amount of metal entering the face ABCD pef

second would be = K 35 -'%fg'—ﬁ} Sy Sz, and the zmount

passing out through the opposite face per second would be
{bc +)’t Sx}&y §z .

Hence the incresse per second in the amount of metallic

vapour inside the parallelopiped due to the component of the

diffusion ih the direction parallel to 0 X would be

+ K. );)C(‘ ngj&z.

The components of the diffusion parasllel to OY and
0Z would contribute similar increments,
giving a total increment per second of

K %‘- +b’;t+ } 8§x. Xy 5z .

But the velocity of the flsme gases has still to be
considered. This is fognd to be sensibly constant and may
be denoted by V cm. per second parallel to O X. Due to
this velocity alone, the smount of metallic vapour entering
face ABCD per second would be V. {C"k Sx& Sy Sz p)
and the amount leaving through fsce EFGH would be
V.{CJ-%§-§§}.8y-Sz.. This would result in an
increase in the amount of metsl in the parallelopiped at the
rate of

Ac
-V. & . 8. §y. &z. gm. per second, and since,

when steady conditions are reached, the net increase per

gecond in amount of vapour in the elementery paerallelopiped
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will be zero, we have for steady conditions,

K3 + B B - VB0 )

Professor Wilson has shown thst & solution for this equation
A & (x - 1)

takes the form ¢ = r . e , Where A s&nd g are

constants, sand r is the polar coordinate of the point

(3)

(X’ y’ Z), i.e. rzdx’-_‘_yl_‘_zl

By differentiating snd substituting in equation (2),

v
the value of o may be chown to ve 9K

Thus:
(Thus _ 1 2% _ x
I . L
L (x=1) oL of x
.}: = A.e {—;r -F TRy,
r \
Ax=T)fat o 2ax aix 3x>
Y = +A.€ _F-?ﬂ'-_ff—"—’r"\ 73+rr+"'?5'.j
et
oL("‘-""‘){d..
» =° LR
- [=¢ _ L o 3dy 3
X = 4 AT e e 2
Y
(x-*) __._L Wzt g 3uz> 32*}
¥ o AR T S
z

Aot {g 3 30r 2 _3ax, (L2, 2) {xu\,u‘)}

() Proc. Cemb. soc. Vol. XII, pt. 5 (1904)
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and since X4 yrae oz o T
e ¥ Py ol(x~1) 2 1, 23 .
I - W XN
Thus, from equation (2), o= v )
2K

To evaluate A, consider the special cagse when V=o.
For such a condition, the cuantity of metallic vapour diffusing
through a spherical surfsce of radius r snd centre at the
centre of thgi?'fr‘ill be q the total amount issuing per second
from the bead. Hence

q = -K . % . lf‘"-f,'

and for this case @ = é,e%(x—‘r) = é , since V4o ,
and de = — A
¥ >
i.e. g = —K. ";A—‘). (%
. A = fﬁ , and the full solution of equation
(2) becomes N
-
e = 4 o W&
4K

This equation gives the distribution of metallic
vapour in the flasme and from it, using the coordinates
(x3 , 1), (x5, ry) of two points at which the concentration

is the same, a simple equation for K may be derived.

Thus:- _Xz ('J:;—T.) % (xa. —"f',_)
—— . e —7._?—— .
4T KT, ek, ¢
. '1\!‘( (xz" a=% *"';)1
giving L =

T;
2 l"e. '%’
That an electrical method might be used for locating
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points where the concentration is the same was suggested by
the results of an investigation of the electrical properties
of flemes by Prof. H.A.Wilson(é), He Iound that when two
electrodes of platinum were held in g flame, snd a current of
electricity passed between them, practically all the resist-
ance to the current wes in the part of the flame close to the
negative electrode. Further, when salt vapour was intro-
duced into the fleme, provided the vapour came into contact
with the cathode, & large increase in the current was observ-
ed, this being greater the nearer the cathode was moved to
the source of salt vapour. The position of the anode seemed
to be unimportant, provided it wes kept red-hot, whereas a
slight change in the position of the cathode made all the
difference in the current obtained, and it was concluded that
the magnitude af the current was due to the number of metallic
ions present in the region of the cathode.

In such an arrangement, therefore, when the same
current is obtained for two different positions of the
cathode, it seems reasonable to assume that the concentration
of metallic vapour at these points is the same. This

assumption was the basis of the experiments now described.

(4) H.A.Wilson: 'Electrical Properties of Flames'.
or : 'Mbdern Physics', lst.Ed. Pp. 250 - 267.
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APPARATUS.

_ The apparatus used is shown diagrammatically in
Fig.3. An ordinary bunsen with wire gauze top had its
chimney extended by the addition of two lengths of brass
tubing. The purpose of this was to allow the gas and air
to be well mixed and so produce a steadier flame.. A loop
of platinum wire for the salt-bead, B, was supported on an
iron stand. The current was taken from a 6-volt storage
battery, S, and measured by G, a microémmeter in some ex-
periments, and a more sensitive reflecting galvanometer in
others. The lead from thé positive terminal of the battery
was fused to one end of & platinum wire which was insulated
by being sheathed in a drawn-out tube of gquartz, the other -
- end. of the platinum wire, A, being twisted into a little
spiral to form the anods. The negative electrode, C, was
similarly formed but the platinum wire used was thinner and
projected from the gquartz tube only about two millimetres.

A vernier microscope, equipped with three racking movements,
proved to be a very suitable support for the cathode once the
optical parts were removed. This is seen in Fig.4.

The apparatus for measuring the velocity of the flame

is described later.



0 logrammatic Sketch at Apparatus |,

Fig. 3.
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Photograph of /\ljopa«'&tas*
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PROCEDURE.

' To keep conditions as far as possible the -same ‘
throughout the experiments, the gas supply was always regul—
ated so that the tip of the blue inner cone was the same
height (1 cm.) above the top of the burner, and bead of salt
was adjusted so &s to be on the axis of the flame at the
regular distence 2 cm. above the top of the burner. The
anode, also, was kept in the one position fairly high in the
flame. With the three different movements of the microscope
it was easy, first of all, to adjust the cathode to be dir-
ectly above the salt bead, and thereafter; to move it about
in a vertical plane ( z=o0 ) and read off its vertical and
horizontal distances from the bead (i.e. its x and y co-
ordinates) for any particular position.

Various potassium salts were tried, and potassium
phosphate was found to be most suitable, &s it burned off
most slowly. It was found, too, that when the cathode was
kept fixed in one position, the current slowly increased as
the bead of salt evaporated, being greatest Just before the
colouration of the flame disappeared. To allow for this, in
locating different positions of the cathode which gave the
same current, the cathode was first raised to be one centi-
metre above the bead, then moved across the flame, and read-

ings of the horizonteal vernier were taken for the positions
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A and B (Fig.5) which corresponded to a certain current.
Then, the cathode was raised to be three centimetres above
the bead, and the readings taken for C and D, which gave
the same current. Finally, the cathode was again lowered
to the former level and the readings repeated for A and B.
The mean of the two values for the distance AB was taken as
corresponding to the state of the bead when the observations
were made for the distance CD. These readings allowed the
coordinates of A and D +to be determined as follows:-
For A , X, = OE =1 ,
yy=EA = % . (BA)
2)= 0, )
ry= OA. = (’Clz""hl);
For D, X, = OF ;

i

3

Y= FD = % .(CD),
2o = o,

rp= 0D = (x> ¢

The readings were repeated for several beads, and different

values were used for the constant current.

Before K could be evaluated, however, from
K = V(xz -, - Ty )

Zlo}e_;%

V, the velocity of the flame gases, had to be determined.




Full Scale Diagram of Flame
showing
Surface of Uniform Concentration
anél
Methoc! of Measurement.

rig. 5.



- 98 -

Measurement of the Flame-velocity.

A photograph of the apparatus used in measuring the
velocity of the flame is shown in Fig.6. A small electric
motor was fitted at one end of its shaft with a disc having
four equally spaced radial slots through which the flame could
be observed, and at the other end with a special stop-cock
which opened and closed four times during one revolution of
the motor. A foot-pump was connected through the stopcock to
a small quartz tube held in the flame. Into this tube was
introduced a little sodium chloride in the form of a powder,
and when the motor was running little puffs of salt were blown
into the flame at the rate of four per revolution by applying
pressure to the foot-pump. When the flame was then viewed
throuzh the rotating disc the puffs in the flame appeared to
be stationary@ike the teeth of a saw)as the time interval
between two puffs was Jjust the same as the time between two
successive glimpses of the flame through a slit. The appar-
‘ent vertical distance between two puffs was observed by means
of a calhelometer, and this gave the distance the flame travelled
upwards in the time of one quarter of & revolution of the
motor. The speed of the motor was measured with the help of
a revolution-counter, and by running the motor at different
speeds several estimates of the velocity of the flame were

made.
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F<3* 6.

Photograph of Apparatus for measuring

Velocity of Flame..
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RESULTS.

The following data were obtained in the first experi-
ment to measure the velocity of the flame:-
Voltage applied to motor = 4231 volts.

Average speed of motor = 1450 revs. per min.
(mean of 3 readings).

Average vertical distance
between puffs = 2.69 cm. (mean of 5 readings)

. « Average velocity of flame = 2.69 x 4 x 1450 cm. per sec.
60 '

= 260 cm. per sec.

By applying different voltages in turn the motor was run at
different speeds and similar readings taken, so that the
following additional results were obtained for the flame-
velocity:-

310, 210, 300, 310, 260, 280, 310 cm. per sec.,
giving an average value for flame-velocity of 280 em. per sec.

The curve DABC in Fig.4, giving the shape of a

region of uniform concentration was plotted from the following
table of results obtained from a series of beads of potassium

sulphate, each value of y being the mean for several beads.

Common current 5 microamps. (Potassium Sulphate)
T T Y T T y

x 0 1 .2 . 3 4 5 6
y .35  .635 .75 .84 = .92  1.00  1.10

Due to the rapid evaporation of potassium sulphate these
values are only approximate.
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Results for Potassium Phosphate.

With beads of Potassium Phosphate the following table
of results was obtained, the values of K Dbeing derived from
the expression

K o V(x5 = x -1y + ry

X
2 x 2,303 x 10310(%

using the average value of 280 cm. per sec. for V.

Current in§ X N { T X
Micro-amps  cm. cm. ' cm. cm?/sec.
1 0.295 1.04

10 1 0.325 1.05,
3 < 0.14 | "3.002 : 6.4

10 1 - 0.33 1.05;5
3’ 0.'.1.4:'5 ._3.004 ‘ 6.7

5 1 0.3l 1.04,

L% 0T 8000 58
5 1 0.38 1.07,

;‘ 3 0.44 3.033 5.2

This gives an average value of X for potassium of 5.8 cmz

per sec.
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Results for Sodium Phosphate.

As the conductivity of the flame for sodium salts is
much less than for the corresponding potassium salts a
sensitive mirror galvanometer was substituted for the micro-
ammeter. Again the phosphate proved to be the most suitable

salt, and the results obtained are given below.

X y j r ’ K
cm. cm. cm.  cm?/sec.
1 0.85 1.51,  15.6

5 | 115 . B2l
1 0.75 1.25,
| 14.4
3 0.97 3.155
1| o.78 1.27,
| | 15.4
3 1.02 | 3.16g
1 ? 0.705 1.22,
| 10.8
3 0.965  3.15,
1 0.745 = 1.24. B
' 7 11.3
3 1.03  3.17,
1 0.74 ‘Mm'iiél;wﬂ
| 11.3
3 1.02 3.164
1 0.73 1.23, i
3 0.95, | 3.14g

This gives 13.2 as the average value of K for sodium.
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Comment on the Results.

