
N. W. Bld^ 

s^o liig NBS CIRCULAR SJ/ 

Reference book not to b~ 
rafter) ffo-i fta L||,fgjy_ 

Extension and Dissemination of the 

Electricai and Magnetic Units 

by the Nationai Bureau of Standards 

UNITED STATES DEPARTMENT OF COMMERCE 

NATIONAL BOREAO OF STANOANDS 



Related Publications of the National Bureau of Standards 

Announcement of Changes in Electrical and Photometric Units 

A report of new international agreements, adopted January 1, 1948, on units of electricity and light. 
International electrical units were in use for over 50 years. Since the latest previous adjustment in 

1912, the increasingly close connection between various physical constants has made desirable the use 
of electrical units derived from the fundamental mechanical units of length, mass, and time. 

The system of photometric measurements is admittedly arbitrary because of the psychological 
factors involved. However, it represents a worldwide agreement on practical units not greatly different 
from those superseded. 

National Bureau of Standards Circular 459, 7 pages, 5 cents. 

Precision Resistors and their Measurement 

A systematic, practical discussion of the characteristics of precision resistance apparatus and of the 
National Bureau of Standards’ methods for measuring resistance, based largely on substitution procedures 
providing high accuracy. 

The circular contains chapters on resistance materials and construction methods, methods of com¬ 
parison of resistors, special apparatus for precision measurement, calibration of precision bridges, and 
resistivity of solid conductors. 

National Bureau of Standards Circular 470, 32 pages, 20 cents. 

Establishment and Maintenance of the Electrical Units 

An account of the history of the international system of electrical units, trends of development mak¬ 
ing them obsolete, and methods used in the measurements forming the basis for the new absolute units. 
The “international” system of electrical units, officially in operation from 1911 to 1947, was superseded 
by a system of “absolute” units. Records show that the units of some countries at times drifted nearly 
0.01 percent from the mean. 

National Bm*eau of Standards maintenance procedures are reported, and brief descriptions are 
given of current methods available for the absolute measurement of resistance and of current. This will 
be used in the future to check on the maintenance of the units. 

National Bureau of Standards Circular 475, 38 pages, 25 cents. 

An Absolute Measurement of Resistance by the Wenner Method 

A detailed description of the results of a method devised for independently checking the stability 
of the standard of electrical resistance in terms of length, time, and the permeability of free space. A 
change of a few parts in a million in the standards used to maintain the unit can be detected by means of 
the method. 

In 1929 a mutual inductor was constructed and its inductance accurately computed from its dimen¬ 
sions. By use of Wenner’s commutated direct-current method, resistance was measured in terms of this 
inductance and frequency. 

Dimensions of the mutual inductor were determined in 1938 and again in 1948. The change in 
inductance due to drifts in dimensions was compared with the difference in the electrical determinations 
made on the two dates. During the interval no appreciable change in the value of the Bureau’s standard 
ohm had occurred. 

National Bureau of Standards Research Paper 2029, 69 pages, 30 cents. 

Order all publications, with remittance, from the Supermtendent of Docmnents, U. S. Government 
Printing Office, Washington 25, D. C., at listed prices. 



UNITED STATES DEPARTMENT OF COMMERCE • Charles Sawyer, Secretary 

NATIONAL BUREAU OF STANDARDS • A. \'. Astin, Director 

Extension and Dissemination of the 

Electrical and Magnetic Units 

by the National Bureau of Standards 

Francis B. Silsbee 

National Bureau of Standards Circular 531 

Issued July 14, 1952 

For sale by the Superintendent of Documents, U. S. Government Printing Office, Washington 25, D. C. 

Price 25 cents 





Preface 

One of the primary functions of the National Bureau of Standards is the 

establishment, maintenance, and dissemination of units of measurement that 

shall be uniform thi'oughout the Nation and constant through the years. To 

meet the needs of industry in the electrical field, which is developing so rapidly 

in extent and in complexity, this duty has involved a continuous growth of 

staff and equipment and the improving of old methods of measurement and 

the inventing of new ones. 

