




the cathode and a platinum foil suspended in the 
acidified solution at the top serves as anode. Usu 
ally only the amount of CdSO 4   8/3 H2O needed to 
prepare an amalgam with the desired percentage 
of cadmium is used. Since the crystals dissolve 
slowly, a current of low magnitude is used initially 
until nearly all the cadmium is deposited. The 
current is then increased to about 5 times the initial 
value for 30 minutes, and then, with the current 
still flowing, washing with distilled water is started. 
Water is successively added and decanted until the 
current decreases to less than 0.01 A for an im 
pressed voltage of 110 V. The remaining water is 
then siphoned off and the last drops of water re 
moved from the surface of the amalgam by filter 
paper. A cadmium rod may be used as anode in 
an alternative procedure; the amount of cadmium 
deposited in the mercury is determined from the 
current and time by Faraday's law.

The method in which the two metals are heated 
together is more convenient. The proper weights 
of the two metals are heated together in a covered 
porcelain casserole, in a hood, until completely 
melted and homogeneous. A slight scum may 
form on the surface. This is brushed aside and 
the liquid amalgam immediately transferred to an 
electrically heated covered buret and introduced 
directly to the cell through an electrically heated 
delivery tube. Any small amount of scum on the 
surface of the amalgam will disappear as soon as 
acidified cadmium sulfate is added to the cell. This 
is the method now used at the National Bureau of 
Standards.

No difference in the properties of standard cells 
containing amalgams prepared by these methods 
has been observed.

Amalgams exhibit less erratic behavior and cor 
rode less rapidly, if at all, than pure unamalgamated 
metals when in contact with aqueous solutions of 
their salts. Amalgamation raises the hydrogen 
overvoltage of metals and reduces stresses within 
the metal. It is for these reasons that amalgams 
make better anodes for standard cells than the 
pure metals. A 10 or 12V2 percent amalgam is 
generally used commercially in constructing cad 
mium sulfate cells. A 10 percent amalgam is now 
used by the National Bureau of Standards. These 
are weight percentages. At normal temperatures 
amalgams of these precentages consist of two 
phases, a liquid and a solid phase. The solid phase 
is a solid solution of cadmium and mercury. The 
phase diagram [83] for the cadmium-mercury sys 
tem is given in figure 10. The composition of the 
liquid phase of a 10 percent amalgam is listed for 
various temperatures in column 3 of table 3.

Mercurous sulfate may be prepared in a number 
of ways. Shortly after Weston patented his cell 
much research was devoted to methods of preparing 
and storing mercurous sulfate and cells made with 
various preparations were extensively studied. 
Some samples were white, i.e., devoid of free mer 
cury while others were gray in appearance owing 
to the presence of finely dispersed mercury. Some

samples were thoroughly washed with absolute 
alcohol and anhydrous ether and dried in vacuo 
while other samples were kept moist with either 
dilute sulfuric acid or saturated solutions of cad 
mium sulfate acidified slightly with sulfuric acid.

Mercurous sulfate may be prepared in a number 
of ways as follows:

(1) By the reaction between sulfuric acid and 
mercurous nitrate [84].

(2) By the action of fuming sulfuric acid on mer 
cury [84].

(3) By the action of dilute nitric acid in sulfuric 
acid on mercury [44, 84].

(4) By the reduction of mercuric sulfate by mer 
cury [44],

(5) By the reduction of mercuric sulfate by sul- 
furous acid [44].

(6) By the reduction of mercuric sulfate by form 
aldehyde [85].

(7) By the recrystallization of commerical mer 
curous sulfate from sulfuric acid [84].

(8) By a-c electrolysis [86].
(9) By d-c electrolysis [44, 68].
Of these methods standardization has been on 

the last one which is now used by the National 
Bureau of Standards. By d-c electrolysis uniform 
samples of mercurous sulfate of high purity and 
reproducible grain size are obtained. Such sam 
ples are free of all foreign materials except sulfuric 
acid, water, and mercury, all of which are used in 
standard cells, and especially in the mercurous sul 
fate paste. In this method [44, 68] mercury anodes, 
platinum cathodes, and a 1:6 sulfuric acid-water so 
lution are used and electrolysis is carried out in 
a darkened room (see sec. 7.7). Mercury is placed 
on the bottom of one or two shallow glass vessels. 
These vessels are then placed on a glass stand one 
above the other, as shown in figure 11, in a deeper 
and larger dish 2/a filled with the sulfuric acid so 
lution; the acid solution extends over the shallow 
vessels. The upper dish contains a central glass 
tube through which passes the shaft for the stirrer 
for the lower dish; obviously this is unnecessary if 
only one shallow dish were used. A platinum-foil 
cathode is placed near the top of the solution. The 
solution is vigorously stirred at 70 to 200 rpm and
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FIGURE 10. Phase diagram for the cadmium-mercury system.
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FIGURE 11. Views of the electrolytic preparation of mercurous sulfate.
Left vessel  stirrer in operation, cloudiness due to mercurous sulfate suspended in solution.

Center and right vessels   stirring stopped, mercurous sulfate at bottom of vessels and on
surface of mercury in dishes.

the current density at the mercury surface is main 
tained at 1 to 2 A per 100 cm 2 . When the electro 
lyte becomes saturated with mercurous sulfate the 
solid salt appears on the surface of the mercury 
and must be swept off into the outer dish by stir 
ring in order to keep the surface of the mercury 
anode clean. In this stirring finely divided mercury 
becomes mixed with the mercurous sulfate to give 
a gray product. Electrolysis is continued until the 
desired amount of gray mercurous sulfate has been 
prepared; the current is then cut off but stirring is 
continued for several hours. Photographs of the 
electrolytic production of mercurous sulfate are 
shown in figure 11.

For "neutral" cells the mercurous sulfate is then 
washed repeatedly with a saturated solution of 
cadmium sulfate and then stored under such a 
solution until used. For "acid" cells the mercurous 
sulfate is stored under the electrolysis solution 
until needed at which time it is washed thoroughly 
with the solution of the type to be used in the cells.

Mercurous sulfate is the oxidizing agent or the 
"depolarizer" used in Weston cells. It is highly 
insoluble in water and in dilute solutions of sul- 
furic acid. The solubility of mercurous sulfate, 
expressed in terms of mercury, in various concen 
trations of sulfuric acid is listed in table 7 at 0 and 
28  C [87]. In aqueous solutions mercurous sulfate 
hydrolyzes according to the reaction:

2Hg2SO4(s) + H 2O(/) = Hg2O   Hg 2 SO4(s)

+ H2S04(aq) (9)

to form a basic salt, Hg2 O   Hg2SO4 , and an equi 
librium amount of sulfuric acid. Gouy [88] and 
Hager and Hulett [89] found this concentration 
to be 0.002 N while Craig, Vinal, and Vinal [87]

showed that it did not change appreciably with 
temperature, being 0.00198 A at 0  C and 0.00216 N 
at 28  C. Although, theoretically, a concentration 
slightly exceeding the equilibrium concentration 
could be used to prevent the hydrolysis of mer 
curous sulfate, a higher concentration is recom 
mended. In initial studies [90], solutions 0.03 A 
to 0.06 N with respect to sulfuric acid were used, 
in part because mercurous sulfate exhibits a mini 
mum solubility in the range from 0.04 to 0.08 N. 
(Hulett [91] and Sir Frank Smith [92] found the 
minimum solubility of mercurous sulfate to be at 
approximately 0.04 N, while Craig, Vinal, and Vinal 
found it to be at 0.06 N at 28  C and 0.08 A at 0  C.) 
Now, the lower acidity value is preferred since cells 
with the lower acidity have shown the greater 
stability in emf. Cells with 0.10 N acid, for example, 
tend to gas as a result of the action of the acid with 
the cadmium amalgam.

Concentrations of sulfuric acid somewhat higher
than the equilibrium value are chosen, not only
because of the decrease in the solubility of mer-
TABLE 7. Solubility of mercurous sulfate in aqueous solutions

of sulfuric acid

Molarity of
H2SO«

0.002
.004
.006
.008
.010
.020
.030
.040
.050
.060
.070
.080
.090

Grams of Hg per 100 ml

t = 0 C

0.0290
.0239
.0215
.0203
.0197
.0182
.0179
.0178
.0178
.0178
.0179
.0180
.0181

t = 28"C

0.0463
.0395
.0360
.0346
.0338
.0318
.0313
.0317
.0322
.0327
.0332
.0337
.0341

Molarity of
H 2 SO4

0.100
.200
.300
.400
.500
.600
.700
.800
.900

1.000
2.000
3.000
4.000

Grams of Hg per 100 ml

t = 0°C

0.0183
.0198
.0212
.0224
.0233
.0239
.0244
.0247
.0248
.0249
.0240
.0139
.0078

t=28 C

0.0344
.0379
.0403
.0423
.0438
.0451
.0461
.0467
.0470
.0470
.0409
.0294
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curous sulfate but because the acid decreases the 
rate of solubility of the glass container by the elec 
trolyte. It is well known that glasses are more 
soluble in neutral salt or alkaline solutions than in 
acidic ones [93, 94]. The final solution is titrated 
against sodium hydroxide using methyl purple as 
an indicator, which has a pH transformation interval 
of 4.8 to 5.4 [95].

5.3. Containers for Standard Cells
Saturated standard cells as made at the National 

Bureau of Standards are of the H-form shown in 
figure 12. Photographs of a cell container and a 
completed cell constitute figure 13. The container 
is made of Kimble Standard Flint glass, a chem 
ically resistant soda-lime glass, having an average 
linear thermal expansion coefficient of 92X10~7 
per degree C. (The coefficient of linear thermal 
expansion is the increase in length per unit length, 
measured at 0  C, per degree Celsius.) Since this 
linear thermal expansion coefficient approximates 
that of platinum, 89X10"7 per degree C, vacuum- 
tight seals are obtained at the platinum leads. 
No lead-containing sealing-in glass is used in 
sealing in the platinum leads at the bottom of each 
limb as the solution may extract the lead leading 
to cell deterioration. On the average the height 
of the cell is about 92 mm, the diameter of the ver 
tical limbs about 16 mm, the diameter of the cross- 
arm about 11 mm, and the distance between limbs 
about 22 mm. A constriction is made near the 
base of both limbs, as shown, to lock in part of the 
crystals of CdSO4   8/3H2O. The constriction 
may be a complete circumferential indentation or 
may consist of several knobs directed inward. 
The constrictions are so placed that crystals of 
CdSO4   8/3H2 O are both below and above them. 
These locked crystals prevent the displacement 
of the materials in the cell limbs, and those at the 
anode help prevent an opening of the circuit within 
the cell by any gas that might form on the amalgam. 
The platinum leads are secured by cotton thread 
to the side of each limb at the constrictions and 
cemented in place by collodion; platinum leads 
have a tendency to break mechanically at the glass 
seal if not securely held in place. For permanent 
records a number is etched on each cell on the 
outside wall of the container with hydrofluoric acid. 
Prior to filling with cell constituents the container 
is thoroughly cleaned with nitric acid, rinsed with 
distilled water, steamed, and then dried at 110  C.