The final values of 5.8 for Potassium, and 13.2 for
Sodium are rather higher than the corresponding results, 4.7
and 11.5, previously obtained by Professor Wilson. The
latter values were based on the assumption that the boundary
of the coloured region of the flame was a surface over which
the concentration of metallic vapour had & small constant
value, and that the shape of this region was approximately an
ellipsoid of revolution. The values were worked out from

measurements of its greatest hori%o?tal diemeter and the cor-
5

responding value of r. Bateman , on the other hand, in
discussing the solution
¥ (=)
C = .J—_ e
LK+

for the differential equation of the present problem, suggests
that when X 1is small and V 1large the shape of the coloured

region approximates to the form of a paraboloid of revolution.

(5) Differential Equations of Mathematical Physics: Bateman,
P. 543 .
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PART III

THE MERCURY DIPPER INTERRUPTER OF
AN INDUCTION COIL




SUMMARY .

In various ways an investigation was made of the
relative merits of different shapes of dipper for the
interrupter of an induction coil, and of different speeds
of withdrawal of the dipper from the mercury. This was

first done by photographing different forms of dipper in
action, and it was discovered that when a dipper is
Jerked out of the mercury a column of mercury 1is drawn
up with it, and that interruption 1s caused by the parting
asunder of this column in mid-air. The efficiency of the
break, it is argued, depends upon the rapidity of the
collapse of the column, and the photograyhs seem to show
that a more efficient break is produced when the dipper is
Jerked out than when it is pulled out gently; that a pointed
tip gives a better break than a blunt one; and that probably
a dipper with several pointed tips is more efficient than a
simple pointed rod. These conclusions were supported by

the results obtained in the other methods of comparison.
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INTRODUCTION.

The Foucgult Interrupter, or Mercury Dipper Bresk,
though one of the earliest types of interrupter to be used
in the Ruhmkorff Induction Coil, is still used today in some
tyﬁes of modern induction coils. It consisfs.essentially of
a metal rod which is passed in and out of a dish contsining
mercury, so that the primary circuit of the coil is complete
when the rod is immersed in the mercury, snd interrupted when
the rod breaks contact with the mercury.

It was thought that the efficiency of this form of
interrupter might depend on thf shape of the dipper, and the
experiments sbout to be described were carried out to see if

one particular shape of dipper is better than another.
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APPARATUS.

The experiments were performed in the Natural Phil-
osophy Institute at Glasgow University using a‘fairly large
Apps coil made by Newton & Co. The experimental interrupter
was made from a piece of copper rod about 33 inches long and
+ inch in dismeter. This was attached to a small brass
weight by a cord passing over a pulley. Instead of the
usual metal dish or a dish with metal bottom, a glass dish
was used to hold the mercury, and connection was made to the
mercury by means ogh thick copper wire reaching down to the
bottom of the dish. Connection was made to the dipper by a
piece of flexible copper wire soldered to the rod.

On the base of the induction coil there were twelve
terminals lettered as shown in Fig. (l1). The connections
between these terminals by wires inside the base were found
to be as shown by the dotted lines. (These‘connections head
to be traced by measuring the resistance and capacity between
each terminal and all the others in turn.) It was judgéd
that the proper place to put the interrupter was between the
right hand terminal 'COIL' and terminal '2', and a condenser
between right hand terminals 'Cj' and 'Cg' to be in parallel
with this. A battery of cells was connected to terminels
'N' and 'P', and an ammeter and rheostat were connected iﬁ

series /



Condenser

l'*@

Interrupter

Fig. |. Diagram op Connections in base of Induction Coil

[l Storage Cells

Condenser

Fig. 2.

Arrangement of Apparatus
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in which he gives photographs of splashes at different stages
in their rise and fall. His photographs were obtained by
means of suitably timed electric sparks produced at a spark
gap connected to Leyden Jars which were charged by means of
an electrical machine. In the present instance, however,
there seemed to be no need'for the elaborate arrangement
previously used for timing the spark as it wes intended to
use the light of the secondary spark of the induction coil to
illuminate the dipper in action, as this occurs almost immed-
iately after the interruption of the primery current. Thus
the ar{angement for photographing the break was quite simple,
as shown in Fig. (3). The experimental interrupter was
placed nesr to the secondary spark gap so that the light of
the spark could illuminaste it, and the camers wes placed so
that no direct light from the spark could enter the lens.

The diagram shows the arrangement finally adopted with tips
of magnesium wire for the spark gap, & concave mirror sup-
ported behind it so as to concentrate the light on the
dipper, and a background of white paper placed behind the
dipper. The cemers wes a half-plate one, but cardboard

adapters were mede so that small plates (33" x 23") might be

used.
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PROCEDURE.

Before any photographs were taken, experiments were
made to determine the 'optimum' () value for the capacity of
the condenser connected in parallel with the interrupter.

By using a "subdivided microfarsd' different capacities from
0.05 to 1 microfarad were tried in turn, and the least
primary current required at break to produce a secondery
spark 1 cm. long was found for each. The graph of the re-
sults obtained is given in Fig. (4), and shows that the
optimum capacity lay between 0.2 and 0.3 microfarad. The
condenser, 'E 43', supplied with the coil was tested and
found to have a capacity about 2.1 microfarads, and therefore
not likely to be most suitable. Two new condensers were
therefore obtained of marked capacity, 0.2 and 0.1l micro-
farad, and these were tried singly and in parallel for
secondary spark gaps ranging from 1 to 10 cm. and iﬁ each
case the smallest primary current was reqﬁired by the con-
denser of marked capacity 0.2 microfarad. )

Since there may be more than one optimum(4 primary

capacity, the behaviour of the lastter condenser was compared

with that of condenser 'E 43' by obtaining

(3)
(4)

Induction Coils: E.T.Jones, 1932. P.26.
Ivida. P.40.
the /
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the minimum primary current corresponding to various second-
ary sperk gaps when each in turn was put in parallel with the
break. The graphs obtained are given in Fig. (5). They
show how important it is that the primary condenser should
have the proper capacity, for throughout the rsnge the lesst
primary current required was much greater with condenser
'E 43" than with the 0.2 microfarad condenser. The latter
condenser was therefore substituted for condenser 'E 43' and
used with the coil throughout the experiments in which the
photographs were taken.

The menner of taking a photograph was as follows:
The windows of the room were darkened, and the camera was set
up and focussed by means of éleetric light. The electric
light was then switched off, the cover removed from the dark
slide in the camera, and the dipper pulled out so that the‘
exposure was made partly by the light of the spark at the
dipper, but chiefly by the light of the secondary spark if
there was one. The cover wss then replaced on the dark
slide end the plete taken to the dark room, where the develop-
ment was carried out under cover because of the high speed
of the pletes, the time being observed occasionally by means
of a faint green light.

The exposure was so brief that even fast plates
yielded but thin negatives. After a few trials, however,

and by making certain improvements in the arrangement, fairly
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gatisfactory negatives were obtained on Imperial Eclipse
Plates of speed 650 H. and D. These were developed in
Standard Pyro-Sods Developer, generally for seven minutes,
but in some cases for a longer time.

The secondary spark was the chief source of light and
its effgct was improved by making it take plesce between points
of magkesium wire, by supporting a concave mirror behind it
to concéntrate its light on the dipper, by putting a Leyden
Jar in parsllel with it to 'fatten' the spark, by using a
bigger primary current than the minimum, end by fixing a
sheet of white peper behind thelinterrupter to act as a
background.

The sheet_of white paper was perhaps the best im-
provement, as it helped to show up the outline of the dipper
even when there was no secondary spark, and the only 111um-
ination was the light of the spark at the dipper.

In general, for each form of tip used, a photograsph
was taken when the dipper was pulled out slowly, and when it
was Jerked out, and in order to identify them, a letter of
the alphabet was soratched on each negative in the order in
which they were taken. A selection of the photograpys

follows.
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- COMMENTS ON THE PHOTOGRAPHS.

The photographs which are now given are referred to
by the letters originally scratched on them, and their seem-
ingly haphazard arrangement is due to their being placed here
in the orxder in which the comments are made, and not in the
order in which they were taken.

Photographs 1 and 2 are from the first negatives
which showed any image at all. They were taken before the
introduction of any of the improvements mentioned overleaf.
Por No.l, the dipper was pulled out gently, and no secondary
srark occurred. For No.2, the dipper was Jerked out, and
this time there was a secondary spark. ‘In both cases, the
negative was developed for half an hour. After this, most
of the improvements, except the addition of the background
of white psper, were made and Photograph A. was taken.

Then the white background was added, and, from the photographs
which follow, it is seen to be a very importent addition.
Thus, when Photograph C. is compared with A, the dipper imn C.
can be made out as a black shape against the background,
whereas in A. it cannot be distinguished at all. In neither
of these cases was there a secondary spark, but in most of

the photographs which follow, witness Photographs F. and H,
the fact of the secondary spark is established by the shadow
it /
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it casts of the dipper on the white background, and by the
- lines of reflected light seen on the dipper.

Photographs B. and D. show what generslly happened
when the dipper was pulled out gently. The interruption of
the priﬁary current produced a smgll spark which is just
visible between the tip of the dipper and its imsge in the
flat surface of the mercury below, and a break of this nature
is what one might have expected would occur even when the
dipper was jerked out. The Photographs 2, A, C, ¥, H, etec.,
however, demonstrate the interesting fact that when the dipper
is raised quiékly out of the mercury in the dish, a column of
- mercury is pulled up by it, snd the interruption of the
primary current takes place when this column bresks away from
the dipper, or parts asunder in mid-airi

It has been pointed out by Plateau that if a cylinder
of liquid is suddenly formed snd left to itself, it cannot
retain that form when its length is grester than ifs circum-
ference. It is then unstable, snd when a tremor of any kind
causes the slightest depression at some point a 'waist'
starts there, which rapidly develops so as to cause a complete
break in the column. If the column is very long seversl
waists develop, and the column bresks into a number of drops.
A theoretical proof of Platesu's proposition, based on the
different methods of treatment given in two standard text-

books /
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(5)
text=books , is reserved for an appendix (Page 63 ), but

several of the photographs furnish a striking confirmation of
it. In Photograph Y, for example, or sny photograph of the
seven-pointed dipper, such as AE or AF, the columns which
were approximately cylindrical when unbroken are seen to have
parted in several places, and the small portions resulting
have been caught by the camera in the act of forming into the
familiar spherical globules which one associates with mercury
in fine subdivision.

The collapse of a column is due to surface tension,
aided, probably, by the upward motion of the dipper, but
hindered by viscosity, and one would expect that, once a
walst hsd started, the time of collapse would depend also on
the diameter of the column, being probably greater for a
thicker column. The method of dimensions may be used to
gain some information on this point. Thus, let t denote
the time taken for collapse once a waist starts, D the
diameter of the column, S 1its surface tension, E 1its
viscosity coefficient and V the velocity of the dipper.
Then, if these are all the controlling factors,

X
t varies as D" S. V' EZ?
L } y M)z

n.gx
1.e. M™M= k. V. (T ", & I.T)

\?g}\:where X 1is a constant.