A report of the stewardship of the National Bureau of Standards with 

respect to the establishment and maintenance of the fundamental electrical 

units of electromotive force and resistance is given in the Bureau’s Circular 

475, which describes both the older international system of electrical units 

and the present absolute system, which was put into effect to replace the older 

systerr on January 1, 1948. The present Circular carries the report further 

by showing how the other electrical and magnetic units are derived from these 

two, how the range of measurement is extended, and how the Bureau serves 

the electrical industry by determining the corrections for apparatus submitted 

for test. It is hoped that these brief descriptions of the methods that have 

been found effective in the laboratories of the Biu'eau will be a useful guide 

in the development of other laboratories that may have the duty of extending 

the measurement process. This general picture of the procedures by which 

accm’ate measurements are actually carried out should be helpful also to 

educators who wish to give their students a definite and correct understanding 

of the practical application of their teachings in the theory of electrical 

measurements. 

A. V. Astix, Director. 
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Extension and Dissemination of the Electrical and 
Magnetic Units by the National Bureau of Standards 

By Francis B. Silsbee 

Starting with the ohm and the volt as maintained by groups of standard resistors and 
cells, this paper describes the experimental processes by which the other electric and magnetic 
units, e. g., farad, henry, ampere, watt. Joule, gauss, and oersted are derived. It also de¬ 
scribes the series of steps by which the scales of measurement of resistance, direct and alter¬ 
nating current, and voltage are derived experimentally. Brief mention is made of the pro¬ 
cedures for the dissemination of these standards of measurement throughout the world by 
the calibration of standard electrical measuring apparatus. An extensive bibliography lists 
papers describing the measurement procedures in greater detail and serves as a historical 
report of the work of the National Bureau of Standards'll! the field of electrical measurements 
during its first 50 years. 

1. Introduction 

It is the purpose of this Circular to give an over¬ 
all picture of the sequence of measuring processes 
by which a self-consistent system of electrical 
units is built up in the laboratories of the National 
Bureau of Standards and thence disseminated 
thi*oughout the Nation. The branching chains 
of measiu’ement thus initiated may be considered 
as extending outward without a break from the 
groups of primary standard cells and standard 
resistors by which the units of voltage and of 
resistance are maintained from year to year, and 
as ending finally in the myriad measuring opera¬ 
tions thi'oughout the Nation, on the basis of which 
scientific research is conducted, manufactured 
articles are adjusted and inspected, electric energy 
is bought and sold, and industrial processes are 
precisely controlled. It is only as a result of this 
self-consistency that scientists in different labora¬ 
tories can talk in the same terms, that apparatus 
formed by components manufactured in different 
places at different times can be expected to func¬ 
tion properly, that competing sources of energy 
can be fairly compared, and that complex indus¬ 

trial operations will consistently yield a product 
of constant quality. 

Although many links in this network of measure¬ 
ment are welded in remote laboratories, the Na¬ 
tional Bureau of Standards has exerted for the 
past 50 years a very significant influence on the 
development of the system, both directly by its 
testing service and by the invention of new meth¬ 
ods of measurement, and indirectly by example 
and precept. The particular experimental meth¬ 
ods described herein are primarily those used in 
the Bureau laboratories, but to a large extent the 
same or closely sunilar methods are used elsewhere. 
The following paragraphs show the points of con¬ 
tact of the Bureau with the industrial world in 
more detail. The extensive bibliography gives 
references in the field of electrical measurements, 
not only to technical papers originating with the 
Bmeau staff, but also, on occasion, to other note¬ 
worthy publications in this field. 

The extension of measurements into the radio 
field has not been included in this Circular because 
the methods used at these higher frequencies con¬ 
stitute a quite distinct discipline. 

2. Fundamentals 

By international agreement [4, 6]^ the official 
basis for electrical measm’ements throughout the 
world is the system of practical absolute electrical 
units. These units developed historically as con¬ 
venient decimal multiples of the units of the 
centimeter-gram-second electromagnetic system, 
but they also form the electrical part of the self- 

• Figures in brackets indicate the literature references at the end of this 
paper. 

consistent meter-kilogram-second-ampere, or Gi- 
orgi, system of imits. 