At various times attempts have been made to 
use Pyrex for cell containers. However, since 
Pyrex has an average linear thermal expansion 
coefficient of 32 X 10~ 7 per degree C tungsten which 
has a linear thermal expansion coefficient of 43 X 10~7 
per degree C must be used for external electrical 
connections to assure vacuum-tight seals. Tung 
sten, however, is more brittle than platinum and a 
number of cells have had to be discarded because 
of breaks at the tungsten-Pyrex seal.

Fused silica, owing to its extreme inertness, has 
frequently been suggested for standard-cell con-

SATURATED SOLUTION

Cd S04-8/3H20

10% Cd AMALGAM

FIGURE 12. Sketch of a saturated standard cell of the cadmium 
sulfate type (National Bureau of Standards type).

FIGURE 13. Photograph of container and completed saturated 
standard cell of cadmium sulfate type (National Bureau of 
Standards types).

tainers. Fused silica, however, has two major 
drawbacks. It has such a low linear thermal ex 
pansion coefficient (5 X 10~ 7 per degree C) that the 
electrical leads have to be brought into the cell in 
a special way. Also, a very high temperature must 
be employed to seal the cell; the chemicals within 
the cell may thereby be affected. These two draw 
backs have been solved by the cell design [96] shown 
in figure 14. The main features of this design are 
(1) the use of two seals at each arm and (2) a graded 
seal between the fused silica and Pyrex at the top 
of each limb of the container. The use of the 
graded seals makes possible the sealing of the cell 
at a low temperature after filling. Transparent 
silica is used to facilitate the filling of the cells. 
The two seals at each arm are spaced about 7 cm
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A - PYREX

B - GRADED SEAL

C * TRANSPARENT FUSED SILICA

D - SEALED WITH FUSED SILICA 

SHRUNK AROUND PLAT 

INUM WIRE *28

E - VACUUM TIGHT SEAL

F- MOLYBDENUM-PLATI 

NUM WELD

6- 3mm Die FUSED SILICA 

AROUND PLATINUM 

WIRE * 28

H- COPPER TERMINAL

SILVER-SOLDERED TO 

MOLYBDENUM

FIGURE 14. Cross-sectional sketch of standard-cell container 
made of fused silica.

apart. The lower seal consists of platinum wire 
No. 28 sealed in silica, and although this seal is 
not vacuum-tight it is sufficiently tight to retain 
the cell constituents. The upper vacuum-tight 
seal is a Houskeeper [97] type and consists of 
molybdenum ribbon sealed in silica (this type of 
seal cannot be used as the lower seal since molyb 
denum is chemically attacked by the cell con 
stituents). The molybdenum ribbon and platinum 
wire are welded at a point about 2 cm below the 
upper seal. Silica is shrunk around the weld, the 
molybdenum ribbon, and platinum wire. Copper 
terminals are used and are silver-soldered to the 
molybdenum ribbon. Errors that might arise from 
thermoelectric effects are prevented by completely 
immersing the cells in oil at a constant tempera 
ture. Dimensions of the cell are included with 
the figure.

Although it has been generally thought that inter 
actions between the glass container and the cell 
electrolyte cause "aging" or drifts in the emf of 
standard cells, available data have not shown sig 
nificant differences between cells made in soft 
glass, Pyrex, or fused silica on a long-term basis. 
Plastic containers have also been proposed [98]. 
These must prevent vapor transport or a drying out 
of the cells may occur.

5.4. Assembly and Mounting of 
Standard Cells

Two long-stemmed funnels, one sliding through 
the other, are employed at the National Bureau of 
Standards for introducing materials into the con 
tainer. The inner funnel carries the material and 
the outer one serves to prevent the material from 
coming into contact and "mussing up" the walls 
of the container. After introducing the material 
the stem of the inner funnel is drawn up into the 
stem of the outer funnel; both funnels may then be

withdrawn from the cell without any of the material 
touching the container walls.

Mercury is first placed in the bottom of one limb 
and the amalgam in the bottom of the other limb, 
each to a depth of about 6 mm. The amalgam is 
added while warm and in a single liquid phase; on 
cooling the amalgam becomes two-phased, solid and 
liquid. The mercurous sulfate is then placed in a 
Gooch or similar crucible, washed free of the solu 
tion under which it was stored with dilute sul- 
furic acid and then washed with solution of the 
type to be used in the cell, and then while moist 
introduced over the mercury to a depth of about 13 
mm. The mercurous sulfate should be mixed with 
a small amount of mercury (partially done during 
the electrolytic preparation of mercurous sulfate) 
and finely divided crystals (fineness of granulated 
sugar) of CdSO4   8/3H2O prior to introduction to 
the cell; this mixing may be done prior to the wash 
ing procedure. The mixing and washing of the 
mercurous sulfate paste hastens the attainment of 
chemical equilibrium within the cell after its 
assembly.

Crystals of CdSO4   8/3H2O, of a size that will 
pass through a tube of 4-mm bore, are then added 
to both limbs of the cell to a depth of about 10 mm 
at the negative electrode and about 8 mm at the 
positive electrode. Finally, a saturated solu 
tion of CdSO4   8/3H2O is added to a level slightly 
above the crossarm, and the cell is then hermetically 
sealed.

In some cells, especially of larger size, large 
crystals (about 10 to 15 mm in diameter) of CdSO 4 * 
8/3H2O are used. Larger crystals have an advan 
tage over smaller crystals in that any gas that may 
form at the electrode surface (especially the nega 
tive one) will not become entrapped by the crystals 
whereby an open circuit might be produced. How 
ever, cells with large crystals tend to come to 
equilibrium, after a temperature change, more 
slowly than those made with small crystals.

Unsaturated cells are made similarly except that 
no crystals of CdSO4   S/SH^O are used and they 
are made portable (shippable) by inserting cork 
or plastic rings, covered with linen, over the elec 
trode surfaces. In some cells ceramic discs, either 
locked in place or supported by ceramic rod which 
protrudes through stoppers in each limb, are used 
[99,100]. The unsaturated cell is the commercial 
type used widely in the United States for work 
requiring no greater accuracy than  0.005 percent; 
it is not made at the National Bureau of Standards. 
It is used for pyrometer work, in pH meters, re 
cording instruments, etc., and is usually housed 
in nontransparent copper-shielded cases for general 
laboratory work. A copper-shielded case is em 
ployed to assure a uniform temperature at both 
limbs of the cell (see later). Saturated cells are 
not mounted in cases since they are intended for 
immersion in temperature-controlled oil or air 
baths. Commercial saturated cells are usually 
mounted in groups of 3, 4, or 6 on special racks
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for convenience in use. NBS saturated cells are 
mounted in oil as described above in section 2.3.

In practice, saturated standard cells are main 
tained at a constant temperature in thermostat 
ically controlled oil baths or in portable thermo 
statically controlled air boxes. The latter are 
generally made after a design first proposed by 
Mueller and Stimson [101]. The cells are housed 
in a thin-walled aluminum box which rests in a larger 
thick-walled aluminum box, the temperature of 
which is controlled by a mercury-in-glass thermo- 
regulator. The aluminum boxes are thermally in 
sulated and are enclosed in a wooden box which 
also contains an a-c relay, a transformer, and a 
pilot light. The box is operated on 110 V 60-cycle 
a-c line. The leads from the individual cells are 
brought to binding posts on the outside of the box. 
These boxes are designed to operate at tempera 
tures above room temperature; the choice of tem 
perature depends on the location where the boxes 
will be used or on the size of the box. As a rule 
these boxes operate at some temperature between 
28 and 37  C. The temperature of the cells in 
the air box is measured by a mercury-in-glass 
thermometer provided with the box. In some 
boxes, a well is added to provide for a platinum- 
resistance thermometer in which case the tempera 
ture is so measured. A detailed description of a 
Mueller-Stimson box is given in Appendix 7.

5.5. Electromotive Forces of Newly 
Made Cells

Cells when first made will, except in the most 
rare cases, exhibit emfs that will differ consider 
ably from the final steady values. Values steady 
to 0.01 mV or 10 //,V are usually obtained within a 
few days but one to three years may be required 
before values steady to 0.1 /LtV are attained. In 
some cases the emfs decline in their approach to 
equilibrium, in other cases they increase. There 
are two main reasons for this "aging" process, 
namely, (1) equalization of acid throughout the cell 
and especially within the mercurous sulfate paste, 
and (2) attainment of solution saturation. Although 
attempts are made to take care of both of these 
during cell assembly, inequalities in acid concentra 
tion may readily occur during the filling process 
owing to evaporation; and since the preparation of 
solutions of cadmium sulfate which are truly sat 
urated is an extremely slow process unsaturated 
solutions may inevitably be used in preparing cells. 
Cells that "age" with a decrease in emf probably 
have been made with unsaturated solutions, even 
though crystals of CdSO4   8/3H2O are present, or 
have too much acid in the negative limb while those 
that increase in emf during "aging" probably have 
excess acid in the positive limb. Also, the reaction 
between the electrolyte and the glass container 
probably contributes to "aging" since as the glass 
neutralizes some of the acid in the cell the emf will 
increase. However, this reaction eventually ceases 
as is shown by the emf stability of cells which have

been "aged" (see later). If reproducibility of 0.01 
mV in emf is considered adequate, all of these fac 
tors are inconsequential.

Cells within any one group, although made at the 
same time of the same materials, may have emfs 
that differ by as much as 0.005 mV (or 5 jiV). 
These differences may not only be present initially 
but may persist for years; i.e., individual cells, 
although differing in emf may show high stability in 
emf. Although diffusion is a slow process, acid or 
solution concentration inequalities within any one 
cell cannot explain these differences. Instead they 
must arise (1) from slight differences in the com 
position of the amalgam between cells (see fig. 15, 
especially the horizontal sections; this figure is 
discussed in sec. 6.3) even though precautions are 
taken to keep the amalgam homogeneous during 
the filling process, (2) from slight differences in the 
acidity of the solutions between cells produced 
during the filling process or in interactions with the 
glass containers, and/or (3) to slight differences 
between cells in the grain size of the mercurous 
sulfate used in the positive electrodes.

1.0245

1.0235

1.0155

1.0145
O 4 8 !2

Percentage of cadmium

FIGURE 15. Relation of the electromotive force of the cadmium 
sulfate standard cell to the percentage of cadmium in the 
amalgam and the temperature.
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Effect of Variations in Components on the Electromotive Force of Standard
Cells

6.1. Concentration of Solution

The emf of cadmium sulfate cells depends on the 
concentration of the cadmium sulfate solution. 
Over a limited range of concentration near satura 
tion the emf increases about 0.0017 V for a one 
percent decrease in cadmium sulfate content. For 
more dilute solutions the change is somewhat 
greater. In table 8 the emfs at 25  C corresponding 
to various concentrations of cadmium sulfate, near 
saturation, are given. These data are based on 
results of Vosburgh and Eppley [102] for cells con 
taining 12 ¥2 percent amalgams and 0.023 W^SO,*; 
their data reported in international volts have been 
converted to absolute volts here. For neutral solu 
tions the emfs listed here would be 18 fJiV higher.