Poynting & Thomson: 'Properties of Matter', P.147.
Newﬁan & Searle: 'The Genersl Properties of Matter, P.150.



Hence l = «2x -y = 3

0 W+ §y - z

0 = x + z s
giving zZ = =X ,

y‘:-l-x,

w =
Hemce  t = K. DI. s yorTE g7
i.e. t . D (.8 Vx

- Y. .

The value of X in this expression 1s indeterminate without
further data, but it is pretty certain to be negative and
numerically less than unity. This may be demonstrated by
means of experiments with a viscous liquid like treacle.

One finds that on dipping a spoon into g jar of treacle and
withdrawing it a considerable time elapses before the column
of treacle, dripping from the spoon, is severed - much longer
than in the case of a less viscous liquid such as water.

The breeking of the column may be helped either by twisting
the spoon, which serves to wind the column round it and in so
doing reduce its diameter, or by Jerking the spoon upwards.
Prom this it is seen that a greater value of V means a
smaller value of t , so that the index of V , =l=-x, in the
equation for ¢ musf be negative, snd since & grester value
of viscosity evidently increases the value of t the index

for E must obviously be positive, so thet X is negative.
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For ( =1 - x ) to be negative when x is negative, x must
be smaller numericaglly than 1 . The simplest form of the
expression for t would correspond to x =~ = % , and would
then be t = K.D.\{;E:: , but further evidence would need
to be forthcoming before this could be established. Inde-
pendent of the value of x , however, the result obtained is
that t varies as D, so that if a rapid collapse of the
colunn is desired, the thinner the column is made before a
waist starts the better the break will be.

That a more rapid collespse of the column is desirable
seems fairly obvious. It is now recognised that due to tﬁe
self;inductances and the mutual inductance of the coupled
circuits there is a combination of two oscillations in both
primary and secondary circuits (6). Yet there is so much
damping due to various factors, that after the first maximum
is past the oscillations have much smaller amplitudes, so
that the older form of the theory gives a fairly adequate
explanation. According to it, the magnitude Qf the second-
ary potential determined by the rate at which the lines of
magnetic force cease to be linked with the turns of the
secondary coil, and if the flux can be made to disappear more
quickly the secondary potential will be greater. The decay

of the magnetic flux is caused by the breaking of the primary

(8)

E.T.Jones: Induction Coils. P.26 et passim.
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circuit, i.e. by the sudden introduction of an infinite re-
sistance, after which inductance effects in the. circuit
carry the current on for a frsction of a second longer, into
the condenser connected across the Interrupter and out again.
Once the resistasnce has become infinite, however, the time
interval is very short before the current becomes zero. It
is the introduction of the resistance that has to be rapid,
and, as the photographs show, this is brought about by the
formation of waists in the columns of mercury drawr up by the
dipper. In the coil used the primasry winding has a resist-
ance of only 0.28 ohm, and s column of mercury 3 cm. long
and % mm. in diasmeter adds more than six per cent to this,
and waists developing cause a rapid increase up to practi-
cally infinity at severance. As the time of collspse is
shorter for a column of smaller diameter the rate at which
the resistance is incressed to infinity is grester, with the
result that a grester secondary potential is produced.

The thickness of the column at the start of collapse
is probably determined by several factors - the diameter of
the dipper itself, the speed with which it is Jerked out, and
the instant at which a tremor is imparted to it. The column
drawn up starts as an envelope to the dipper, and is there-
fore thicker for a tip of wider diameter, such as the blunt

form shown in Photographs V and W , or the ring-shaped one
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seen in Photograph AC. The columns ol mercury raised up by
these dippers were much thicker than for the pointed dipper,
and in conseguence they were much taller before inter&uptioﬁ
then in the case of & pointed dipper. (Even when gently
raised out of the mercury, the blunt form of dipper had to be
raised higher above the dish before breaking contact. This
is clearly seen when photographs V and G are examined.
The distance between the dipper and its image in the mercury
surface is greater for V +than for G, and half of this
distance may be taken as a measure of the height the dipper
has been raised asbove the level of the mercury.) But not
only has the length of the column to be greater than its
circumference, a slight tremor of some kind has to be imparted
to it, snd one would expect that when a dipper is Jerked up
more smartly the column may be thinned down further before
the necessary tremor is received. Confirmation of this
seems to be given by Photographs N, P, and S which were
taken of the pointed dipper when the mercury was covered by

a layer of liquid paraffin. In these cases the column of
mercury drawn up is surrounded by a sheath of the liquid
paraffin and the spark at 'break' is 'quenched' by the
paraffin and less contamination of the dipper and the mercury
takes place. For N the dipper was pulled out slowly; for

P 1t was Jerked out, and for S it was jerked out morse
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violently. The power of the paraffin to guench the spark

is shown in P; The mercury column is seen to be broken up
into g number of globules inside the sheath of paraffin, but
the primary spark was too faint for one fo say at which psrt
of the colﬁmn it occurred. (It should be mentioned that in
this paitieular case the primary current interrupted was 4
amperes instead of the usual 5 amperes. The result wss that
the secondary spark was not so bright as ususl and the photo-
grapﬁ obtained was poorer than usual). In S the jerk wsas
so vigorous that the column of mercury and its surrounding
sheath of paraffin were both thinned down so much before
interruption that the layer of paraffin was so thin as to be
hardly effective in quenching the spark.

Even with a pointed dipper, due to its taper, deeper
immersion in the mercury would mean that -the initial diameter
of the mercury column drawn up would be greater than for less
deep immersion, and consequently the column would be longer
before collapse. Photographs AJ and AK are interesting
in this connection, for the tips were immersed to a depth of
4 mm. in AJ and 7 mm. in AK, and in the latter case the
dipper is seen to have been raised higher. Photograph AJ
1s also interesting as showing, rather clearly, different
columns in different stages of collapse.

One thing which the photographs show up very clearly

is /
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is the time-lsg between the interruption of the primary
current and occurrence of the secondary spark - a time
interval which is large compsred with the duration of the
secondary spark. In Photographs I and X, for example,
the spark at the éipper was bright enough to illuminate the
dipper so that its position at bresk is registered on the
photograph by a paler image bordering on the patch of light
which marks the spark. Thén, by the time the secondary
spark occurred, the dipper had been raised a fraction of an
inch (say 2/16") and the light of the secondary spark pro-
duced a fainter image on the negative giving the darker and
higher image of the dipper in the print. The sharpness of
the upper image and the clearness of the reflections on it
show that the illumination produced by the secondary spark is

for practical purposes instantaneous, whereas if the speed of

upward jerk of the dipper had been measured - as could be
done by some mechanical cam arrangement - the time-—lag
between the primary and secondary sparks could have been
measured. That the double image is not due to two secondary
sparks may be established by an examination of a photograph
of 8 multipointed dipper. In photograph AA, for example,
the primary spark taking place at the right hand tip is seen
to have caused patches of reflection on the right-hand side
of the other two tips in the lower images of these tips,
wheregg the patches of reflection in the upper imasges of the

tips /
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tips are all placed centrally due to the illumination by
the secondary spark when it occurred later.

Due to the self-induetance of the primary and
secondary coils, and their mutual inductance, the interrupt-
ion of the primary current is followed by oscillations in
both circuits. The investigation of this both mathemati-
cally and experimentally is gone into very fully by Pro-
fessor E. Taylor Jones in his books on the induction coil(73
and the reason for the time-lag between the primary and
secondary sparks is that the oscillatory potential produced
at the terminals of the secondary coil takes QOme time -
of the order of one thousandth of a second, say,- to reach
its first maximum, after which later maxims sre generally
much reduced by damping so\that if & second spark is pro-
duced it is much less bright. Occasionally a double
secondary spark was heard and its occurrence may be dis-
tinguished in certain photographs, such as M and AD, in
which the lines of reflection on the dipper due to the spark
at the secondary terminsls are seen to be repeasted.

Another thing that the photographs reveal is that a
better break is produced when the dipper is Jerked out than
when it is pulled out slowly. This is shown by the further

(7) 'Induction Coil Theory and Applications': Pitmen 1932,
and previously 'Theory of Induction Coil': Pitman 1921.
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prints given opposite of the negatives V, X, Z, AA, 4B,
and AC. The efficiency of the behaviour of an induction
coil is determined by the energy dissipated in the seconfery
spark. The more energy in the spark the brighter is its
light, and, in the present arrangement, the better is the
photograph obtained of the dipper. Because of the very
brief duration of the secondary spark the negatives were
always under-exposed. Except for the parts of the negative
corresponding to the spark at the interrupter, and the lines
of reflection on the mercury and on the dipper, the negatives
were sall very thin, yielding dark prints. The better the
illumination of the dipper, the better were the prints. In
order to compare the behaviour of the different dippers, the
conditions were made as far as possible the same in each
case. Tha primary current regularly used was five amﬁeres,
and the standard time of development of the negatives was
seven minutes in the same strength of developer. Generally
in making prints, however, the writer adjusted time of
exposure and development etc., to produce as clear a print as
possible, but in order to obtain some sort of comparison
between different dippers and between slow—exit‘and quicke
exit breaks the prints shown opposite were made under stand-
ard conditions. Care was taken to give each print the same
exposure (30 seconds at 2 feet from a 25-Watt lamp) and the

‘same /



- 52 -

same development (45 seconds in normal Rytol developer) so
that they might give a fair comparison. When the prints V
and X, et cetera, sre examined, looking chiefly at the
whiteness of the background and st the detail in the dipper
and its rod, it is at once apparent that in each pair the
better print is for the quick-exit bresk. It may be pointed
out that it is not really obvious thet when the dipper is
jerked out of the mercury it will produce & better break than
when it is gently removed. The rate of cutting lines of
induction for the secondary coil is not related directly to
the upward speed of the dipper but to the rate of collapse of
the primary current, and since an electric spark takes place
at either type of bresk one might well expect the operation
to be as instantaneous and effective in the one case as in
the other. The evidence of the photographs, however, cannol
be disallowed, and the reason for the grester efficiency of
the 'quick-exit' break may be connected with the formation
and collapse of the mercury columns &s already considered.
Purther, if the prints X, AA, &and AC of the
quick-exit breaks of the three different dippers are com-
pared, that of the three pointed dipper seems to give clear-
est detail of the rod and dipper (part of the whiteness of
" the background of X 1is evidently due to the primary spark
aé this has obliterated the bottom of the shadow of the

dipper)/
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That the best photograph is that of the dipper with pointed
tips supports the argument giveh above that the dipper pull-
ing up 8 thinner column is likely to give a more efficient
bresk than one which pulls up a thicker one, becsuse in the
latter case the time of collapse of the column, once a
tremor starts a waist, is longer then in the formmer case, and
the resulting secondary E.M.F. is not so high.

Another important fact that the photographs revesl is
in connection with the dippers having several pointed tips.
It had been thought that this form of dipper with two or more
columns breaking simultaneously would allow a greater current
to be interrupted then in the case of a single tip. But the
photographs of the multipointed dippers, e.g. AF, AG, AH,

AJ, seem to show that the primary spark aslways takes place

at one tip only, though not always the same tip. Sparks may
seem to occur at several tips as they enter the mercury to-
gether, yet when the dipper is Jerked out there is generally
one tip which breaks its connection with the mercury slightly
later thesn all the others, snd the real interruption of the
primary current takes place only at it. Thus s regards the
magnitude of the current that can be interrupted, the multi-
pointed form does not seem to be any better thsn a single
pointed dipper. Yet the photogrsphs show that it may be

worth while to employ several tips. For, since only one

spark /
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spark is produced for each interruption, a multipointed
dipper may not produce any more pollution of the mercury than
a 8ingle tip, and since the spark is seen to take place at

di fferent tips in turn, s multipointed dipper may be expected

to keep in good working condition longer than & single-
~pointed.