The experimental processes by which these units 
are established in terms of length, mass, time, and 
the conventionally assumed constant /Up, usually 
designated ‘‘permeability of space'’ are called 
“absolute measurements.” 

Because of the importance in such measure¬ 
ments of ready access to highly accurate stand¬ 
ards of length, mass, and time, and because of the 

1 



long, tedious, and therefore expensive, observa¬ 
tional programs required if significant accuracy 
is to be attained, the burden of periodic determi¬ 
nations of this nature rests almost entirely on the 
few larger national standardizing laboratories of 
the world. Of the many theoretically possible 
forms of absolute electrical measurement, two 
types of experiment have so far shown the great¬ 
est possibilities for high accuracy and, except in 
certain very special circumstances that will be 
noted later, are universally used [17, 36]. 

The first of these experiments involves the con¬ 
struction of a standard of self- or of mutual in¬ 
ductance, the geometrical configuration of which 
is such that (1) its significant dimensions can be 
directly and accurately measured [45, 46, 47] and 
(2) its inductance can be calculated precisely 
from these measured values [142, 148, 149, 47]. 
As a preliminary for such procedures. Dr. E. B. 
Rosa and his colleagues, in the early years of the 
Bureau, carried on an extensive theoretical exam¬ 
ination of the various available formulas for in¬ 
ductance and published a number of papers [132 
to 141] in this field, the major results of which 
are summarized in [135]. A large volume of 
later work was done by Dr. Chester Snow and 
others [142 to 159], the results of which are, of 
course, applicable to the computation of the in¬ 
ductances of various circuit configurations for 
many other purposes, as well as for absolute 
measurements. After the value of the inductance 
of a standard inductor in absolute henries has 
been computed, an experiment is performed by 
which the value in absolute ohms of the resistance 
of a standard resistor is obtained in terms of the 
reactance of the standard inductor at the known 
frequency used in the experiment. The net 
result of the whole process is usually called an 

absolute measurement of resistance.’’ At the 
National Bureau of Standards two completely 
independent procedures have been used for this 
purpose, one [38,39] starting with a self inductor 
and the other [47] with a mutual inductor. The 
two final results differed by only 12 ppm (parts 
per million). The second of these procedures has 
proved so convenient that it is planned to make 
fairly frequent (perhaps annual) electrical com¬ 
parisons between the standard resistors and the 
standard mutual inductor. It is hoped that 
any secular changes in the dimensions of the in¬ 
ductor will be so slow that the tedious mechanical 
measurements of its dimensions need be repeated 
only at intervals of ten years or more. 

The second type of experiment is the absolute 
measurement of current by the use of a current 
balance [40, 41, 42]. This is an instrument by 
which it is possible to weigh accurately the me¬ 
chanical force that is exerted between two coils 
as a result of the electric currents in them. The 
relation between the force and the current can 
be calculated by fundamental electromagnetic 
theory and is expressible by formulas that involve 
only the geometrical shape, but not the absolute 

size, of the coil system. After such a current : 
balance has been constructed and its shape deter- ’ 
mined by suitable measurements, it is connected ' 
in series with a resistor, the resistance of which * 
is known in absolute units by reference to the I 
former type of experiment. - 

The current is adjusted until the change in force 
that results when the current in one coil is reversed 
is balanced by the change in loading when a known 
weight is added to one pan of the balance. At 
the same time the potential drop produced by the 
current in the known resistor is compared with the 
electromotive force of a standard cell. By this 
process, a value in absolute volts is obtained for I 
the electromotive force of the cell. The cell then 
serves to preserve the result of the experiment for 
future use. Such an experiment is usually called 
an “absolute measurement of current,” although 
the final result is the assignment of a value in 
absolute volts to a standard cell. Coils of a con¬ 
siderable variety of shapes and construction have 
been used in the current balance at the National 
Bureau of Standards, and, as a further check 
against systematic errors, it is planned to use a 
radically different form, the Pellat [44, 145] 
balance, in the near future. 

Figure 1. Experimental establishment at the National 
Bureau of Standards of the primary electrical units by 
absolute measurements. 