TABLE 8. Electromotive forces of cadmium sulfate cells at 25 °C 
as a function of electrolyte concentration

CdSO*

percent
41.84
42.39
42.63
42.77
42,90
42.94

Emf

y
1.021289
1.020019
1.019673
1.019315
1.019121
1.019043

CdSO4

percent
42.98
43.06
43.12
43.22
43.402 a

Emf

y
1.018990
1.018883
1.018704
1.018603
1.018392*

• — saturated solution.

6.2. Acidity of Solution

The addition of sulfuric acid slightly decreases 
the emf of a cadmium sulfate cell. For the satu 
rated cell several equations have been proposed 
relating the change in emf to acid concentration. 
For acid concentrations up to 4 A^ Sir Frank Smith 
[103] gave:

A£ (volts) = - (0.00060* + 0.00005*2) (10)

where A£ is the difference in emf of acid cells from 
neutral ones and x is the normality of the sulfuric 
acid solution before it is saturated with CdSO4'8/3 
H2O. For acid concentrations up to 0.4 N only, the 
National Physical Laboratory [104] gave the linear 
relation

A£t (microvolts) =   615*. (11)

Obata [105] and Ishibashi and Ishizaki [106] also 
gave linear relations with the coefficients being, 
respectively,  855 and   833; Vosburgh [107] found 
Obata's equation to be valid to 1.49 N. In these 
last two, x refers to the normality of the acid in a 
saturated solution of CdSCVB/S H2O. All of these 
formulas agree closely if applied properly. For low 
acidities, the acidity of a solution of sulfuric acid 
after saturation with CdSO4 -8/3 H2O is 0.767 of that 
before saturation.

Differences between the emf of "neutral" and 
"acid" cells according to the Smith formula are 
listed in table 9, Sir Frank Smith [103] also 
investigated the effect on the emf of cadmium 
sulfate cells if the acid were confined to one or the 
other of the electrode compartments. For these 
effects, valid to 4 TV, he gave:

A£negative( volts) = 0.01090* - 0.00125*2 (12) 

A£positive(volts) = - 0.01150* + 0.00120* 2 (13)

the summation of which gives the Smith equation 
above for the effect of acid on the emf of the cell 
as a whole. These differences for various normali 
ties of acid are given in table 10. These relations 
show that more acid at the negative electrode 
increases the emf while more acid at the positive 
electrode produces a decrease in emf. It is neces 
sary, then, for high reproducibility and stability in 
emf that the acidity be the same and remain the 
same at the two electrodes.

TABLE 9. Differences of emf of "acid" cells from the standard 
value of Weston "neutral" cells

Normality of 
HSSO«

0.01
.02
.03
.04
.05
.06
.07
.08
.09
.10
.20

Difference of 
emf

4-
-12
-18
-24
-30
-36
-42
-48
-54
-60

-122

Normality of

0.30
.40
.50
.60
.70
.80
.90

1.00
2.00
3.00
4.00

Difference of
emf

-185
-248
-312
-378
-444
-512
-580
-650

-1400
-2250
-3200

TABLE 10. Differences of emf of cells from the standard value 
of Weston "neutral" cells if the acid is confined to the negative 
or positive limb of cell

Normality of
Differences of emf, microvolts

HsSO4

0.01
.02
.03
.04
.05
.06
.07
.08
.09
.10
.20
.30
.40
.50
.60
.70
.80
.90

1.00
2.00
3.00
4.00

Negative limb

+ 109
+ 218
+ 326
+ 434
+ 542
+ 650
+ 757
+ 864
+ 971
+ 1078
+ 2130
+ 3157
+ 4160
+ 5138
+ 6090
+ 7018
+ 7920
+ 8798
+ 9650
+ 16800
+ 21450
+ 23600

Positive limb

-115
-230
-344
-458
-572
-686
-799
-912
-1025
-1138
-2252
-3342
-4408
-5450
-6468
-7462
-8432
-9378
-10300
-18200
-23700
-26800
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6.3* Composition of the Amalgam

The emf of cadmium sulfate cells depends on the 
composition of the amalgam as may be seen by the 
data (converted to absolute volts) of Sir Frank Smith 
[108] and shown plotted in figure 15. This figure 
clearly shows that the useful range of amalgam com 
position is from about 8 to 14 percent cadmium for 
normal temperatures. The useful range of amalgam 
composition for standard cells is limited to the 
horizontal part of the curves; here the emf is very 
insensitive to or not critically dependent on the 
exact percentage of cadmium in the amalgam. In 
this range the amalgam consists of two phases, 
solid and liquid, with the solid phase being a solid 
solution of mercury and cadmium. For low and 
high percentages of cadmium the emf is very sensi 
tive to the exact amount of cadmium in the amal 
gam; this sensitivity is more marked at lower tem 
peratures. In figure 16 is shown the range over 
which amalgams of various cadmium content may 
be safely used. The range for use for a I2l/z per 
cent amalgam is about 12 to 62  C while for a 10 
percent amalgam the range is from about  8 to 
51  C. It is for this reason that a 10 percent 
amalgam is used in cells made at the National 
Bureau of Standards. The significances of the 
lower dotted lines A and B appearing in figure 16 
were discussed under the section on cadmium 
sulfate; the significance of the upper dotted line is 
discussed in the next section.

6.4. Crystal Phases of Cadmium Sulfate

As was stated above, cadmium sulfate over a 
normal temperature range exists in two different 
hydrates, CdSO4   8/3H2O and CdSO4   H2O with the 
transition temperature being 43.6  C, below which 
the former hydrate is the stable form. The emfs 
of saturated standard cells made with these two 
different hydrates differ except at the transition 
point where the emfs are the same. Cells can be 
used in the metastable range for short periods of 
time. In either case, at a particular temperature, 
cells made with the more stable hydrate have the 
higher emf. These facts are illustrated by the data 
[109] given in table 11. These cells were "neutral" 
cells made with 10 percent amalgams. When a cell 
made with a particular hydrate is carried over into 
the metastable range its emf will correspond at first 
to that for a supersaturated solution of the meta 
stable hydrate and then slowly rise in value as the
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FIGURE 16. Range of temperature over which cadmium amalgams 
of various cadmium content may be used in standard cells.

hydrate is converted to the more stable form. This 
transition in phase is slow unless the two hydrates 
are present; then the transition is relatively fast. 
Accordingly, overheating of normal cells may have 
only transient adverse effects if the overheating is 
only momentary; otherwise the adverse effects may 
persist for long periods of time. In any case normal 
type saturated cells made with crystals of CdSO4 -8/3 
H 2O should not be heated above 43.6  C; the upper 
dotted line in figure 16 corresponds to this upper 
temperature limit.

TABLE 11. The emfs ofWeston Normal Cells made with crystals 
o/CdSO4-8/3 H20 or crystals o/CdSO4 -H2O*

Temperature

 C
20
25
30
35
40
43.4**
45
50

CdS0 4-8/3H,0
ceils

volts
1.01866
1.01844
1.01817
1.01785
1.01752
1.01729
1.01716
1.01682

CdSOvH,0
cells

volts
1.01333
1.01417
1.01501
1.01587
1.01672
1.01729
1.01757
1.01842

*Original data of ref. [109] were in international volts; are converted here to absolute 
volts.

**A better value for the transition temperature is 43,6 °C [79].

7. Characteristics of Standard Cells
7.1. Emf-Temperature Coefficient

Unsaturated standard cells have a very low emf- 
temperature coefficient. Although it is frequently 
stated that unsaturated standard cells have a dE/dt 
of  0.00001 V/deg C, the emf-temperature coeffi 
cient is a function of temperature, is dependent on 
the concentration of the electrolyte, and increases

as the cell ages. In table 12, values of dE/dt are 
given for temperatures from 15  C to 45  C for 
various weight percents of CdSO-i. The emf values 
corresponding to cells made with the various con 
centrations of CdSCX are given at 25  C as an aid 
to users in determining the emf-temperature coeffi 
cient of a particular cell. For example, if a cell had 
at 25  C an emf of 1.019043 V its dE/dt would be
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TABLE 12. Emf-temperature coefficients of unsaturated standard
cells

(In microvolts per degree Celsius)

CdS04

wt%
41.84
42.39
42.63
42.77
42.90

42.94
-42.98

43.06
43.12
43.22

r 43.402

Emf, 25 *C

volts
1.021289
1.020019
1.019673
1.019315
1.019121

1.019043
1.018990
1.018683
1.018704
1.018603

* 1.0 18392

dEfdt

15 °C

-12.0-3.7
-1.2
+ 0.2
+ 1.6

+ 1.9
+ 2.3
+ 3.2

» + 3.8fe + 4.8

-30.4

20 °C

-13.2-5.3
-3.0
-1.3
-0.1

+ 0.3
+ 0.6
+ 1.5
+ 2.0
+ 2.9

-40.6

25 °C

-13.5-6.0
-3.8
-2.0
-0.7

-0.4
o

+ 0.8
+ 1.3
+ 2.2

-49.4

30 °C

-12.9-5.7
-3.6
-1.6
-0.4

0
+ 0.1
+ 0.9
+ 1.6
+ 2.5

-56.6

35 °C

-11.5-4.4
-2.5
-0.2
+ 1.0

+ 1.3
+ 1.7
+ 2.5
+ 3.0
+ 3.9

-62.4

40 °C

-9.2
-2.2
-0.4
+ 2.2
+ 3.5

+ 3.8
+ 4.2
+ 4.9
+ 5.5
+ 6.4

-66.6

45 °C

-6.1
+ 1.0
+ 2.7
+ 5.6
+ 6.9

+ 7.3
+ 7.6
+ 8.4
+ 8.9
+ 9.9

-69.4

" — this composition corresponds to a solution saturated at 4 °C and gives a cell with 
a<*E/<fcofzeroat25°C.

* —supersaturated.
r — percentage of CdSO4 in a saturated solution at 25 °C; dEldt values given are for 

solutions saturated with CdSO4 * 8/3 HjO at the respective temperatures.
d -contains 0.03 N H,SO4.

-0.4 /iV/deg C at 25 °C, while if it had an emf of 
1.018704 V its dEldt would be +1.3 /iV/deg C. 
Inspection of the data of table 12 also shows that a 
cell made with a solution containing 42.98 wt percent 
of CdSCKi has a zero emf-temperature coefficient at 
25 °C. Vosburgh and Eppley [102] showed that this 
percentage corresponds closely to a solution satu 
rated at 4 °C (the solutions of Vosburgh and Eppley 
also contained 0.023 N H2SO4). Since a solution 
saturated in the range from 3 °C to 4 °C leads to 
cells with negligible emf-temperature coefficients 
such solutions are frequently used in the construc 
tion of unsaturated standard cells.