Some numerical observations were next tried to
further compare the different forms of dipper, and the re-
sults obtained support the conclusions reached from a study

of the photographs. These experiments are now described.
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FURTHER METHODS OF COMPARISON.

Comparison by least primary currents for different

spark gaps.

Experiments were carried out, with different tips in
turn, to determine the lesst primary current to produce dif-
ferent lengths of secondary spark. The tables of results
obtained, and the corresponding graphs are given in Fig.6.
These seem to show that the seven-pointed dipper is best, as
according to the grephs a smaller primary current is nec-
essary for any particular length of secondary spark with the
seven-pointed dipper of copper than with the single brass tip
or the twenty-five-pointed. It should be noted that the
graph for the singie brass tip agrees very well with the
graph for the original pointed copper rod, the points for the
latter being plotted as prominent dots in Fig.é.

But the readings were taken on different days, and the
condition of the mercury alters with use, and it was thought

that these graphs might not give a fair comparison between

the tips.

Pigure of Merit Experiments.

Another method tried for com.aring the tips was that

of /
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of finding & 'figure of merit' for each. N¥hen a big enough
current is interrupted in the primsry circuit, e secondary
spark of given length can be obtained regularly, but when a
smaller current is used the spark may only teke place occas-
ionsally. The term 'FIGURE OF MERIT' is here used to signify
the number of times a secondary spark of certain length was
obteined when a given primary current was interrupted a
hundred times, i.e. the figure of merit means the percentage
of primary breaks which produced a secondary spark. Four
forms of tip were compared in this way - the seven-pointed,
the twenty-five-pointed, the single-pointed and single-blunt
tips, 8ll amalgamated with mercury. 0f these the former
pair, the seven-pointed and the twenty-five-pointed, were the
original ones which were photographed, the single blunt and
pointed tips were made afresh. The investigstion wes con-
tinued at a later date, and with é different induction coil,
since the first one was not available.

The results obtained from the figure-of-merit experi-
ments were very erratic. In 8 set of experiments the
secondary spark gep and the primary ocurrent were kept the
same for each tip. In all, seven sets were tried with
various lengths of spark gap and with different covering
liguids above the mercury. In the first, sixth and seventh
sets where the seven-pointed tip was used before the twenty-
five pointed, the former had a bigger figure of merit than
the /
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ths latter. In the second, third, and fourth sets, where
the twenty-five-pointed tip was used before the seven-pointed,
the order of merit was reversed.

Again, when the seven-pointed tip was used before and
aféer the twenty-five-pointed in the same set, the first
figure of merit obtained for the seven-pointed dipper was
greater than that obtained for the twenty-five-pointed, but
the one obtained afterwards was not. Itbs obvious to the eye
that the condition of the mercury alters with use - 1t
becomes polluted with the sparking ~ and this may be what
glves rise to the phenomenon gbserved above, viz,, that it is
the tip used first that shows up best. The order in which theltips
were used seemed to make all the difference. In the third
set., for example, three tips were used in the order 25-, 7-,
and l-pointed, and their figures of merit came out in that
order; and in the sixth set they were used in the reverse
order , and the order of merit was reversed.

In all these figure-of-merit experiments, the dipper
was jerked out of the mercury, because an initial test seemed
tqshow that 'quick-exit' breaks were betteﬂthan tslow-exit'
breaks. In this test only the seven-pointed dipper was used

for two different lengths of secondary spark in turm.
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In each set it was Jerked out for & hundred times ('quick
exit' break) and then pulled out gently for s hundred

times ('slow exit break') and in the first set the figures
of merit were 17 for quick exit breaks, end 11 for the
slow-exit breaks, and in the second set 15 sand 1 res-
pectively. These figures seem to indicate that a better
breek is produced when the dipper is Jerked out than when
it 18 pulled out gently, but they are open to the ssame
objection as the other figure of merit results: the Jerked
bresks in each set were done before the slow-exit breaks,

and may therefore correspond to & better condition of the

mercury.

Minigun prizsry current for differept tipe snd same gsp.

It was thougtt that a better coxzpsrisom would be
obtained by fipding the minimunm primery current necessary to
give occasional secondsry sparks of some definite length,
using each tip in turn when the mercury was in the same
condition. A low value of primary current was tried and
when more than six bresks in succession failed to csuse a
secondary spark it was counted too low, and a slightly
higher current was tried, and so on, till a value of
current was reached that gave a secondsry spsrk for one or
more of the first seven breaks. This was done for both

'slow exit' and 'quick exit' breaks. Then the tip was
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unscrewed and replaced by another one, and the process re-
‘peated immediately for the same spark gap with the new tip.
In this way the condition of the mercury was practically
the same for all the tips for the same spark gap. Espec-
ially was this true since very little adjustmenﬁ of the
current was required for succeeding tips, once the minimum
" current had been found for one tip. The following table
gives the results obtained for spark gaps ranging from one
to five centimetres, the letters Q and S denoting

quick-exit, and slow-exit breaks respectively.

Length Least Primery Current: amperes.
Seooggary
Spark Blunt Tip l-pointed r'7—pointed 25-pointed
s cm. Q. S. Qs S i Q. S. de S
(1st.)  (2ma.) | (3rd.) (4th.)
1 1.55 1.53 ' 1.48 1.50| 1.48 1.50 | 1.48 1.50|
| (atn,) | (sra.) irwkéﬁawf' (1st.)
2 2.22 2.25 | 2.22 2.23| 2. 22 2. 22 2.22 2.25
(1st.) | (ema.) | (3xd.) | (4th.)
3 2.63 2.68 f 2.67 2.68| 2.65 2.65 2.65 2.67
- (4th.) f’(zrd ) | (2nd. ) 1 (1st.)
4 2.88 2.90 2.87 2.87 2.87 2.87| 2.87 2.90
o (4th.) | (sza.) | (2n4.) | (lst.)

5 3.08 3.10 3.07 3.07 3.05 3.05 3.07 3.10
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The covering licuid above the mercury was absolute
alcohol, and the numbers given in brackets give the order
in which the different tips were used in any set.

This table of results confirms the conclusion sl-
ready reached in different ways, viz:- that a quick-exit
break is better than a slow-exit break. In a few cases
the primary current interrupted to produce g certain length
of secondary spark was the sesme when the dipper was Jjerked
out as when it wss pulled out gently, but in most cases it
was found that a quick-exit break required a smaller primary
current than a slow-exit bresk which produced the same
length of secondsry spark.

Further, when the quick-exit breaks for the differ-
ent tips sre compsred, it is seen that the blunt tip re-
quired a rather greater current than the others in three
cases out of five, though in one case it required less than
the others. This latter case, however, was the very first
break in a series of trials, and frequently, after the coil
and interrupter had had a rest, the first break was found to
give better results than succeeding breaks. This would
explain the exception, and allow the conclusion to be drawn
"~ that a blunt tip is less efficient than a pointed one.

Finally, when the behaviour of the seven-pointed
dipper is compared with the others, it is seen that whereas

it required the same primary current as the single-pointed
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in three ceses out of five, -bu# in the other two cases it
required less, This is another indication that a dipper
with several tips may be more efficient than a single-pointed

one.
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CONCLUSION.

The outstanding fact brought to light by the above
research seems to be that when the dipper is jerked out,
the break of contact at the interrupter is not due simply
to the dipper leaving the mercury surface, but due to a
column of mercury drawn up by the dipper parting asunder
in mid-air; and bound up with this fact are probadly to
be found the reasons for the following conclusions which
seem to be fairly well established:

(a) That the interruption of the primary current
is mofe efficient when the dipper is jerked out quickly
than when it is pulled out slowly,

(b) That the pointed form gives a better break
than one with a blunt end, énd

(¢) That probably a dipper with several pointed
tips is better than a single-pointed rod.



- 63 -

-APPENDIX.

A Proof that a long:cylindiical liguid column

is unstable.

The general behaviour of lidﬁidsiﬁnder surface
tension is easily investigated experimentally by the use of
films of soap-solution, in which, of course, there are two
liquid-air surfaces, so that the formula obtained for them
differ from those for a single liquid-air surface simply by
the factor two. It is found experimentaily that & nearly
cylindrical soap film, formed between two equal circular
end-pieces, corresponds to the revolution about the axis of
symmetry of part of a curve of the form A B C D E (Fig.7.)
If the length of the soap film exceeds the semi-circumfer-
ence of the end-pieces, there are two points of inflexion in
the tracing curve corresponding to B and C in AB CD
(Fig. 7.a.) when the diameter of the soap-bubble is great;
est in the middle, or to C and E in L C E M (Fig.7.c.)
when the diameter of the bubble is least in the middle.

The curvature of a nearly cylindricasl soap film is given by

the usual equation:

o,
2§ ~ ¥ T

where p 1is the excess of pressure inside the bubble, S is

the surface tension, and r" and r' are respectively the
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the curve A P C 1is proportionsl to its distance from s
~fTixed strsight line, and the further condition thst the
point is never very far from the straight line are fulfilled
" by one particular member of the family of "elastic curves'.
It is the curve traced out by a point near to the centre of
a circle, when the circle rolls, without slipping, slong a
straight line, the fixed straight line in the above state-
ment being the path traced out the centre of the circle.

In the present case the rolling circle (shown in Fig.7.a.)
has radius a equal to B'B, and the distance of the trac-
ing point, Z, from the centre of the circle, O, 1is equal
to the maximum height of the curve above B C. The centre
of the rolling circle traces out the straight line O E, and
the curve traced out by 2 cuts this line in B, C, E----,
such that B C < C E < TI.A, the half-circumference of

-

the rolling circle.

It is the rotation of this curve, therefore, about
the axis X'X which gives the shsape of thé surface of a soap
film which is very nearly cylindrical, the excess pressure
inside the soap film being given by p = 2.8 where a
is the distance from the sxis to a point of gnflexion.

Now, for an almost cyliﬁdrical bubble whose length F G
(Fig. 7.b.) is less than B C (the distance between two

ad jacent points of inflexion in the curve under consider-

astion) if the surface bulges out slightly, the excess of



- 66 -

pressure inside the bubble is given by

2.5 28
p - a = . B'B

2.5
This is greater than the pressure~excess F'F which would

obtain if the surface were truly cylindrical between the
ends F"F and G"G.

Again, for an almost cylindrical bubble whose length
HK (Pig. 7.b.) is less than B C, if the surface bulges
in slightly, the excess of pressure inside the bubble is
given by

Led Ze
a - C

3

P =
and this is less than the pressure-excess would be if the

surface were exactly cylindrical between H and K 1i.e.

2.5
HE .

The result, thus established, is thst an almost
cylindricel bubble whose length is less than half its cir-
cumference has a pressure greater or less than a truly
cylindrical bubble of the same end-faces according as it
bulges out or in.

On the other hand, a bubble almost cylindrical and
of length greater than B C, if bulging out in the middle
would resemble A D (Fig.7.a.) and the 6XCess of pressure
inside, i.e. §+% , would be less than %+%' which it would

have if it were truly cylindricel between its ends A"A and
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D"D, and similarly if it bulged in (See L.M. Pig.7.c.) the
pressure excess inside would be greater than for a truly
cylindrical bubble with the same end-faces.