The rectangles represent physical standards embodying the corresponding 
units, the circles represent experimental procedures with their associated 
apparatus used in the measurements. The lines indicate the passage of 
units and numerical values. The transfers to Washington of the foreign 
values for g were made by the U. S. Coast and Geodetic Survey, using 
“invariable pendulums.” 



The relations of these absolute measurements 
to the basic mechanical standards are indicated 
by the block diagram of figure 1. It will be noted 
that the local value of the acceleration of gravity, 
g, enters into the computation of force from mass, 
and that the value used is based upon three 
independent determinations [31, 32] made at 
Potsdam, Washington, and Teddington. 

These absolute measurements give results in 
electromagnetic units. An early research was 
devoted to a precise determination of the ratio of 
the units of this system to those of the electro¬ 
static system. For this purpose. Rosa and Dorsey 
[28, 29, 30] used a group of capacitors of such shapes 
that their capacitances could be computed in 
electrostatic units from their mechanical dimen¬ 
sions. They then measured their capacitances by 
electromagnetic methods at frequencies of a few 
hundred cycles per second. The ratio was found 
to be in very satisfactory agreement (at least to 1 

in 10^) with the velocity of light measured at 
optical frequencies. 

The units realized by these absolute measure¬ 
ments are preserved by a group of 10 manganin 
standard resistors of the Thomas double-walled 
type [66, 67] and a group of 25 saturated cadmium 
standard cells (16 neutral and 9 of the 0.05-rormal 
acid type). The standards of either group are 
intercompared at intervals, and following each 
intercomparison slightly revised values are as¬ 
signed to the individual standards, on the assump¬ 
tion that the mean value of the group has not 
changed during the interval [6]. Certain of the 
standards are used during the intervals as the 
reference standards for the calibration of other 
resistors and cells that constitute the Bureau’s 
working standards. As shown in the following 
sections, the values of the other electrical units are 
derived from the ohm and the volt as thus main¬ 
tained. 

3. Derivation of Other Units 

The many electric and magnetic quantities used 
in science and engineering, such as current, in¬ 
ductance, capacitance, and magnetic flux, are all 
connected with each other and with mechanical 
quantities by the science of electromagnetism to 
form a closely linked structure of exact mathe¬ 
matical relations. Similarly, the various units, 
such as the ampere, henry, farad and weber, in 
terms of which these quantities are measured, are 
also linked by a parallel structure of exact defi¬ 
nitions. Starting with any group of independent 
units, chosen as fundamental, it is possible to 
derive definitions for all the other units by suc¬ 
cessively applying the appropriate mathematical 
relations. Both the selection of the fundamental 
units and of the particular order in which the 
various derived units are successively defined can 
be made arbitrarily. The choice is determined by 
taste or convenience and may well differ according 
to the purpose for which the definitions are to be 
used. Thus the sequence chosen by a college 
professor for teaching a course in electrical meas¬ 
urements may well differ from the sequence offered 
by the International Committee on Weights and 
Measures “as a guide for the wording of legislation” 
[6, p 36]. 

The limitations and exigencies of practical ex¬ 
perience have led to the use of still other sequences 
in the laboratory. In nearly all electrical meas¬ 
urements, resistance and voltage are among the 
fundamental quantities chosen, because their units 
can be readily embodied and preserved in standard 
resistors and standard cells. In this section of the 
Circular, the particular, and sometimes rather 
devious, sequences normally used in the electrical 
testing work at the Bureau are described in some 
detail. For some quantities, different parts of the 
full range of measurement are derived independ¬ 

ently by different sequences from the fundamental 
units. 

Figure 2. Establishment and extension of capacitance 
measurements. 

The dotted lines indicate the approximate limits of the range over which 
the severel types of standards and me^;hods of measurement are useful. 
The total range from 0.0001 M^f to lOO/if involves a factor of 1,000,000,000,000. 



3.1 Capacitance 

The unit of capacitance is derived from the 
ohm and the second as indicated by the block 
diagram m figure 2. Standards of capacitance are 
measured by a Maxwell commutator bridge [108]. 
Its circuit i§ shown schematicalh’ in figure 3. 

Figure 3. Maxwell commutator bridge. 