Saturated standard cells exhibit a much larger 
emf-temperature coefficient than unsaturated stand- 
are cells owing to the change in solubility of CdSO4* 
8/3H2O with temperature. They exhibit a maxi 
mum emf at 3 to 4 °C, the temperature range of the 
minimum solubility of CdSC>4 • 8/3H2O (see table 6). 
Two formulas relating the emf to temperature have 
been proposed. Wolff [32] working with 12V2 per 
cent amalgams obtained:

Et = £20° - 0.00004060(* - 20) - 0.000000950(* - 20)2 

+ O.OOOOOOOKX* - 20)3 (14)

in international volts where Et is the emf at tempera 
ture t and £"20° is the emf at 20 °C. This equation 
is known as the International Temperature Formula. 
It is valid from 12 to 40 °C but may be used to 0 °C 
as long as the liquid and solid phases of the amalgam 
are present. Vigoureux and Watts [110] using 6 
and 10 percent amalgams, to extend the temperature 
range, obtained:

Et = £20° - 0.00003939(f - 20) - 0.000000903(* - 20)2

+ 0.00000000660(* - 20)3 - 0.000000000150(r - 20)4
(15)

in international volts. These two equations are also 
applicable in absolute volts. This later equation is

valid from —20 to 40 °C; Vigoureux and Watts used 
the 6 percent amalgam for the lower temperatures 
but the 10 percent amalgam gives the same results 
as long as the amalgam contains liquid and solid 
phases; thereafter the emf decreases below that 
given by eq (15). The cell becomes completely 
frozen at -24 °C; eq (15) gives -1139.5 /xV for 
£-24°c~£2o°c- However, when the cell becomes 
completely frozen the emf is approximately 1.007 V.

The emf of "neutral" saturated standard cells, as 
a function of temperature, based on the above 
formulas, is given in figure 17. Both formulas 
reproduce the maximum in emf at 3 °C to 4 °C, the 
temperature range of the minimum solubility of 
CdSO4 • 8/3H2O. Since the acidity of the electro 
lyte does not appreciably affect dE/dt9 the emfs of 
"acid" cells would parallel the curve shown. The 
displacements in the curves would depend on the 
acidity employed (see sec. 6.2). In this figure the 
value at 20 °C, the temperature at which interna 
tional comparisons are made, is labeled Emf 
standard.

The differences between eq (14) and (15) are not 
large. In table 13 the differences in emf at various 
temperatures from the emf at 20 °C as given by 
these two formulas, are given. Since 10 percent 
amalgams are now used widely in preparing satu 
rated standard cells eq (15) (or 18 below) should be 
used to calculate the change in their emf with 
temperature.

Above 43.6 °C where CdSO4 • 8/3H2O transforms 
to CdSCVthO the emf-temperature relation is given 
by [109]:

E t (volts) = £43.6° + 0.000173U - 43.6) (16)
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TABLE 13. Differences in emf of saturated standard cells from 
the value at 20 °C

Tempera 
ture

°C 
-20
-19
-18
-17
-16

-15
-14
-13
-12
-11

-10
-9
-8
-7
-6

-5
-4
-3
-2

0
+ 1 

2 
3 
4

5 
6
7 
8 
9

10 
11 
12

Vigoureux and 
Watts formula

microvolts 
-675.6a- b
_ 57£ 8** b
- 482.0 a- b
_ 30,4 2 a* b
-312.1 b

-235.6 b
-164.5 b
-98.6 b
-37.8 b
+ 18.2 b

69.3 b
115.8 b
157 9 b
195.6
229.2

258.7
284.3
306.0
324.1
338.7

350.0 
357.8 
362.4 
363.9 
362.4

358.0 
350.8 
340.8 
328.3 
313.2

295.6
275.7 
253.5

Inter 
national 
formula

microvolts

352.2 
360.0 
364.8 
366.7 
365.6

361.7 
354.9 
345.4 
333.3 
318.5

301.1 
281.3 
259.0

Tempera 
ture

°C 
13
14
15
16
17

18
19
20
21
22

23
24
25

27

28
29
30
31
32

33 
34 
35 
36 
37

38 
39 
40 
41 
42

43 
43.6

Vigoureux and 
Watts formula

microvolts 
229.0
202.3
173.5
142.7
109.9

75.2
38.5
0.0

-40.3
-82.2

-126.1
-171.6
- 218.8

-318.1

- 370.2
-423.9
-479.2
-536.1
-594.6

-654.6 
-716.3 
- 779.6 
-844.4 
-911.0

-979.1 
- 1049.0 
-1120.6 

(-1193.8) 
(-1268.9)

(-1345.7) 
(- 1392.3)

International 
formula

microvolts 
234.3
207.4
178.1
146.7
113.1

77.4
39.7
0.0

-41.5
-84.9

-130.1
- 177.0
-225.5
-275.7
-327.4

-380.6
-435.2
-491.1
-548.4
-606.9

-666.6
- 727.4 
- 789.3 
-852.1 
-915.9

-980.6 
-1046.1 
-1112.4 

(-1179.3) 
(- 1246.9)

(-1315.1) 
(- 1355.8)

TABLE 14. Nominal emfs of saturated standard cells at some 
common temperatures

(Cells made with 10% cadmium amalgam)

*—for first few hours after a change from a higher temperature; electrolyte starts 
to freeze at - 17 °C. 

b—6 percent amalgam. 
c—values in parenthesis were obtained by extrapolation,

and unlike the cells made with CdSO4 -8/3 H2O the 
emf-temperature coefficient is positive. The equa 
tion also applies for the metastable monohydrate 
down to 20 °C. Vinal and Brickwedde used 43.4° 
in eq (16) but later results [79] showed 43.6° to be a 
better value and is used here.

Since 28 °C is frequently used as a maintenance 
temperature for saturated standard cells, it is con 
venient in such instances to have the emf-tempera- 
ture relation expressed in terms of this temperature. 
Equations corresponding, respectively, to eq (14) 
and (15) but with 28 °C as the reference temperature 
are:

Et = E2s° - 0.0000539<X* - 28)

and

-0.00000071035(*-28)2

+ 0.000000010(*-28)3 (17)

Et =£28° - 0.000052899(* - 28)

- 0.00000080265(* - 28)2 

+ 0.000000001813(J - 28)3

- 0.0000000001497(* - 28)4 
in volts.

ec
20
25
28
30
32
35
37

Acidity (H»SO 4) of solution in cell

neutral °

volts
1.018636
1.018417
1.018266
1.018157
1.018041
1.017856
1.017725

0.03JV

volts
1.018612
1.018393
1.018242
1.018133
1.018017
1.017832
1.017701

0.057V

volts
1.0185%
1.018377
1.018226
1.018117
1.018001
1.017816
1.017685

o.ioyv

volts
1.018556
1.018337
1.018186
1.018077
1.017961
1.017776
1.017645

(18)

" — Actually 0.00092JV; cadmium sulfate hydrolyzes to produce HtSO4 of this acidity 
at 25 °C 173].

In table 14 the nominal values of the emf of 
"neutral" and "acid" saturated cells are given at a 
series of temperatures at which cells are most 
frequently calibrated at the National Bureau of 
Standards. Exact agreement with these nominal 
values cannot be expected since the emfs of satu 
rated cells are very sensitive to the acidity of the 
electrolyte, to the amalgam composition, and to the 
extent of the solubility of the glass container in the 
cell electrolyte; even so they have high emf stability.

Frequently, the question arises as to the effect of 
small changes in temperature on the emf of satu 
rated standard cells. Table 15 lists the changes in 
emf that are produced by changes in temperature of 
only ±0.001 or ±0.01 °C. The + sign for the emf 
refers to changes in emf produced by a decrease in 
temperature while the — sign for the emf refers 
to changes in emf produced by an increase in 
temperature. These data show that temperature 
must be controlled more accurately at the higher 
temperatures for comparable control of emf. They 
also show that for precisions of 0.5 /iV the tem 
perature must be controlled to slightly better than 
±0.01 °C; for 0.05 /uV to better than ±0.001 °C.

The emf-temperature formulas given above refer 
to the saturated cell as a whole, assuming that all 
parts of the cell are at the same temperature. The 
separate limbs of the cell have much larger co 
efficients, the negative limb having a negative co 
efficient and the positive limb a positive coefficient. 
The emf-temperature coefficient of the whole cell 
is the summation of those of the two limbs. The 
emf-temperature coefficients for each limb from 0° 
to 37 °C are given in table 16; those given in paren 
thesis were obtained by interpolation or extrapola 
tion of the data of Sir Frank Smith [103]. The sum 
mation of those for the two limbs are given in 
column 4; these agree well with those calculated 
by International Temperature Formula. It is ob 
vious, in view of these data, that saturated standard 
cells must be kept at a uniform temperature for 
high accuracy and precision. In table 17, are given 
the errors that would arise in the emf of a cell if 
the positive limb were at a slightly higher or slightly 
lower temperature than the negative limb. Also 
given are data for the case in which the tempera 
ture of the negative limb were slightly higher or 
lower temperature than the negative limb. It is for
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TABLE 15. Effect of small changes in temperature on the emf of 
saturated standard cells at various temperatures

Temperature

*C
20
25
28
30
32
35
37

±0.001 *C

microvolt
^0.04
5:0.05
5=0.05
+ 0.06
+ 0.06
+ 0.06
+ 0.07

±0.01 °C

microvolt
+ 0.4
+ 0.5
+0.5
^0.6
HP 0.6
5:0.6
5=0.7

+ sign for the emf refers to a decrease in temperature. 
— sign for the emf refers to an increase in temperature.

TABLE 16. Temperature coefficient of positive and negative 
limbs of saturated standard cells and of complete cells at 
various temperatures

Temper 
ature

"C
0
5

10
15
20
25
28
30
32
35
37

Negative limb

voltldeg
-0.000288
-0.000297
-0.000315
-0.000333
-0.000350
-0.000366
(-0.000372)*
-0.000374
(-0.000376)
(-0.000380)
(-0.000382)

Positive limb

voltldeg
+ 0.000290
+ 0.000291
+ 0.000295
+ 0.000302
+ 0.000310
+ 0.000314

(+0.000314)
+ 0.000314
(+0.000314)
(+0.000314)
(+0.000314)

Complete cell

Observed

voltldeg
+ 0.000002
-0.000006
-0.000020
-0.000031
-0.000040
-0.000052
(-0.000058)
-0.000060
(-0.000062)
(-0.000066)
(-0.000068)

International
temperature

formula

voltldeg
+ 0.000009
-0.000005
-0.000019
-0.000031
-0.000041
-0.000050
-0.000054
-0.000057
-0.000059
-0.000062
-0.000064

Vigoureux
and Watts

formula

voltldeg
+ 0.000009
-0.000006
-0.000019
-0.000030
-0.000039
-0.000048
-0.000053
-0.000056
-0.000059
-0.000064
-0.000067

" - Values in parenthesis obtained by interpolation or extrapolation.

this reason that copper shields are used around the 
portable unsaturated cells (see sec. 5.4). Park [111] 
and Eppley [112] investigated the effect of service 
temperature conditions on the emf of unsaturated 
standard cells and Park showed that errors in emf 
arising from thermal inequalities could be reduced 
to a minimum by enclosing the cell in a copper 
shield.