As a result, a soap film which is cylindricsl is

stable when its length is less than the circumference of its

ends. Por, if s disturbance causes one half to bulge out
at the expense of a slight waist in the other half the
pressure incresse in the bulging half over the pressure in
the other half would automatically remedy mastters by csusing
a flow of gir from the bulging half to the other until the
pressures were the same sand the cylindricel form was re-
stored.

On the contrary, if a bubble is initially cylindri-
cal and has a length greatér than its circumference, and a
tremor of some kind causes a depression in one half, the
change in shape will be accompasnied by an incresse in the
pressure in that region causing & flow of air to the other
end so that a bulge is produced there, and a lowering of
pressure which aggravates the condition, with the result
that the 'waist' and the bulge both develop until even-
tually complete severance occurs. Thus & cylindricsl
bubble is unstable when its length is grester than its cir-

cunference.

A similar line of reasoning could be used for licuid

columns instead of sosp films, but it ignores the effect of
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gravity, and this is only justified when the effect of
gravity is so small as to be negligible. Thus Platesu
carried out experiments on the surface tension of olive oil
by working with it in an 'atmosphere' consisting of a mix-
ture of alcohol and water which hsd been adjusted to have
the same specific gravity as the oil. Agsin it is well
known that when the volume of mercury in s drop is reduced
the shape of the drop becomes more and more truly spherical
showing thet in spite of the great density of mercury the
effect of surface tension predominstes making the effect of
gravity almost negligible when the dimensions of the drop of
mercury are made small. In a similer way when one is
dealing with thin columns of mercury drawn up by a dipper
the surface tension‘efteet again predominates and of them

it may be seid that they become unstaeble when the length

exceeds the circumference.
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PART IV

THE ICAL CONDUCTIVI ¥
CERTAIN SOLUTIONS
AT DIFFERENT TEMPERATURES




SULIIARY.

In this paper an account is given of two sets of
experiments in which the electric\%sl conductivity at dif-
ferent temperatures was measured for -

(a) A number of fairly weak aqueous solutions of sodium
chloride up to about one per cent strength, and

(b) Several concentrated solutions of sulphuric acid
ranging from %4 to 99 prer cent.

In the latter case the range in tempersture was from 15OC

to 50°C, and no great difficulty was involved, hut in the

former set the temperature had to be carried up to 23000, at

which the pressure developed inside the conductivity-cell

was nearly 400 lb. per sg.in., and a special cell had to be

devised to suit the abnormal conditions.

In both cases the work was undertakem at the request
of a commercial firm in need of informatigp in connection

with the design of instruments.
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SECTION (a). SO0DIUM CHLORIDE.

INTRODUCT ION.

The research work described in this section was
carriéd out in order to obtain information for the design
of an 'electrical salinometer' to indicete the amount of
dissolved impurity in the waster in a boiler working at
pressures up to 375 1lb. per sg. inch.

In the past, the method of controlling the asccumu-
lation of salt in a boiler, when there was a trace of it in
the feed-water, has been to draw off freguent samples of
the boiler-water or of the feed-water, and determine the
amount of salt present by titrastion or by using ? hydro-
meter. With a modern electrical galinometer ‘4 , however,
the drawing-off of ssasmples is done away with, and the con-
dition of the water in boiler, or in feed-pipe, may be resad
directly on a dial at sny time.

The visible part of such an instrument is really a
millismmeter which gives the current passing between two
platinum electrodes held in the water when a definite
pofential difference is applied to the circuit, but instead

of the disl registering the current it is calibrated so as

(1) Kempe's Engineer's Year Book, 1930, P.1624.
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to give the concentration of salt directly. Any varistion
in temperature, however, is accompanied by 2 change in the
electricsl conductivity of a given selt solution, so that
an instrument of this kind must be fitted with a proper
'temperature-compensation', and in order to provide this it
is necessary to know the electrical conductivity, over a
considerable range of temperature, of a number of salt
solutions within the range of concentration to be dealt
with.

The particular instrument in question was required
to desl with solutions stronger than usual - up to sbout
800 grains of common salt per gallon of water in the boiler,
i.e. a 1.13 per cent solution, as ageinst the maximum of
0.001 per cent for an instrument designed to be used in the
feed-line of an Admiraslty boiler. Further, it had to desal
with unusually high temperatures, as the temperature of
satursted steam at 375 1lb. per sq. inch pressure is about

230°¢.
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_Search of Published Tables for data required.

WVhen published tables were consulted for the nec-
essary data, it was found thet the results available were
insufficient and not ih a form directly suitable for prac-
tical purposes. The most recent authoritative table (2),
from which the first two columns of Table LNo.l were obtsin-

ed, gave the equivsaslent conductivity at different temper-

atures for various concentrastions expressed in milliformula-

weights per litre of solution at the temperature concerned,

both of which quantities required adsptation. In the
first place, the specific conductivity (k), i.e. the re-
ciprocal of the resistance between opposite faces of a
centimetre cube, is more directly useful than the equiv-
alent conductivity (A ), which is the specific conduct-
ivity per gram-equivalent per cubic centimetre. For an
x-Normal solution, however, k is obtained at once'from A
using the simple formula Ek = ) I_G%ﬁ . In the second
place, the above method of specifying the concentrstion is
both mislesding asnd inconvenient for temperstures higher
than the standard. A solution which is decinormsal at a
temperature above 1800 is reslly more concentrated than one
which is decinormsl at that temperature, for if it were

cooled to 1800 it would contract to a smaller volume, and

——

(2) Int. Crit. Tables, Vol.VI, 1929, P.230.
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Specific Conductivities at I18°C oF Sodium Chloride Solutions.

[Strength oF re-expressed as grams per gallon and as percent by weight]
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would contain more than a tenth of a gram-edquivalent per
litre. Thus & solution which is decinormal at 218°C, if
cooled to 18°C would be found to be 18,45 per cent stronger
than a solution decinormal at 180. This means thst each
entry in the originsasl table (2) giving the equivalent
conductivity of a 'deci~normal solution' really refers to
a different solution. On the other hand, a solution con-
taining one gram of salt per hundred grasms of solution
would be a 'one per cent' solution st any temperature, pro-
vided alwsys there was no evaporstion. This latter methoa
of specifying concentration is therefore much more desir-
able when changes of temperature are involved, as in the
case of the present problem, and the values of concen-
tration in the given table were converted from 'x~Normal'’
to the form 'W per cent' by bringing in the density of the
solution - 4 grams per C.C. Thus: 'x gram-equivalents per
litre' _
58.46 x gm. of sodium chloride in 1000 c.c. of solution,
-~ 58.46 x gm. in 1000 @ gm. of solution,
and if this strength is the same as 'W per cent', i.e. as
W. 10 d gn. in 1000 d gm. of solution, then

W.104 = 58.46 x ,

i.e. . 5.846  x AU § §
d

As no table could be found giving the values of d
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corresponding to the various values of x, they had to be
obtesined indirectly from a table of densities of solutions
of sodium chloride one per cent and upwerds (5). Each
value of 'W' in the latter table was converted into the
corresponding value of 'x' by means of equation (1), and a
graph was plotted of 'd' against 'x'. Then from this
graph, shown reduced in Fig.l, the required values of '4d'
were read off and equation (1) was again used to obtain
the value of "W' corresponding to each value of 'x' in
Teble No.l.

The values of concentration in grains.per gallon
given in the last column of Table No.l were obtsined from
the strsightforward relstion between the British and metric
units, snd were inserted in the table in order to abstract
values of specific conductivity at lBOC for a set of sol-
utions worked with.

Large scale graphs were then drawn for 'percentage’
solutions (and for 'grains per gallon' solutions) and from
these the specific conductivity at 1800 was read off for a
gseries of 'roundenumber' concentrations and set down in

o
Table No.Z2. In this wey the required data at 18 C were

derived for solutions weaker than five per cent. For

(3)

Bousfield & Bousfield: Proc. Roy. Soc. 103 (A), 1923,
P.429.

(4) Landolt-Bornstein Tabellen, 3rd.Ed., 1905, P.735.
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Table I0.2.

Derived Values of Specific Conductivity at 18° (kl8)
of

Sodium Chloride Solutions, W gm per 100 gm. of solution.

Concentration k 18

¥ per cent. ohm™'. em™!
.001 .00CC183
.002 .00003685
.005 .C0CCY08
.010 .000181
.02 - .0C0356
.05 .000872
6.1 .00171
0.2 00333
0.5 00794
1.0 .0153
2.0 .0291
3.0 . 0423
4.0 . 0550
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solutions five per cent and upwards a suitable table had

(4)

been prepared by Kohlrausch and Grotrisn.

For temperatures other than 1800, but not far

removed from it, a temperature coefficient of incresse in

conductivity, (dk/dt) /k18 , may be used to derive the
specific conductivity from the known value at 18°. The
mean temperature coefficient for a small specified range,

1 (k26 - k 18 )
e.g. k18 (T 26-18 ), is sometimes given in tables and

as this varies appreciably - from about 0.021 to more than
0.023 - for different strengths of common salt solutions,
values were collected from different sources (e (5), and
grsphed as shown in Fig.2. From this graph the temper-
ature-coefficient near 18o can be read off for any solution
up to saturated (26.4 per cent st 18°), and by its use in

experimental work the tedium of adjusting the temperature

o
to exactly 18 may be avoided.

(4)

(5)

Landolt-Bornstein Tsbellen, 3rd.Ed., 1905, P.735, gave

1 $k26 - kls}

K18 (726 = 18 ) directly of solutions 5 per cent and
upwards.

Bray snd Hunt in Jour. Amer. Chem. Soc. 33, 1911, P.781
k 25

Agage k 18 for solutions 0.001 Normel to O.l1l Normal at

25°C. The concentrations had to be transformgd to 'pex-
centages', and the mean temp. coeffts. bet. 18°C and 25°C
were obtained from the formula

w7 s — !



wmjph Coefficient of Increase of Conductivity
between t% *C and 2 (0°C (or25 %) for Sodium Chloride Solution*
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For temperatures far removed from 18°C the only

results available seemed to be those of Noyes and Coolidge (6)
who found the conductivity of four common salt solutions at
steady vapour-bath temperatures of 140°, 218°, 281° and 306°C
using a conductivity-cell of unusual and costly design. 0f
these four solutions, the two strongest are of most use for
the present purpose, as they were approximately centi-normal
and deci-normal at 4°C. In addifion to the resistance, the
specific volume had been measured for each solution at each
temperature, so that the new value of the weight-normal con-
centration could be calculated, and by graphing the results,
the equivalent conductivity for the ‘round-number' concen-
trations at each temperature had been tabulated. This meant
that the final tabulated values were in a form very unsuitable
for the present purpose, but from the values used in preparing

them the following useful results were worked out.

Table No.3.

Concentration. k k k k

140 218 281 306
lo.0584 per cent.|.00429 | .00583 | .00627 .00627
0.598 per cent.] .0386 .0509 .0524 .0488

These constitute all the useful results that could be
readily abstracted from published tables, and further values
had to be obtained by direct experiment. A description of

the experiments is now given.

(6) Jour. Amer. Chem. Soc. 26, 1904, P.134.
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Experiments at temperatures less than 100°¢.

Apparatus:

The apparatus used in the experiments was such as is
required for the classical Kohlrausch method of measuring a
fluid resistance. The electrical circuit is shown in Fig.3.
Instead of the usual wire-bridge with extension-coils, a
Post-Office-Resistance~-Box was used, the source of alternating
current being & small induction-coil operated by means of =a
two-volt accumuletor, and the detector a pair of telephone
receivers. At first experiments were made at temperatures up
to about 90°C only, and a conductivity-cell of standard type
was used - a glass 'test-tube' of wide bore fitted with a
vulcanite cap from which two parallel horizontal electrodes of
platinum were suspended by glass tubes, the tubes serving at
the same time to insulate the leads. This cell is shown in
Fig.4. It was held in 2 thin brass tube with tripod base,
shown also in Fig.4, the two being placed in a large copper
can which served as a water-bath, and the water heated by a
bunsen burner and kept stirred by means of a little propellsr
driven by an electric motor. Mercury thermometers were sus-
pended in the water-bath and in the conductivity-cell to
measure the temperatures, approximate correction graphs for

these having first been obtained by checking the fixed points.



Induction COlj[ Accumulator

Conductivitu Measurements
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Procedure:

Before putting the cell into use, the electrodes were
given a coating of platinum-black by the usual method(7).

A 'stock solution' was then prepared of pure sodium chloride

of strength 800 grains per gallon at 1800. Part of this was
diluted to 80, 160, 320, 480, and 640 grains per gallon, and

each solution in turn was used in the standard conductivity-

cell.

The 'constant' of & conductivity-cell is the‘factor by
means of which the specific conductivity, k, of a solution is
obfained from the measured resistance, R. Thus, if R 1is the
resistance of a column of solution of 1ength.-ﬂ and cro?i—

1

section A, the specific conductivity is given by R *

A,
But, since the cross-section of a cell is not generally the
same as the areas of the electrodes, nor is it uniform, the

?1?w of the current is not in straight lines (GEEEENgN a=nd

% is not given accurately by the distance between the elec-
trodes divided by their area. An effective value has to be
found by experiment using & solution of known conductivity.

In the present instance the resistance of each solution at
exactly 18°c was determined, and using the value of specific
conductivity obtained by meens of Table No.l, the correspondiné

value of 4 was calculated. It was never possible to obtain

(7) Watson's Practical Physies, 1917, P.479.
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complete silence in the 'phones and the resistance could only
be measured with an accuracy of about one half per cent. The
results obtained are set down in Table Yo.4, and yield a mean

value of 0.201 cm for the cell-constant.

Table No.4.

Concentration: R_ : K : /

grains per 18 18 _ i
gallon at 18°CJ ohm ohm~' cm™ em ™!
80 104.5 | .00194, .203
160 03.0 .00377 .200.
320 27.75 00727 .202
480 18.8 .01065 . 200

640 14.54 01391 .202 >

800 11.7 01711 .200

The resistance of each solutionlwas also found at
various temperatures up to 90°C. by heating the water bath
gradually up to this temperature, and steadying the heating at
intervals till the reading of the thermometers, in the bath
and in the solution, agreed to & fraction of a degree for
several minutes. The resistence was noted at each steady
temperature, and similarly for several temperatures as the
solution cooled. The specific conductivity corresponding to
each reading of resistance was then calculated, using the

value of '&' derived above, and large scale graphs were drawn
A



- 80 -

of specific conductivity against temperature. These are
shown (to & reduced scale) in Fig.5, and in Table No.S are
noted the values of specific conductivity derived from them

for the even temperatures 20, 30, - - - 90°C,
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Table No.5.

Interpolsted values of specific conductivity (Kt)

at different temperatures for sodium chloride

solutions
(80 - 800 grains per gallon; 18° = 90° ©)
Concentration ! ]
grains/gall. ! | | .
at 189 C. 80 160 | 320 | 480 . 640 | 800
k at 10°C 5.00151 ,00508 | .0058 |.0087 .0113 }.01575
k at 18°%C {.00194l .00877 | .0072,|.01065 .013915.01711
k at 20°C i.oozoz .00394 | .0076 |.Ol1l, .014555.0179
k et 30°C 2.00248 .0048_ | .0094 |.0137 .017855.0222
k at 40°¢C 400295 | .0057, | L0112 |.0164 |.0212 .0265,
kK at 50°C 3.00344 .0066, | <0130 |.0L91, |.0247 . 0310
k st 60°C %.00596 .0076, | .0L49 |.0219, .02825?.0555
k st 70°C %.00450 .0085, | .0168 |.0248 .0319 .040;
k at 80°C 3.00506 L0086 | -0187_|.0276, 0355, 1.0447
k at 90°C 0056, [ 401065 | 0207 |.0805 0392, .049,
Ratio k50:k18§ 1.77 | 1.77 [1.78 11.80 [1.78 | 1.81
Ratio k90:k18§ 2.89 | 2.82 | 2.84 |2.87 |2.82 | 2.88
§°n§2?t2232°n‘ 0.114% 0.23%5 0.46% | 0.68% 0.91%5 1.137

1
N
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Experiments at temperatures above 100°C.

For temperatures above 100°C a different cell and
heating bath were necessary. The cell had to be steam
tight and the electrodes insulated from one another at the
high pressures and temperatures corresponding to boiler
conditions. The first designs tried were after the pattern
of a water-gauge, such as is used for steam boilers. One
electrode of platinum foil was held down by the lower end of
a gauge-glass, and the other electrode was insulated from
the first by being fixed to the central pin of a motor spark-
ing~-plug which was screwed into the upper part of the fit-
ting. Two of these cells are shown in Fig.6. They were
heated inside an electric furnace, but d4id not prove success-
ful. The space inside the furnace was so small that it
limited the size of the fittings for & cell, and it was 4dif-
ficult to prevent a leak at the Joints between glass and
metal. Also the sparking plugs proved leaky when put to this
unwonted use. |

Eventually a fairly satisfactory cell was evolved,
the construction of which is shown in Fig.7. G, the cell
proper, was a special 'test tube' of pyrex-glass for holding
the solution under test. The lower electrode was of plat-
inum and was inclined ab about 45° to the horizontal so as to

allow an easy way of escape upwards for any bubbles of air or



Unsuccessfu! forms of Conductivity Ce//.



Fis. 7.

Conductivity Cell used for high temperatures.
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_steam that might be formed beneath it. This electrode was
supported by a short piece of platinum wire fused through the
bottom of G, and projecting & little so as to dip into a
small hole in the steel plug P, which was also turned out a
little to take the end of tube G. Mercury filled into the
hollow in plug P served to complete the electrical circuit
between the electrode and P. The upper electrode, also of
platinum and e&lso inclined, was attached by a platinum wire to
the central pin of & sparking plug, S, specially made by
Lodge Plugs Ltd. To prevent contamination of the solution, a
glass sleeve was fitted over this central (steel) pin, long
enough to cover its junction with the platinum; and a little
'umbrella'® of mycalex was fitted to this, large enough to
overlap the top of tube G and prevent any condensed steam
from the water Jjacket, or impurity from the meaking of the
screwed joint above, from dropping into the solution.

The steel tube, T, completed the cell. It was
screwed inside at the bottom to take plug P, and at the top
to take the sparking plug S. When these parts were properly
fitted together they formed & compact unit which could be |
heated in different ways. Two types of heater were used - a
steam-chamber in the first experiments, and in the later ones
an oil-bath.

The steam-box used in the first experiments is seen in

Fig.8. It was supplied with steam from a large experimental
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Photograph of Apparatus used at the works of Yarrow S<CI L<*
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boiler at the works of Messrs. Yarrow & Co. Ltd., who granted
the great privilege of carrying out the experiments there.
The whole steam-box, with its delivery pipe and regulating
valves, was well lagged, and a pressure gauge was connected
to it to help in regulating the temperature to which the
solution was raised. This temperature was measured by means
of a copper-constantin thermo-couple and a micro-voltmeter,
the hot-junction being thrust into a special thermometer
pocket in the steam-box so that it was in metallic contact
with tube T, while the cold Junction was maintained at a

steady temperature in water in a thermos flask.

Procedure:

The procedure in running an experiment was as follows.
Tube T having been fitted into its place in the steam-box,
and plug P sceewed on, a little mercury was dropped into
the hollow in P, and a measured quantity of water filled
into the steel tube to help in the transmission of heat from
the steam to the solution. The pyrex test-tube G was
filled to the proper depth with the solution under test, and
lowered into the steel tube by means of the special forceps F
(Fig.7), and the sparking plug was tightly screwed into
position, & soft copper washer smeared with red lead being
used to make the Jjoint steam-tight. The electrical con-
nections were then completed as in Fig.2.

From the lay-out of the apparatus two observers were
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necessary to take readings of resistance and temperature.
The writer made the measurements of resistance, while the
readings of thermo-couple and steam-gauge were taken by
Professof Muir, under whose supervision these experiments
were carried out. Both observers noted the time at each
reading, and afterwards, on the same sheet and against the
same time-base, graphs were plotted of the three following
variables: (i) conductance of the solution, (ii) temper-
ature given by thermo-couple, (iii) temperature of satur-
ated steam corresponding to gauge-pressure. By ad justing
the steam valves at intervals the pressure.of the steam
admitted to the steam box was gradually raised, and at each
stage conditions were allowed to steady until the measured
resistance remained the same for severasal minutes. The
pressure was reduced by the sasme stages sb that the temper-
ature‘of the solution was allowed to steady again at practi-
cally the same values. The experiments had to be repested
several times becsuse of leaks developing in the sparking
plug at the porcelsin-to-metal joints, but eventually con-
sistent results were obtained.

The time chart for one experiment is shown in Fig.9.
Except for some irregularities in the conductence curve
between. B and D, the three graphs are seen to vary

together fairly well. The changes in curve (iii) corres-




— Q4 A —

TIME CHART BEST EXREIHMEHT in STEAM HEATER
"
U - /

@in)

Tii)

fiv

c

B

Sample Time

Chart

Fig- <=

for Experiment in Steam

Heater.



- 85 -

ponding to the pressure-gsuge are naturally more abrupt
than the others since these were effected in most cases by
merely altering the inlet and outlet veslves of the steam-~
box. The exception wes at 3«33 p.m. when sdditional hesat
had to be supplied at the boiler. The break in the curve
at 4-30 p.m. was due to the pressure in the steam-box being
allowed to fall to stmospheric for s short intervsl before
steadying it at the desired value of 25 1lb. per sq. inch.
It was assumed that the temperature measured by the thermo=
couple, though generally lower than that corresponding to
gsaturated steam at gauge-pressure, gave, with sufficient
accuracy, the temperature of the solution, for the thermo-
couple was in metallic contact with the steel tube and
readings were taken at the same steges in cooling as in
heating. The fact that the thermo-couple reasdings gave
higher temperatures wheh the pressure was being steadied at

25 1b. per sg. in. was due to the steam being superheated,

wheress the temperature corresponding to the pressure-gauge
was for saturated steam. (The steam was produced in a
boiler of exceptional power).