7.2. Emf-Temperature Hysteresis

In general, if saturated or unsaturated standard 
cells are subjected to slowly changing temperatures 
their emf will follow closely the relations given 
above. If, on the other hand, the cells are sub 
jected to abrupt temperature changes, deviations 
from the true emf will occur. These deviations are 
generally referred to as hysteresis. On cooling, 
the cells show first too high an emf and then a slow 
decrease in emf to the equilibrium value. On 
heating, the cells show first too low an emf and then 
a slow rise in emf to the equilibrium values. The 
magnitude of the hysteresis is given by the per 
centage deviation from the equilibrium value and 
is usually greater when the temperature is de 
creased than when it is increased. These general 
relations are illustrated in figure 18 for abrupt heat 
ing of new cells from 25 to 30 °C and for abrupt 
cooling from 30 to 25 °C for unsaturated standard 
cells having a dE/dt of — 5 /LtV/deg C in this tempera 
ture range. The magnitude of the hysteresis in 
each case is given by the distance marked by an "A" 
divided by the emf of the cell at the starting tem-

TABLE 17. Errors produced in emf of saturated standard cells 
if the temperature of the positive limb (or negative limb) 
differed from that of the negative limb (or positive limb)9 by 
small amounts, at various temperatures

Temperature 
difference

Temperature

0*C 20 *C 25 °C 28T 30 °C 32 *C 35 *C 37 *C

Positive limb

+0.01
+0.005
+0.001
-0.001
-0.005
-0.01

/iV
+ 2.9
+ 1.5
+ 0.3
-0.3
-L5
-2.9

MV
+ 3.1
+ 1.6
+ 0.3-0.3
-1.6
-3.1

AtV
+ 3.1
+ 1.6
+0.3
-0.3
-1.6
-3.1

>L\
+ 3.1
+ 1.6
+ 0.3-0.3
-1.6
-3.1

,*V
+ 3.1
+ 1.6
+ 0.3
-0.3
-1.6
-3.1

*v
+ 3.1
+ 1.6
+0.3
-0.3
-1.6
-3.1

/*v
+ 3.1
+ 1.6
+ 0.3-0.3
-1.6
-3.1

/iV
+ 3.1
+ 1.6
+0.3-0.3
-1.6
-3.1

Negative limb

+ 0.01
+ 0.005
+0.001
-0.001
-0.005
-0.01

-2.9
-1.5
-0.3
+ 0.3
+ 1.5
+ 2.9

-3.5
-1.8
-0.4
+ 0.4
+ 1.8
+ 3.5

-3.7
-1.9
-0.4
+0.4
+ 1.9
+ 3.7

-3.7
-1.9
-0.4
+ 0.4
+ 1.9
+ 3.7

-3.7
-1.9
-0.4
+ 0.4
+ 1.9
+ 3.7

-3.8
-1.9
-0.4
+ 0.4
+ 1.9
+ 3,8

-3.8
-1.9
-0.4
+ 0.4
+ 1.9
+ 3.8

-3.8
-1.9
-0.4
+0.4
+ 1.9
+ 3.8

+ 60

+ 20

-20

-40 —

hours

FIGURE 18. Relations showing the emf-temperature hysteresis of 
unsaturated standards when abruptly heated or cooled 5 °C.

perature (this emf may be taken as unity). This 
figure clearly shows that the magnitude and dura 
tion of hysteresis obtained on cooling is nearly 
double that found on heating; in either case the 
magnitude of the hysteresis is less than 0.01 
percent.

For unsaturated cells the magnitude and duration 
of hysteresis depend on the type of construction, 
age, acidity and concentration of the electrolyte, 
on the purity of the materials, and on the rate and 
magnitude of the temperature change. To these 
must be added the size and change of solubility with 
temperature of the crystals of CdSO4 • 8/3 H2O 
for the saturated cell. Therefore, it is not possible 
to give quantitative data that may be applied as
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corrections to the emf of cells under diversified 
conditions involving abrupt temperature changes. 
Furthermore, the magnitude of hysteresis for un- 
saturated cells increases with age; a cell 10 years old 
exhibits about 10 times the hysteresis of a new cell. 
In general, for a 5 °C abrupt change in temperature 
the hysteresis of new unsaturated cells ranges from 
0.01 to 0.02 percent (0.0001 to 0.0002 V) on cooling 
and from 0.005 to 0.01 percent (0.00005 to 0.0001 
V) on heating. The cells usually recover their 
original emf within 1 to 2 days after cooling and 
within 10 to 12 hours after heating. For older 
cells, hysteresis may persist for days or even 
months. Proportionate hysteresis is to be expected 
for larger or smaller temperature intervals than 5 
°C. In general, saturated cells show less hysteresis 
than unsaturated ones. In some cases, saturated 
standard ceUs do not exhibit the "overshoot" 
typical of hysteresis. Instead they approach 
steady emfs at a new temperature at an exceedingly 
slow rate. This phenomenon here called "lag" is 
sometimes referred to as "negative hysteresis" 
and is attributed to the slowness in the precipita 
tion of CdSCX * 8/3 H2O on cooling or to the slowness 
of dissolution of CdSO4 • 8/3 H2O on heating.

Many explanations have been given for hysteresis 
but no single factor is alone responsible. The 
difference between the heat capacities of the two 
limbs of the cell, changes in solubility of CdSC>4-8/3 
H2O (for the saturated cell) with temperature, septa 
(in the unsaturated cell), and the disturbances of 
equilibrium conditions within the cell during tem 
perature changes must all contribute to hysteresis. 
In any case standard cells should be maintained at 
constant temperature if at all possible. Tempera 
ture fluctuations may be kept at a minimum for 
portable unsaturated cells by placing them in tem 
perature-lagged boxes or in Dewar flasks. A view 
of a temperature-lagged box used at the National 
Bureau of Standards in the testing of unsaturated 
cells is shown in figure 19.

7.3. Temperature Range

The range of temperature over which standard 
cells may be used is dictated by the composition of 
the amalgam, the transition temperature of the 
cadmium sulfate hydrates, and the freezing point of 
the electrolyte. The range over which amalgams 
of various cadmium contents may be safely used 
was shown above in figure 16. For 1-2Va percent 
amalgams this range is 12 to 62 °C; for 10 percent 
amalgams it is —8 to 51 °C. Both of these amal 
gams may be used for a short time (2 to 3 hr) below 
these temperatures (12 J/2 percent amalgam to 0 °C; 
10 percent amalgam to — 20 °C) or as long as the 
amalgams consist of two phases, solid and liquid. 
However, for work of the highest precision the cells 
should be confined to the temperature ranges shown 
in figure 16.

A 6 percent amalgam should be chosen for lower 
temperatures; its useful range is — 24 to 28 °C. For 
high temperatures amalgams of high cadmium con-

FlGURE 19. Temperature-lagged box used at the National Bureau 
of Standards in the testing of unsaturated standard cells.

tent should be used, viz, a 14 percent amalgam will 
give cells that could be used, from 24 to 67 °C. It 
may be possible to use unsaturated standard cells 
to temperatures of the boiling point of the electro 
lyte (slightly above 100 °C) by using amalgams of 
high cadmium content (above 20 percent) but these 
cells would not be suitable for precision work much 
below 80 °C.

At temperatures above 43.6 °C, even though the 
higher-percentage amalgams are satisfactory, satu 
rated cells must be made with crystals of CdSO^ 
HaO since this is the stable form of solid cadmium 
sulfate above 43.6 °C. For unsaturated standard 
cells no such problem exists and attention need be 
given only to the composition of the amalgam.

The lower limit of use is — 24 °C where the cell 
becomes completely frozen. Freezing begins at 
—17 °C. Cells completely frozen at — 24 °C will 
behave normally after thawing if freezing has not 
caused a fracture in the cell. The time required 
for the cell to recover its normal emf may be long, 
however. The internal resistance of standard cells 
at —10 °C is about 6 times that at 25 °C and this 
increase in internal resistance may limit the use of 
the cell.

Significant temperatures in the use of standard 
cells are summarized in table 18. In practice, cells 
should probably be subjected to a somewhat lesser 
range of temperatures than shown; —16 to 40 °C is 
a good range for saturated cells and 4 to 40 °C for 
unsaturated ones.

7.4. Emf-Pressure Coefficient

The effect of pressure on the emf of a galvanic 
cell at constant temperature is given by

'dE\
-JT:] — rdP/T nF volt atm" (19)

where AF is the volume change in cubic centi 
meters at atmospheric pressure per faraday, n is
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TABLE 18. Significant temperatures in the use of standard cells (also temperature limits for use of standard cells)

Temperature

°C

67
62
51
43.6
40

28-37
28

24
20

12.1
4

$-4

-8
-17
-24

T

152.6
143.6
123.8
110.5
104

82.4-98.6
82.4

75.2
68

53.8
39.2

37.4-39.2

17.6
1.4

-11.2

Remarks

Upper limit for 14 percent amalgam, unsaturated cell
Upper limit for 12V2 percent amalgam, unsaturated cell
Upper limit for 10 percent amalgam, unsaturated cell
Transition temperature for CdS<V8/3 H2O = CdSO4 -H2O
Upper practical limit recommended for standard cells
Suitable range for thermostated air boxes
Temperature at which primary standard of United States

is maintained; also upper limit for 6 percent amalgam
Lower limit for 14 percent amalgam
Weston Normal Cell has a nominal emf of 1.0186360 abso 

lute volts
Lower limit for 12Vs percent amalgam
Lower practical limit for unsaturated cells
Emf of Weston Normal Cell is at a maximum; solubility

of CdSCVS/S rkO is a minimum
Lower limit for 10 percent amalgam
Freezing begins
Cell completely frozen; will recover normal emf in about

a week after thawing, if not cracked

the number of equivalents involved in the reaction, 
F is the faraday, and k is a conversion factor, 
0.101325, which converts cubic centimeter-atmos 
pheres into joules, i.e., volt coulombs. The 
volume change may be calculated from the atomic 
or molecular weights and the densities of the reac- 
tants and products of the reaction; for saturated 
standard cells this reaction is given by eq (7). At 
20 °C, the accepted densities of Cd, Hg2SO4, 
CdSO4 -8/3 H2O, Hg, and a saturated solution of 
CdSO 4 are, respectively, 8.648, 7.56, and 3.090 g 
cm- 3 and 13.5463 and 1.6119 g ml' 1 [113]. Using 
these data, accepted atomic weights on the C 12 
scale [114] and 96,487 coulombs/gram-equivalent 
[115] 15 for the faraday equation 19 gives 6.4 /iV/atm 
for (dE/dP)T- This value agrees excellently with 
6.1 /xV/atm found experimently by Ramsey [116] 
(this value is an interpolated value, Ramsey found 
6.02 /xV/atm at 20.4 °C and 7.6 /xV/atm at 19 °C).