The irregularities in the conductance curve after
B and C require some explanation. The sudden Jumps of
conductancé took place when the regulating valve was alter-
ed, and seem to have been caused by sudden ebullition

taking plece inside the cell, followed by condensation of
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steam, or, indeed, the lodging of drops of solution, inside
the sparking plug which from its exposed position would not
attain to the new steady temperature till the steam had

been passing for some time. Drops of water forming in this
way and evaporating again as the contents of the cell
gettled down to a new state of equilibrium would temporarily
form a parallel path for the current through the cell and
thus cause such a variation in conductance as the graph
shows. The steady value of the conductance eventually
reached at C is seen to agree with that obtained at E

for almost similar conditions, Just as the values at G and
F agree with those at A and B. Further, the steady
value of conductance reached for a minute of two at D after
the erratic variation, was confirmed next day when the sol-
ution was reheated to the same temperature before the appli-
cation of steam at the exceptionally high pressure of 600 1b.
per sq. in. and then 1000 1b. per sq. in. Under these
abnormal pressures the sparking plug leaked, but the agree-
ment among the values of conductivity Just mentioned shows
that there had been no leak in the experiment for which
Fig.9 is the graph, and that the results it yielded could be
relied on. This gave seven points in the final curve of Xk

0

against ¢t <for temperatures about 130°, 155, 180° and

220°¢.

For these experiments with the steam-heater, besides
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the two observers taking readings, there were two men look-
ing after the steam plant, and so whenever an experiment
failed because of the development of a leak in the apparatus,
the time of four men was wasted. In later experiments,
therefore, the heating was carried out more simply. The
steel tube was immersed in liquid paraffin in a rectangular
copper vessel about 12" x 3" x 15". This bath was heated by
a bunsen burner, and kept stirred by a little propeller driven
by an electric motor. The temperature was still measured by
the same thermo-couple, and also by & mercury thermometer,
both immersed in the oil-bath, and the mean of the two values
obtained was taken as the true one. With this arrangement
the writer, working alone, was able to control the heating and
take all the readings, though occasionally some were taken by
his supervisor, notably in the case of the 0.114 per cent
solution. Further values were thus obtained for the two
solutions already used in the steam heater, i.e. % per cent,
and 1 per cent and in addition for a solution of strength 80
grains of salt per gallon at 16°C, i.e. 0.114 per cent, and
these values were plotted in the same graphs as those from
the steam-heater experiments. The graphs are shown, reduced
in Fig.10, and from them the specific conductivity at 'round’
temperatures was read off for each solution and set down in
Table No.6. It is thought that the values thus tabulated

are accurate to about one per cent. By replotting them in
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Table No.6.

Interpolated Values of Specific Conductivity of NaCl.

Concentration
Percentage
by weight: 0.1% 0.114% 0.5 1.07

5 -
at 10 C .00140 .00160 .0065 0125
o

at 18 .00171 | .00194) | .0078, | .0152,
at 20° .00180 | .00203 | .0083 | .0159
at  30° .00222 | .00248 | .0102, | .0l95
at 40° .00265 | .00295 | .0123 .0233
at  50° .00309 | .00344 |.0l44 | .o272
at 60° .00855 | .00896 | .0165, | .0312
gt 70° .00401 | .00450 | .0187, | .0352
at 80° .00447 | .00506 | .0209 .0393
at  90° .00493 | .00562 | .0230 | .0434
at 100° . .00617 {.0250 | .0474
at 1100 | (.00885) | 00670 |.0270 | .0513
at 120° .00722 | .0289 | .0551

at 130° | (.0067;) | 00772 | .0308 | .0587
at 140° .00819 | .0326 .0622
at 150° | (.0076) | .o00864 | .0324 | .0655

at 160° .00906 | .0361 | .0686

at 170° | (.00835) | .00946 | .0B77. | .0715

at 180° .00984 | .0393, | .0741

at 190° (.0090) | .o0102 . 0408 L0763

at 200" .0105, | .0421 | .0780
(o]

at 210 (.0095,)| .0108, | .0432 | .0792

' (o]

at 220 .o111, | .0441 | .0803

N K KR K K W K N K K ® K K w O < M < CO I < T < B o ) N

ot 2300 | (.0100) | .0114 |.0448 | .0811
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the manner shown in Fig.ll approximate values of the specific
conductivity of any intermediate solution may be read off
for any temperature up to 230°C, indeed the values given in
brackets in Table No.6 for the 0.1 per cent solution were

obtained in this way.
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Combined Graph from which the Specific Conductivity
of Sodium Chlorine solutions of any strength up to one
per cent at any temperature up to 23G°C may be read off
directly. C Reduced.) .
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Possible Sources of Error.

Three possible sources of error at the high temper-
atures wefe considered.
(1) Chenge in insulating property of pyrex-glass.

(8]
Bousfield and Lowry had shown that the conductance of a

glass test-tube when heated from 95°C to 225°C increased to
be 1754 times its value at 95°C, so a test was made to see
Whether pyrex retained its insulating property any better.
The pyrex test-tube was filled with mercury and supported
inside & wider test-tube containing mercury, and the resist-
ance between amalgamated copper leads dipping into the mercury
inside and outside the tube was measured. This proved to be
about a megohm at room temperature and more than 100,000 ohms
when the temperature was raised to ZSOOC. This resistance
acting in parallel with the solution tends to make the measured
resistance slightly lower than it ought to be, but since the
measured resistances of the cell at this high temperature were
of the order of 36 ohms, 65 ohms, and 250 ohms, respectively,
for the 1 per cent, 0.5 per cent, 0.114 per cent solutions,
this introduced an error of only 1 in 3000, 2 in 3000, and 1
in 400 in the three cases.

(11) Change in the value of the cell-constant.

Due to the expansion of the different parts of the conduct-

ivity-cell when the temperature is increased, the value of the

(8) Bousfield and Lowry: Proec. Roy. Soc. 71, 1902, P.42.
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cell-constant might be expected to alter* Readings taken
for different conductivity cells show that
an approximate value for the cell-constant
is obtained by dividing the distance between
the electrodes by the area of cross-section
of the liquid column between and not the
area of an electrode. In the present case,
a rough sketch of which appears alongside,
the distance between the electrodes (X and
Y) was 7 cm, the area of the cross-section
of the liquid column was 2.27 sg.cm., and
the area of an electrode was .75 sqg.cm.

The cell constant was found to be 2.9 which 1is much nearer
7 7 0

to 2.27 i.e. 3.0g, than to .75 i.e. 9.3. Approximately,
therefore, the change produced in the cell constant may be

calculated from the change in the distance between the elec-
trodes (1) and in the area of section of the pyrex tube (A).

The upper electrode was supported by 3 cm. of

platinum wire (Y Z2) from the central pin of the sparking
plug. The length X 7Z would increase according to the linear
coefficient of expansion of steel (i.e. .000011 per Centi-

grade degree) and Z Y would increase according to the co-

efficient for platinum (i.e. .0000088 per degree). Thus the
length X Y Dbetween the electrodes would increase for a rise
of one Centigrade degree by (10 x .000011 - 3 x .000009) cm

i.e. by .000083 cm., which means an increase of .000012 cm./cm
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of gap for a rise of one Centigiade degree.

The area of section of the vessel would increase
according to the superficial coefficient of expansion of
pyrex, i.§; 2 x .0000032 or .0000064 per Centigrade degree.
Thus if X7 represents the cell-constant at the highest
temperature, say 200°C above room temperature, f ey »ﬂx

¢

(1 + 200 x .000012) = £ x 1.0024, and, & =

A (14 200 x .0000064) A x 1.0013, so that

At

= é =~ T,0013 = 1.001, showing that the cell
A .
constant may be expected to increase by only about 1 in

4

1000 when the vessel is heated through ZOOOC.

(iii) Change in concentration of solution.

The density of saturated steam increases with rise in tem-
perature so that the weight of steam contained inside the
cell increases due to evaporation of some of the water from
the solution and from the jacket water. The volumes of
gsolution and of jacket-water used were 20 c.c. and 40 c.c.
respectively and the volume of the remaining space inside the
cell was estimated at about 13 c.c. From the specific

volume of saturated steam at 218°C - nemely 90.1 c.c. per gm.

13
the mass of steam produced in the space was found to be 0.1
2
i.e. .144 gm, and assuming 1t to come partly (3) from the

1
jacket-water, and partly (3} from the solution, it was

estimated that the concentration of the solution would
.048
thereby increase by about 20 i.e. by about 1 in 400.
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This would decrease the measured resistance, as would also
the fall in insulating power of the pyrex, but the change
in cell-constantvwould increase it, so that even at the
highest temperature the resultant effect would be of a low
order, of the nature of 1 in 400. Since the readings of
resistance, particularly at the higher temperatures, were
not accurate to more than about 1 in 200, (and for thg 114
per cent solution to about one per cent), the error arising

from these sources was counted negligible. It was natur-

ally much smaller for lower temperatures.
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Comparison with results of previous experiments.

A comparison of the results with those obtained by
Noyes and Coolidge was made as follows. The strength of a
half per cent solution in terms of Wormal at 218°C, 140°, and
100° was first calculated on the assumption that the solution
expandéd with rise in temperature at the same rate as pure
water. (Thus, using 0.9986 and 0.840 gm. per c.c. as the
density of water at 18° and 218°C respectively the half per
cent solution .0858 Normal at 18°C becomes .0858 x .3%%%
Normal at 21800.) For each temperature a graph was then

drawn, from the results of Noyes and Coolidge, of equivalent

conductivity against strength in terms of normal at that tem-

‘perature, and from these graphs the equivalent conductivity
of the half per cent solution was read off.
In this way the following table of comparison was

obtained for the half per cent solution:

Ko18 X140 %100

From Expts. by Writer] .0439 .0326 .0250
From results of )

N. & C.) . 0430 .0327 .0247

Tor the one per cent solution the highest value that
could be checked was that for 100°C. The results of Noyes
and Coolidge yielded .0476 for X100 as compared with .0474

obtained by the writer.
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Thus the results obtained in this paper are seen to
compare favourably with those obtained previously and they are

thought to be correct to about one in a hundred.

Theorx.

The general shape of the conductivity-curves is worthy
of some consideration. Taking, for example, the curve for the
one per cent solution, the 'slope' of the curve is seen to be
fairly constant at first, so that the 'temperature-coefficient’
% ':ILE X %'}\‘f' ; near 18°C may be used to obtain the value of the
specific conductivity at temperatures 40° or 50° above normal
without much error. But after about 80°C the temperature-
coefficient is seen to decrease gradually with rise in temper-
ature, for the curve becomes distinetly convex upwards, indi-
cating that there is likely to be a maximum value of conduct-
ivity at some temperature in the neighbourhood of 30000, after
which the temperature-coefficient would be negative and the
conductivity would tend to a minimum or zero value.

With aqueous solutions a maximum value in the con-
ductivity-temperature curve has seldom been obtained because
of the difficulty in exgerimenting at the high temperatures
involved. IIaLgenba.ch(9 , however, succeeded once in obtaining

a maximum of conductivity in the case of a solution of potassium

(9) A. Hagenbach Ann;d Physik 5, 2, 1901, P.276.
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chloride in water at a temperature of 310°C before his
apparatus exploded, but with solutions of different halides

in 1iquid sulphur dioxide, he obtained maximum turning-points
in the curves at much lower temperatures. Thus, in the case
of a solution of potassium iodide in liguid sulphur dioxide,
heated up from 18°C, the conductivity was a maximum at 87°C,
and thereafter decreased smoothly until the critical temper-
ature of the solution was almost reached. Just before the
critical temperature, however, the change became rapid, but
above it the change was agaein slow, the conductivity falling
to zero, a few degrees higher than the critical temperature.
Walden and Centnerszwer(lO), also using liquid sulphur dioxide
as solvent, obtained similar results, and it is to be expected
that the general form of a conductivity-temperature curve,
drawn for the full range, will show a rise from a zero value
to a maximum and thence a fall to zero in the region of the
eritical temperature of the solution. An argument in support
of this is given in what follows.