The effect of pressure on an unsaturated cell 
would be nearly the same, since unsaturated cells 
are made with solutions that are nearly saturated.

A priori no effect on the emf of sealed cells 
would be expected providing the pressure was 
insufficient to fracture the cell. Recent experi 
ments by Catherine Law and D. N. Craig of this 
Bureau, in which the external pressure on the cell 
was increased to approximately 5 atm, has con 
firmed this. Standard cells have an air space 
above the electrolyte which would act as a cushion 
to absorb pressure change even if the elasticity of 
the glass container were such as to transmit pres 
sure change to the cell components.

7*5. Internal Resistance

The internal resistance in the vicinity of 25 °C 
ranges from 100 to 500 ft for unsaturated cells and 
from 500 to 1000 ft for saturated cells manufactured 
in the United States. The internal resistance 
increases at the rate of about 2 percent for a 
decrease in temperature of one degree C; this fact 
should be taken into account in calculating the IR 
drop in a cell (see table 19). The resistances of 
the positive and negative limbs of symmetrical 
H-shaped cells are approximately equal. As a cell 
ages its internal resistance increases slightly. The 
internal resistance of a standard cell may be 
estimated by momentarily placing a 10-Mft resistor 
across the cell terminals and reading the emf, ER . 
The value of the internal resistance is then given by

R = 107(£0 - ER )/ER ohms, (20)

15 In the original paper [115] values based on the physical and chemical scales of 
atomic weights were given. The value given here is based on an atomic weight of 
silver relative to the C" scale of atomic weights, namely, 107.870.

where EQ is the open-circuit emf. The cell recovers 
its initial emf within a few minutes after the 10-Mft 
resistor is removed. If a cell exhibits high internal 
resistance or insensitivity it may contain a gas 
bubble at the anode which may be frequently re 
moved by tapping the cell when inclined 45°. 
If this treatment is ineffective a new cell is 
recommended.

7.6. Effect of Current

Standard cells are not intended to serve as 
sources of electric current. Even so, the question 
frequently arises about the effect of current on 
standard cells, especially the unsaturated type. 
When standard cells are charged or discharged the
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TABLE 19. Effect of current on the emf of 
unsaturated standard cells at 25 °C

Current*

10-io
10~»io-»
io-T
io-«
io-5

Internal resistance (initial change)

100 ohms
pV

0.01
0.1
1.0

10.0
100.0

1000.0

500 ohmsV.Y
0.05
0.5
5.0

50.0
500.0

5000.0

Changes owing to changes in amalgam ( Fa) and electrolyte 
(Ve) composition (after one year)

io -»io -«
10 ~8io-Tio-6
10 -5

Va

a

„ __

0.05

V,

*r

0.05
0.5
5.3

Vtt

»v

0.02
0.17

y.
*

0.03
0,26
2.6

26.3

Changes arising from electrode po 
larization (after one year)

10 -ioio-9
10 -"
10 -7
10"610-*

0.1
0.7
4.3

26.
159.
970.

0.3
2.0

12.5
76.

466.
2844.

a —dash means that the change is 
less than 0.01 /*V.

rise or drop in emf is initially dictated by the IR 
drop and subsequently by a voltage change, VC9 
associated with the chemical changes in the cell, 
and by electrode polarization and changes in internal 
resistance. For the unsaturated cell Vc is made up 
of two parts: Va , the change in emf associated with 
the change in the composition of the amalgam during 
charge or discharge and V€y the change in emf 
associated with the change in electrolyte content of 
the solution during charge or discharge. When 
unsaturated cells have been discharged until their 
solutions are saturated the latter no longer applies. 
For saturated cell, Vc consists of Va only.

The magnitude of Va obtained on discharge at 
25 °C is given by

Va (in volts) = - 0.001067/t 
FW

=-1.106xlO- 8 -^

(21)

where / is the current in amperes, t is time in 
seconds, W is the total weight of the amalgam in 
grams, and F is the faraday (96487.0 coulombs). 
For NBS saturated cells the total weight of amalgam 
is generally about 10 g. In this case eq (21) reduces 
to

Va (in volts) = -1.106 X 10~ 9 It. (22)

For unsaturated cells having internal resistances of 
100 and 500 ft the weight of the amalgam is approxi 
mately 67 and 20 g, respectively.

The magnitude of V€ 
25 °C is given by

Ve (in volts) =

obtained on discharge at

=- 1-67 X IO- 6

(23)

where W is now the weight of the electrolytic solu 
tion in grams and the other symbols have the mean 
ing given above. For unsaturated cells the weight 
of solution is about 100 and 20 g, respectively, for 
cells having internal resistances of 100 and 500 ft. 
Equation (23) then becomes

V€ (in volts) = - 1 .67 X 10- 8 It (24) 

for the 100-ft cell and

Ve (in volts) = - 8.35 X 10"8 It (25)

for the 500-n ceU.
The magnitudes of electrode polarization 16 during 

discharge may be calculated, within a few micro 
volts, by the equation

log AE (in microvolts) = 1.6048 + 0.786 log (^
(26)

where A£ is the change in emf, in microvolts, 
arising from electrode polarization and changes in 
internal resistance, C is quantity of electricity in 
coulombs (ampere seconds) and A is apparent 
(geometric) electrode area in square centimeters 
[117]. For unsaturated cells having internal 
resistances of 100 and 500 ft, A is about 5.5 cm2 and 
1.4 cm2, respectively. Some miniature types having 
internal resistances of about 1000 ft and apparent 
surface areas of less than 1 cm2 are also available. 
The length of time standard cells will sustain a 
discharge depends on the amount of material in the 
cells; most unsaturated cells of United States 
manufacture contain sufficient material to yield 
from 700 to 5000 coulombs if the current is kept 
below about 2 X 10~5 A per cm2 of electrode area.

When an external load is removed, the cells re 
cover their initial emf, provided the discharge has 
not been a prolonged one. The time required for 
recovery depends on the severity of the discharge. 
For example, if an unsaturated cell (internal re 
sistance ss 100 ft) is discharged for 5 min at 6 X 10~6 
A cm~2 it wiD recover its original emf within 5 /xV 
in 30 min and will completely recover after 6 hr. 
At a higher current density of 6 X IO*4 A cm~2 the 
emf will be about 180 pN below its original value 
after 30 min, 5 fiV after 6 hr, and several days will 
be required for complete recovery. If the ceD 
were discharged at a current density of 6 X 10~4 A 
cm~2 to a low cutoff voltage of 0.001 V, recovery will 
be exceedingly slow requiring several months and

16 Includes any change in internal resistance that may occur as a cell is discharged.
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full recovery will not be attained after this prolonged 
period because the normal emf will have declined 
(see below). The time of recovery, therefore, is 
seen to depend on the rate and extent of the 
discharge.

In table 19 changes in emf caused by various cur 
rents of low magnitude are illustrated for cells hav 
ing electrode cross-sectional areas of 5.5 cm2 and 
1.4 cm2 and internal resistances of 100 and 500 ft. 
The changes arising from internal resistance are 
initial changes whereas those arising from changes 
in amalgam composition, Fa , electrolyte composi 
tion, F?, and electrode polarization (see footnote 16), 
A£, are functions of time of discharge (for illustra 
tion, a period of 1 year is chosen for these). The 
total changes in emf during a discharge is the sum 
of the four effects. On a current density basis it 
should be noted the changes for the 100-ft and 500- 
fl cells are nearly identical since the electrode area 
for the former cell is approximately five times that 
of the latter.

Standard cells may be short-circuited momentarily 
without permanent damage to the cells. The cells 
will recover their original emf within a few minutes 
after taken off short circuit. If kept on short 
circuit they will be completely discharged within 
V2 to 2 days depending on the size and internal 
resistance of the cell, and will not recover their 
initial emf. The short circuit current is given by 
the ratio of the open-circuit emf and the internal 
resistance of the cell. For cells having internal 
resistances of 100 ft and 500 ft, the short-circuit 
(flash) current will, therefore, be 1X10~ 2 and 
2 X 10- 3 A, respectively.

7.7. Effect of Light
Mercurous sulfate is sensitive to light and changes 

in color at a slow rate through tan, to gray-brown, 
to dark brown, and finally to black. Although 
standard cells having discolored mercurous sulfate 
may have normal emfs [118] they exhibit slower 
approach to equilibrium values after temperature or 
other changes. Standard cells should, therefore, 
be mounted in nontransparent cases or kept in the 
dark and used only for short periods at a time under 
diffuse light.

7.8. Effect of Shock
Mechanical shocks insufficient to fracture or

break or scramble the components of unsaturated 
standard cells have no lasting effects on the cells. 
Unsaturated standard cells packaged in excelsior 
and shipped by common carrier to the National 
Bureau of Standards have been observed to perform 
satisfactorily. When subjected to shocks of 10 to 
40 g for durations of 6 to 18 msec unsaturated cells 
exhibit large transient changes in emf ranging from 
4,200 to 31,000 /xV [119]. After the shock the ceDs 
immediately recover their original emf within 2 /iV. 
The transient emfs observed during shock probably 
arise from a disturbance of the mercury and 
amalgam surfaces during the period of shock.

On the other hand, the usual types of saturated 
cells of United States manufacture should not be 
subjected to sudden shock, should not be shipped 
by common carrier, should be transferred by 
messenger, and should not be tilted more than 45°. 
Some new saturated standard cells of novel design 
are stated to be portable, i.e., may be shipped by 
common carrier. However, studies over a period 
of time will be required to ascertain the long-term 
stability of their emf.

7.9. Effect of Vibration

Vibrations at frequencies from 10 to 1,000 
Hz (c/s) with accelerations of 1 to 10 g have no 
lasting effects on the emf of unsaturated standard 
cells [119]. During the vibration, however, rather 
large a-c voltages of the same frequency are 
generated. For an unsaturated cell having an in 
ternal resistance of 500 ft this a-c voltage ranges 
from about 25 /iV at 1 g and 1000 Hz to 9900 /iV 
at 10 g and 50 Hz. Furthermore, there is a decrease 
in the d-c emf ranging from 3 /LiV at 1 g and 1000 Hz 
to about 200 /*V at 10 g and 100 Hz. In general at 
frequencies above 100 Hz the waveform of the a-c 
voltage is sinusoidal whereas below 100 Hz it is 
nonsinusoidal owing to the resonance of the various 
components of the cell. In most cases the a-c and 
d-c effects of the vibration appear and disappear 
instantaneously when vibration is started or stopped. 
In some instances the d-c change may be rapid in 
the initial moments of vibration and then build 
up slightly in an exponential manner for 2 or 3 min. 
In these instances when the vibration is stopped the 
d-c emf decays in the same fashion as it was built up.

8. Life of Standard Cells
Saturated standard cells have an exceedingly long 

life. Some cells at the National Bureau of Stand 
ards have been in use for nearly 60 years, and they 
have retained their emfs within a few microvolts; 
see section 2.3. On the other hand, unsaturated 
cells at room temperature (about 25 °C) decrease in 
emf at a rate of about 20 to 40 ^V per year [48]. 
This decrease in emf is equivalent to a corrosion 
rate for the amalgam of about (6.8 to 13.6) X 10~ 7 A 
cm~2 . Since the emf of new unsaturated standard 
cells generally range from 1.01900 to 1.01940 V, 
depending on the concentration and acidity of the

30

electrolyte, these cells on the average reach an 
emf of 1.01830 V within 23 to 37 years, providing 
they are maintained at 25 °C or thereabouts, and are 
not subjected to abuse, such as discharging or 
charging current; a practical life time for these cells 
is probably 12 to 18 years. When unsaturated 
standard cells reach an emf of 1.01830 V or lower 
the cells generally behave erratically (largely be 
cause the electrolyte may become supersaturated 
on cooling), have large emf-temperature coeffi 
cients, and show excessive emf-temperature hys 
teresis. The life of the cell is considerably reduced



if the cell is stored at higher temperatures. The 
rate of decrease in emf is approximately doubled 
for every 12 °C increase in temperature [120]; thus 
at 37 °C the life of an unsaturated cell would be one 
half that given above. Cells of the miniature type 
with short diffusion path between electrodes will 
have a shorter life.

Earlier unsaturated standard cells decreased in 
emf at room temperature at a rate of 70 to 85 ^tV 
per year [121, 122, 123] and, therefore, had an aver 
age theoretical life of 10 to 15 years or a practical 
life of 8 to 12 years. The improvement in life noted 
in modern cells has resulted mainly, if not entirely, 
from the use of improved septa in the cells.
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10. Appendix 1 
U.S. Law of 1894, 53d Congress, 28 Stat., Ch. 131, p. 102 (Public-No. 105)

An Act To define and establish the units of electrical measure
Be it enacted by the Senate and House of Repre 

sentatives of the United States of America in 
Congress assembled, That from and after the pass 
age of this Act the legal units of electrical measure 
in the United States shall be as follows:

First. The unit of resistance shall be what is 
known as the international ohm, which is sub 
stantially equal to one thousand million units of 
resistance of the centimeter-gram-second system 
of electro-magnetic units, and is represented by 
the resistance offered to an unvarying electric cur 
rent by a column of mercury at the temperature of 
melting ice fourteen and four thousand five hundred 
and twenty-one ten-thousandths grams in mass, of 
a constant cross-sectional area, and of the length

of one hundred and six and three tenths centi 
meters.

Second. The unit of current shall be what is 
known as the international ampere, which is one- 
tenth of the unit of current of the centimeter-gram- 
second system of electro-magnetic units, and is 
the practical equivalent of the unvarying current, 
which, when passed through a solution of nitrate 
of silver in water in accordance with standard 
specifications, deposits silver at the rate of one 
thousand one hundred and eighteen millionths of 
a gram per second.

Third. The unit of electro-motive force shall be 
what is known as the international volt, which is 
the electro-motive force that, steadily applied to a
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conductor whose resistance is one international 
ohm, will produce a current of an international 
ampere, and is practically equivalent to one thou 
sand fourteen hundred and thirty-fourths of the 
electro-motive force between the poles or electrodes 
of the voltaic cell known as dark's cell, at a tem 
perature of fifteen degrees centigrade, and prepared 
in the manner described in the standard 
specifications.

Fourth. The unit of quantity shall be what is 
known as the international coulomb, which is the 
quantity of electricity transferred by a current of 
one international ampere in one second.

Fifth. The unit of capacity shall be what is 
known as the international farad, which is the ca 
pacity of a condenser charged to a potential of one 
international volt by one international coulomb of 
electricity.

Sixth. The unit of work shall be the Joule, which 
is equal to ten million units of work in the cen 
timeter-gram-second system, and which is prac 

tically equivalent to the energy expended in one 
second by an international ampere in an interna 
tional ohm.

Seventh. The unit of power shall be the Watt, 
which is equal to ten million units of power in the 
centimeter-gram-second system, and which is prac 
tically equivalent to the work done at the rate of 
one Joule per second.

Eighth. The unit of induction shall be the Henry, 
which is the induction in a circuit when the electro 
motive force induced in this circuit is one inter 
national volt while the inducing current varies at 
the rate of one Ampere per second.

Sec. 2. That it shall be the duty of the National 
Academy of Sciences to prescribe and publish, as 
soon as possible after the passage of this Act, such 
specifications of details as shall be necessary for 
the practical application of the definitions of the 
ampere and volt hereinbefore given, and such speci 
fications shall be the standard specifications herein 
mentioned.

11. Appendix 2
Public Law 617 —81st Congress 

(Chapter 484 — 2 d Session) 
(S. 441)
AN ACT

To redefine the units and establish the standards 
of electrical and photometric measurements.

Be it enacted by the Senate and House of Repre 
sentatives of the United States of America in 
Congress assembled, That from and after the date 
this Act is approved, the legal units of electrical 
and photometric measurements in the United States 
of America shall be those defined and established 
as provided in the following sections.

SEC. 2. The unit of electrical resistance shall 
be the ohm, which is equal to one thousand million 
units of resistance of the centimeter-gram-second 
system of electromagnetic units.

SEC. 3. The unit of electric current shall be 
the ampere, which is one-tenth of the unit of current 
of the centimeter-gram-second system of electro 
magnetic units.

SEC. 4. The unit of electromotive force and of 
electric potential shall be the volt, which is the 
electromotive force that, steadily applied to a con 
ductor whose resistance is one ohm, will produce a 
current of one ampere.

SEC. 5. The unit of electric quantity shall be 
the coulomb, which is the quantity of electricity 
transferred by a current of one ampere in one 
second.

SEC. 6. The unit of electrical capacitance shall 
be the farad, which is the capacitance of a capaci 
tor that is charged to a potential of one volt by one 
coulomb of electricity.

SEC. 7. The unit of electrical inductance shall 
be the henry, which is the inductance in a circuit 
such that an electromotive force of one volt is

induced in the circuit by variation of an inducing 
current at the rate of one ampere per second.

SEC. 8. The unit of power shall be the watt, 
which is equal to ten million units of power in the 
centimeter-gram-second system, and which is the 
power required to cause an unvarying current of 
one ampere to flow between points differing in 
potential by one volt.

SEC. 9. The units of energy shall be (a) the 
joule, which is equivalent to the energy supplied 
by a power of one watt operating for one second, 
and (b) the kilowatt-hour, which is equivalent to 
the energy supplied by a power of one thousand 
watts operating for one hour.

SEC. 10. The unit of intensity of light shall be 
the candle, which is one-sixtieth of the intensity 
of one square centimeter of a perfect radiator, 
known as a "black body", when operated at the 
temperature of freezing platinum.

SEC. 11. The unit of flux of light shall be the 
lumen, which is the flux in a unit of solid angle 
from a source of which the intensity is one candle.

SEC. 12. It shall be the duty of the Secretary of 
Commerce to establish the values of the primary 
electric and photometric units in absolute measure, 
and the legal values for these units shall be those 
represented by, or derived from, national reference 
standards maintained by the Department of 
Commerce.

SEC. 13. The Act of July 12, 1894 (Public Law 
Numbered 105, Fifty-third Congress), entitled "An 
Act to define and establish the units of electrical 
measure", is hereby repealed.

APPROVED July 21, 1950.
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12. Appendix 3 

Standard Cells with Deuterium Oxide

The electromotive forces of saturated standard 
cells, made with deuterium oxide and normal water 
follow:

Percentage of D2 O in the water 0.02 a 
10 
20 
30 
40 
50 
60 
70 
80 
90

100 (extrapolated from 
98 percent)

Emf at 20 °C,* volts 
1.018603 
L018567 
L018531 
L018495 
1.018459 
1.018423 
1.018384 
1.018344 
L018301 
1.018255 
1.018204

"—Normal water contains 0.02 percent deuterium oxide.
* — Original data were reported in international volts and have here been 

converted to absolute volts.

These cells were made with crystals of cadmium sulfate in 
equilibrium with the respective solutions. This was accom 
plished by saturating each solution with anhydrous cadmium 
sulfate; the crystals that separated from the solution were then 
in equilibrium with the saturated solution. The solutions were 
then made 0.035 to 0.042 N with respect to sulfuric acid; the above 
emfs are reported on a uniform basis of 0.04 N.

Cadmium sulfate is about 8 percent less soluble in heavy water 
than in normal water in the temperature range of 0 to 60 °C. 
This comparison follows:

Temperature C

CdSO4 -8/3 aq«

CdSCVaq*

0
5
10
15
20
25
30
35
40
45
50

45
50
55
60

Moles CdSCX per mole water

normal water b

0.06546
.06555
.06566
.06580
.06600
.06627
.06663
.06710
.06773
.06857
.06955

.06797

.06659

.06522

.06385

heavy water

0.06026
.06033
.06042
.06055
.06073
.06097
.06130
.06174
.06232
.06311
.06415

.06326

.06181

.06037

.05893

" — here aq means either HjO or DjO. 
"—contains 0.02 percent heavy water.

Studies of the changes in the difference between the emf of 
cells made with normal and heavy water with time have given 
supplemental evidence on the stability of the National Reference 
Group of Standard Cells. These studies have shown that this 
difference is within the spread, namely, 0.05 /tiV/year, discussed 
under item (1) on maintenance in section 2.3. However, cells 
made with heavy water have not, to date, shown the same 
internal consistency as those made with normal water, i.e., 
individual cells show greater day-to-day variations in emf than 
normal water cells.