According to the theory of Arrhenius, the process of
the conduction of electricity through a solution is carried
on by the migration of the positive and negative ions into
which molcules of the solute are split up, and this hypothesis

is generally accepted today. But, whereas varied allied

(10) Walden and Centnerszwer: Zeits,Phys.Chem. Vol.Sg, %Zgz,
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phgnomena were originally explained in terms of the ‘partial
diséociation' of the electrolyte, nowadays the theory hes
gained ground that all the molecules of the dissolved substance
are dlssociated when solution takes place. This theory of
'complete dissociation' was put forward by Sutherland(11) in
1907, and since then support has been given to it by many
workers, notably Debye and Huckel(lz) who have developed the
theory mathematically.

According to the modern theory, then, there are two
influences retarding the motion of an ion when an electric
field is applied between two electrodes placed in the solution.
Firstly, it seems that an ion is 'hydrated'(lz), i.e. it gains
an 'atmosphere' of water molecules which move with it and the
viscosity forces between them and neighbouring molecules produce
a resistance to the motion of the ion which increases with its
speed. If the ion were alone in the solution - the state of

_infinite dilution - this viscous resistance would be the only
oontfolling factor in addition to the applied field and the ion

would attain to a steady speed dependent on the coefficient of

(11) Sutherland: Phil. Mag., Vol.1l4, 1907, Page 1.
(12) Debye and Huckel: Phys. Zeits. 24, 1923, Pages 185, 305.

(13) Bredig: Zeits. Phys. Chem., 13, 1894, P.277.
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viscosity of the solvent.

But the ions cannot be considered as 'isolated' in
ordinary solutions. Bach positive ion is attracted by
neighbouring negative ions and repelled by neighbouring
positive ions, so that the applied force has to drag an ion
away from the attraction of unlike ions going the opposite way,
and against the repulsion of like ions going in the same
direction. These 'Coulomb' forces, obeying the law:

Force -~ ;%;_;E , are greater the smaller the value of K,
the specific inductive capacity of the solvent, and greater,
too, when the solution is concentrated. (So much so, that
their effect used to be explained by saying that in concen-
trated solutions some of the molecules were not split up into
ions, i.e. in terms of pertial dissociation.)

Under the combined influence of the viscosity of the
solvent and the inter-ionic forces, the ions settle down to
steady speeds, for a given applied force, and & definite quan-
tity of electricity is carried over per second. In a given
strength of solution, therefore, the conductivity is determined
by the viscosity and the specific inductive capacity of the
solvent, and the effect produced on the conductivity by a
change of temperature depends on the change which takes place
in these two properties. '

For the lowest temperatures attainable by & given

solution the viscosity is very great, and if the temperature
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can be determined at which the viscosity becomes infinite,
that should give also the temperature at which the speeds of
the lons are reduced to zero and the solution ceases %o

become conducting. Starting from this point a rise in tem-
perature decreases both the viscosity and the specific in-
ductivity capacity of most solvents. The effect of the
former change alone would be to increase the conductivity, and
of the latter alone would be to decrease it.

- If the viscosity-temperature curve for water is drawn
from the values given in tables(14), it is seen to fall very
repidly at first and more slowly afterwards, e.g. the temper-
ature-coefficient at 10° is numerically double that of 150°C.
On the other hand, the graph of 1930 values(ls)of dielectric
constant of water between 0°C and 80°C is a very flat curve,
showing an almost regular decrease in dielectrive constant
between 2000 and 80°C. As a result, at lower temperatures
the effect of the decrease in viscosity predominates, and the

'combined effect is that the conductivity increases as the
temperature rises. At higher temperatures, where the change
of viscosity becomes much slower, the effect of the change in
specific inductive capacity predominates, and in spite of the
lowered viscosity the interionic forces become so strong that

the conductivity decreases, and the general shape of the con-

ductivity-temperature curve is as already described.

(14) Int. Crit. Tables, Vol.5, P.10. (temp. 0°C to 160°C)

(15) Cuthberton & Maass, Jour.Amer.Chem.Soc., Vol.52, 1930,P.483.
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Section (b). Concentrated Solutions of Sulphuric Acid.

Introduction.

In the manufacture of sulphuric acid, a test of the
concentration of the product is generally mede by deter-
mining its specific gravity by means of a hydrometer, or a
specific gravity bottle. But even the latter and more
accurate method does not provide a sure test, unless the
specific gravity is known to be less than 97 per cent, for
a2lthough the specific gravity increases with the concen-
tration up to about 97 per cent, it thereafter decreases.
Thus, according to the results of Lunge and Isler for the
specific gravity of sulphuric acid at 1500(1), the value of
1.840 for the specific gravity at 15°C would mean a concen-
tration of either 95.60 perlcent or 99.20 per cent.

The results of Kohlrausch(z), however, show that as
the concentration of sulphuric acid is increased from 93 per
cent to 99.75 per cent its electrical conductivity persist-
ently decreases, the change becoming more rapid &t higher
concentrations, so that when the concentration reaches 99.75
per cent, the specific conductivity has fallen to less than

one tenth of its value at 93 per cent. It seemed feasible,

(1) 'The Chemists' Year Book' 1915, Vol.2, P.451.
(2) Landolt-Bornstein Tabellen, Vol.II, 1923, P.1077.
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therefore, thet an instrument of the 'electricel salinometer!
type could be designed to provide a sensitive means of |
tesﬁing the concentration of sulphuric acid in the process

of manufacture, and tables were consulted for the necessary
data. The table of the results of Kohlrausch, just referred
to, gives the specific conductivity at 18°C for the whole
range of concentration, and also this mean temperature-
coefficient for the interval 18°C to 25°C. But, in manu-
facture, the finished product may come out at higher temper-
atures, and as no date seemed to be available for these higher
temperatures, the writer was asked to determine experimentally
the conductivity, at different temperatures up to 50°C, of a

number of strengths of acid above 90 per cent.
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Apparatus and Materials.

Experiments were first carried out with three
samples of pure acid as follows.

(1) The acid sold as 'puré for analysis', found to
be of concentration about 94 per cent.

(2) A sample of the 'middle third' of the con-
densate of a still in & local manufacturer's - about 98 per
cent.

(3) A ssmple of concentration about 99 per cent,
prepared by adding a calculated amount of water to 'acid 20
per cent fuming' (that is 80 parts of sulphuric acid con-
taining 20 parts of sulphur trioxide in solution).

The strengths of these three samples were kindly
found by titration by Mr. H.G.A.Anderson, B.Sc., of the
Chemistry Department of the College.

After an interval of several months four samples of
‘commercial oil of vitriol' (C.0.V.) were obtained and
experimented with. These were of a brownish tint, due to
some impurity. They had been titrated at the source and
were labelled as follows -

(4) 'C.0.V. 93.71 per cent',
(5) 'C.0.V. 94.90 per cent',
(6) 'C.0.V. 97.18 per cent',
(7) 'C.0.V. 99.04 per cent'.
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The standard conductivity cell when filled with some
of the first sample, 'acid pure for analysis', had a very
lowiresistance, about two ohms, so that a special cell had
to be prepared which would give a resistance of some hundreds
of ohms.

This special cell was made in the form of a 'U' of
pyrex glass tubing approximately 0.86 cm. bore. The
electrodes were platinum discs, of diameter about 0.65 cm.,
with short platinum wire leads from them fused into the
bottom of narrow pyrex tubes. These narrow tubes were
suspended one in each limb of the U tube and kept in their
proper positions by means of vulcanite collars fitted to them.
The electrodes were thus about 4 inches above the bend of the
U-tube when in position, and before their insertion the
solution used was always poured in to depth of 4% inches
above the bend. Connection was made to the electrodes by
means of thick copper wires dipping into mercury at the foot
of the narrow pyrex tubes. A large copper can containing
water proved to be & suitable heating bath since the maximum

temperature desired was only 50°C.




Fig. /3.

Special Conductivity Ce/l for Solutions.
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Fig. 14.

Complete Apparatus for Experiments with SO" Sotutions
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Procedure.

The cell-constant was measured by using a five per
cent solution of sodium chloride, whose specific conductivify'
at 1800, .0672 omm "I, cm'l, is intermediate between those of
the extremes of acid dealt with. A number of readings of
resistance of the cell when filled with this solution were
taken for temperatures in the neighbourhood of 1800, and from
a large scale graph of the reciprocal of resistance against
temperature the mean value of 544 ohms was obtained for the
resistance of the solution at 18°C. Thus the value obtained
for the cell-constant was 36.9g4 cm-l. At the end of the
tests with the pure acid the cell was washed out and its
constant redetermined, and the value obtained differed from
the above by lesgss than one in five hundred.

The experiments with the impure acid were carried out
after an interval of several months, and in case the cell had
altered by lying about for that time, the determination of the
cell-constant was repeated. The value obtained was 36.15
cm'l, and when it was again measured at the end of the tests
it was still 36.15, and this was taken as the dell-constant
for the experiments with the impure acid.

Since the thermometer used was not immersed in the
gsolution under test but in the bath water, the heat was
applied slowly, and several times between room temperature

and 50°C, the temperature was steadied till the resistance
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obtained remained constant for severel minutes. Again, by
syphoning off some of the water and replacing it with cold
water, the bath temperature was steadied and ﬁoted and the
resistance of the cell measured at intervals on the way down.

In the case of the most concentrated solutions, e.g.
samples (3) and (7), it was found at the end of a set of
readings that the values of the conductivity at lower temper-
atures were slightly higher on the way down than on the way
up. This was probably due to the hygroscopic nature of
strong sulphuric acid causing it to absorb some moisture from
the air and thus make the solution weaker and, in conseguence,
more conducting. Accordingly, when the results were plotted,
the greph: in such cases was drawn between the two sets of
points, and the final tabulated values of specific conduectiv-
ity were read off from the mean graph.

This helps to explain why in these cases the strength
of the acid as derived from the graph of Kohlrausch's values
of specific conductivity at 18°C is rather less than the value
obtained by titration. This applies specially to samples
(6) and (7) as the titrations of the impure acids were done a
considerable time before the conductivity experiments.

The conductivity-temperature curves are now given
(reduced), and the tables of results derived from them giving
the speecific conductivity at temperatures 15, 20, ----- 50°C.

In the case of the impure acids the 'Kohlrausch' values of
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concentration are given in brackets, as these really apply -
to pure acids having the same specific conductivity at

18°C.

Comment on the Final Table of Results.

When the conductivity-temperature graphs are exam-
ined, it is seen that they‘all consist of flat curves, con-
cave upwards, indicating that the range of temperature dealt
with is well below the maximum conductivity point. The
curves are not flat enough for the temperature-coefficient
at 18°C to give an accurate value of the specifio conductiv-
ity at a temperature much higher, say at 45°C, but the tables
show that the mean temperature-coefficient for the range 18°C
to 45°C is almost the same in each case. Thus the con-
ductivity at 18°% multiplied by 1.875 gives the conductivity
at 450 with an error of less than two per cent, and for 30°C
the corresponding factor is 1.355 with an error of less then
one per cent.

From the point of view of the temperature-compensator
of a 'salinometer', this is fortunate, as that part of the
mechanism has to provide the same compensation for the same
change in temperature no matter what strength of solution is

present and an accuracy of 1 in 50 is as much as can be hoped

for.
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