13. Appendix 4
Coulometer (Smith form) measurements* by the United States in the Physikalisch-Technische Reichsanstalt at Charlottenburg, 1931

Item

A
B
C
D
E
F
G
H
J
K
L
M

Experiment Number**

1

4.09189
4.09172
7230.00
1.999989
0.000005
1.018301
1.018301
1.012582
1.018259
0.000011
1.018116
1.018187

2

4.09328
4.09317
7199.85
1.999973
0.000005
1.018429
1.018430
1.017114
L018390
0.000011
1.018299
1.018370

3

4.09600*
4.09591
7200.06
1.999973
0.000005
1.018411
1.018402
1.018145
1.018694
0.000014
1.018234
1.018305

4

4.08556
4.08543
7199.84
1.999975
0.000005
1.018336
1.018336
1.015176
1.018296
0.000014
1.018229
1.018300

5

4.08615
4.08621
7200.01
1.999973
0.000005
1.018334
1.018334
1.015326
1.018293
0.000013
1.018220
1.018291

7

4.10120
4.10123
7200.16
1.999971
0.000005
1.018331
1.018330
1.019020
1.018288
0.000015
1.018238
1.018309

8

4.09495
4.09507
7200.06
1.999975
0.000005
1.018328
1.018328
1.017458
1.018283
0.000013
1.018266
1.018337

9

4.09105
4.09110
7199.84
1.999981
0.000005
1.018332
1.018330
1.016712
1.018283
0.000013
1.018070
1.018141

10

4.16814
4.16824
7320.05
1.999985
0.000005
1.0 18334
1.018332
1.018796
1.018286
0.000012
1.018144 ave = 1.0 18202
1.018215 ave= 1.018273

•Electrical measurements made in PTR units; (USA —PTR) ohm = 9 ppm; (USA —PTR) volts = — 61 ppm.
**Experiment Number 6 was conducted with a porous-cup coulometer, therefore, not included. 
A — weight of silver deposit in one coulometer, grams. 
B —weight of silver deposit in second coulometer in series with A, grams. 
C —time of electrolysis, seconds. 
D — resistance R of standard resistor, ohms. 
E —correction for resistance owing to leads, etc., ohm. 
F —average emf of control cell at 20 °C, volts. 
G —emf of control cell at 20 *C at end of run, volts. 
H — //? in standard resistor, volts; / is current in amperes. 
J —emf of German reference cell at 20 *C, volts.

K —correction to J to give mean value of Kleiner Stamm (primary volt standard of Germany), volt. 
L —German value of selected cell at 20 °C; given by

[\ 2
D

volts

M-USA (USA units) value of selected cell at 20 °C; given by

M = 1.000070/, volts, since (US A-PTR) ohm = 9 ppm and (USA-PTR) volts = -61 ppm
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14. Appendix 5
Constant-Temperature Oil Baths

Constant-temperature oil baths of the type used 
to maintain the National Reference Group of Stand 
ard Cells at a constant temperature were shown in 
figure 2. In this appendix a general description of a 
typical bath is presented. A circular bath of stain 
less steel or nickel-plated copper, about 75 cm in 
diameter and 45 cm deep, may be used (all other 
metal parts are also of steel or nickel-plated copper 
to prevent the possibility of galvanic corrosion). It 
is filled with oil (see Appendix 6) to a depth of about 
35-40 cm. The oil is stirred by a centrally located 
two-blade agitator which produces an upward and 
rotary circulation. The agitator (9) is about 48 
cm in length, 5 cm wide, 0.3 cm thick, has a pitch 
of 20° and rotates at about 45 rpm. It is supported 
on a shaft (1) which is supported in ball bearing 
housings at the bottom and top of the bath (the one 
at the top is supported in a metal slab (3), about 10 
cm wide and 0.3 cm thick, which rests on the central 
top edges of the bath. A drip cup (4) is placed on 
the shaft at the position shown to collect any grease 
that may flow down the shaft from the ball bearing 
housing. To guide the direction of oil circulation 
a metal baffle (5), 25 cm in height, is placed in the 
bath in the position shown in figure Al. This baffle 
extends to 10 -cm of the bottom of the bath and 
slightly above the agitator. This baffle serves

also to protect the cells from direct influence of 
the heating element and the cooling coils.

Heating is supplied by a heating coil (8) of bare 
manganin wire wound on a Pyrex rod having a 
diameter of 1 cm. This rod is supported about 5 
cm above the bottom of the bath by glass supports 
and circles the bath; its position is clearly shown 
in figure Al. The heating coil has a resistance of 
90 ohms and operates on 110-V d-c supply. A 
bank of four incandescent lamps in parallel is 
included in the heating circuit; two lamps operate 
intermittently during control while two operate 
continuously, i.e., some heating is provided con 
tinuously and some intermittently. Cooling coils 
(7), (11), as shown, are also provided. Through 
these coils flow oil of the same type as used in 
the bath. These coils are connected to similar 
coils in the freezing compartment of a refrigerator 
and the required cooling is attained by controlling 
the rate of oil flow. Cooling by this means is re 
quired only in emergencies or when tests of stand 
ard cells are made at temperatures below room 
temperature. The temperature of the bath is 
determined by a platinum resistance thermometer 
and a Mueller bridge; the thermometer is supported 
at the position (2) shown in the figure. The lamps 
in the circuit also aid an operator in determining 
when the bath has attained a peak temperature 
(one reading on Pt resistance thermometer) and a

FIGURE Al. Cross-sectional sketch of a constant-temperature oil bath used at the
National Bureau of Standards.

1 — Agitator shaft 7 — Cooling coils
2 —Thermometer mount 8 —Heater
3—Center plate 9 — Agitator
4—Drip cup 10—Mercury-toluene regulator
5 —Baffle 11 —Cooling coil connector
6- Cell rack 12 - Fenwall thermos witch
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lower temperature (second reading on Pt resistance 
thermometer) and thereby determine the mean 
temperature of the bath (the period between peak 
and low temperatures is about 15 sec).

A mercury-toluene regulator (10) is used as the 
temperature-control element. It consists of a 
reservoir in the form of a rectangle, 40 cm on an 
edge, made of thin-walled Pyrex tubing, 1.5 cm in 
diameter, containing the thermometric, substance 
(toluene), the volume changes being transmitted by a 
U-shaped connecting tube filled with mercury to a 
vertical capillary as shown in the figure. The Li- 
shaped connecting tube is provided with a down 
ward extension from the toluene reservoir to allow 
for expansion and contraction of the toluene thereby 
preventing the toluene from reaching the capillary. 
The capillary is about 1 mm in diameter and 8 cm 
long and the adjustable electrical contact to the 
mercury is made with a steel piano wire. The 
permanent electrical terminal to the mercury is

made through a seal about 4 cm below the capillary 
tube. This terminal is connected to the electro 
magnet of a sensitive 150-fl relay, whereas the 
adjustable terminal is connected to one terminal of 
a long-life Lalande battery of 2.5 volts; the other 
terminal of this battery is connected to the elec 
tromagnet. The secondary of the relay is in the 
110-volt d-c heater circuit. The regulator is sup 
ported on the baffle about 10 cm from the bottom of 
the bath. The capillary extends above the oil and 
is therefore, exposed to the air; this exposure, how 
ever, does not cause a significant error in regulation. 
A Fenwall thermoswitch (12) is included in the heat 
ing circuit as a precaution in case the regulator does 
not function; this thermoswitch opens the heating 
circuit at a preset value, usually 1 °C, above the 
temperature at which the bath is controlled. The 
standard cells are mounted in the bath on the metal 
rack (6) in the manner described in the text (sec. 2.3). 
Other details on the bath are shown in figure Al.

15. Appendix 6

Oil for Constant-Temperature Baths

The quality of the oil in which standard cells are 
submerged is of considerable importance, and for 
this purpose a white mineral oil with the following 
specifications is used: 
Colorless, odorless, tasteless; 
Viscosity, in poises at 25 °C, 0.245*; 
Specific gravity, 25 °C, 0.846; 
Flashpoint, 171 °C (340 °F); 
Burning point, 207 °C (405 °F);

Acidity (mg KOH/gm oil), none; 
Sulfur, none; 
Oxidation number, 0; 
Gum, on heating in oxygen, none; 
Discoloration, on heating in oxygen, slight orange. 
*Sufficiently low as to make the stirring effective. 

In addition this oil, when new, has a resistivity 
of about 3 X 1014 ohm-cm or higher.

16. Appendix 7

Constant-Temperature Enclosure for 
Saturated Standard Cells

The Mueller-Stimson temperature-control box 
for saturated standard cells was described in gen 
eral terms in section 5.4. In this appendix more 
details are given. In this control box, the tem 
perature of an outer aluminum case is automatically 
controlled by a conventional mercury-in-glass 
thermoregulator. A second aluminum case, inside 
the first and thermally well insulated from it, con 
tains five saturated standard cells. The inner 
case assumes a temperature very nearly the time 
average of that of the outer case. The inner case 
is 35/g in. long, 23/4 in. wide, and 4 in. deep inside. 
This case is a casting with V4-in. walls and 3/s- 
in. bottom. A V4-in.-thick cover is secured to the 
casting by numerous screws to improve thermal 
contact. The inner case is spaced within the outer 
one with x/2 in. balsa wood on all six sides. The 
outer case is also a casting, with 3/e in. sidewalls 
and ¥2 in. bottom. A cover of sheet 3/s-in. alumi 

num is secured to the top by screws. The endwalls 
of the casting are plane on the inside and cylin 
drical on the outside, the thickness at the edges 
being 3/s in. and 3/4 in. at the middle; this extra 
thickness at the middle provides space for a vertical 
hole, 15/32 in. in diameter and 6 in. deep, to ac 
commodate the thermoregulator at one end and a 
smaller hole to accommodate a thermometer at 
the other end.

The outer case is insulated with a layer of balsa 
wood 1 in. thick on the sides and bottom and 2 in. 
thick on the top. The pieces of balsa wood fit 
neatly into an outer wooden box. This box is of 
sufficient size to provide a compartment at one end 
to house a transformer, relay, and binding posts 
for the necessary connections. These accessories 
are mounted on a wooden panel which slides in 
vertical grooves in the sides of the box. The out 
side dimensions of the box are 8 by 13 in., by 10 
in. deep, and its weight, complete, is 22 Ib. A 
horizontal section of the control box is shown in 
figure A2.
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FIGURE A2. Horizontal sketch of Mueller-Stimson temperature- 
controlled box.

The standard cells are mounted on balsa wood of 
appropriate size. No. 28 (0.013 in.) insulated cop 
per wire, 4 ft. in length, is used for connections to 
the cell terminals. About one-third of this length 
is formed in a helix which is kept inside the inner 
case and another one-third is placed between the 
inner and outer cases. The wires are brought 
through the cases in smoothed saw cuts in the upper

edges of the sides and insulated additionally with 
silk and glyptal whereby good thermal contact 
with the metal cases is assured. These thermal 
tiedowns and lengths of wire reduce heat conduc 
tion to a negligible amount. Sheets of mica are 
placed on the surfaces of the aluminum cases, 
adjacent to the connecting wires, to protect them 
against accidental electrical grounding. Outside 
the outer case the wires are brought to binding 
posts supported on a hard-rubber strip; the positive 
terminal is placed on one side of the box, the nega 
tive on the other.

The thermoregulator is an adjustable mercury-in- 
glass type with a bulb 4 in. long about 15/32 in. in 
diameter, and 8 in. long. It is covered with grease 
to assure good thermal contact to the reservoir 
into which it fits.

The heating resistor, No. 38 (0.004 in.) constantan 
wire, has a resistance of about 70 (1 and is wound 
in four turns on the sides and ends of the outer 
aluminum case on silk fabric. One turn is placed 
near the top edge and another near the bottom edge 
of the case. It operates on 20 V. A small, quick- 
acting 12-V a-c relay operating on about 0.05 A is 
used. Power for the heater and relay is supplied 
by a bell-ringing transformer rated at 50 W.
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