The capacitance, C, is measured in terms of the resistances of the bridge 
arms and the kno^ra frequency of the vibrating contactor, which alternately 
charges C by way cf the resistance, /?, and discharges it through r. 

The contactor, which alternately charges and dis¬ 
charges the capacitor, is operated by a timmg fork 
driven at frequencies of 100 or 1,000 c/s by a 
multivibrator. This multivibrator is coupled to 
the 100 kc/s quartz oscillators which constitute 
the XBS standard of frequency [25]. The three 
resistance arms of the bridge may range in value 
from 10 to 10^ ohms, dependmg on the value of 
the ah capacitor to be measm’ed. This process is 
used to assign values of capacitance to a group of 
fixed air capacitors shown in figure 4, which can be 
connected in parallel with each other and with an 
adjustable capacitor which has a range from 50 to 
1,500 jiixi. This combination of ah capacitors can 
be used as a standard for any value of capacitance 
from 50 /xyuf to 0.26 ^f- They are useful over a 
vfide range of frequency, provided certain correc¬ 
tions for the self-inductance of the capacitors and 
their leads are made at the higher frequencies. 

Occasionally an independent check of the miit 
of capacitance is obtained by using a Maxwell- 
Wien a-c bridge to determine capacitance in terms 
of resistance and the primary computable stand¬ 
ards of self- or of mutual inductance. The values 
derived by the two methods agree within 0.002 

Figure 4. Standard air capacitors. 

Unit at left has a continuously adjustable section. Cover of spare unit is 
removed to show interleaved square plates and supporting rods. Only a.few 
of the 21 fixed units are shown. 

percent. This operation is the inverse of the use 
shovm for the Maxwell-Wien bridge at the left in 
figure 1. 

A commercial highly precise capacitance-con¬ 
ductance bridge [116] used in connection with 
these standard ah capacitors serves to measure 
other capacitors having either ah or solid dielec¬ 
tric in the range 10 piA to 1.11 pi. This com¬ 
pletely shielded bridge has two equal fixed resist¬ 
ance arms and an adjustable admittance arm 
readmg dhectly in capacitance up to 1.11 pi and 
in conductance up to 1,111 micromlios. This 
bridge may be used either as a comparison bridge, 
in which case its calibration is checked against 
the standard air capacitors, or it may be used in 
a substitution rciethod using the air capacitors as 
standards. Normally frequencies from 200 c/s to 
150 kc/s are used, but with special external detec¬ 
tors, measm'ements are possible dovm to 30 c/s. 
A number of fixed and decade groups of mica 
capacitors with a total capacitance of 10 pi [106, 
109] are calibrated from time to time at a par¬ 
ticular frequency by the type 12 bridge, and are 
occasionally used at the same frequency in an 
improvised Schering bridge for measm'ements of 
other solid-dielectric capacitors up to 100 pi. 

To cover the range of extreme!}^ low capaci¬ 
tances, such as the interelectrode capacitance of 
electron tubes, an independent procedure has been 
developed [112, 115], based on the construction 
of capacitors of such shape and size that their 
capacitance can be computed accurateh’ from theh 
measured dimensions. These capacitors are either 
parallel-plate units of the conventional Kelvin 
guard-ring type or of a form referred to as the 
“guard-well” type, in which the guarded “island” 
electrode lies at the bottom of a cjdindrical opening, 
or “well”, in the guard ring (see fig. 5). They 
range in value from 0.001 to 5 ppi. 
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Figure 5. Cross section of standard capacitor of the guard- 
well type. 

F, Guarded electrode, supported by an insulator of low expansion glass, 
J; E, high-voltage electrode; G, H, parts of guard ring. If the depth, d, of 
the well is greater than its radius, a, the direct capacitance between E and F 
is very much smaller than if F is flush with the lower surface of H. 

Auxiliary standards used in this range include 
(1) an adjustable capacitor of the guard-well type, 
in which the island electrode can be adjusted by 
a micrometer screw to any desired depth in the 
well, thus securing a working range 0.1 api down 
to 0.001 ppi, (2) an adjustable capacitor of a 
modified Zichner type with a movable septum 
between the electrodes by which the direct capaci¬ 
tance can be varied from 0.3 ppi down to zero 
when the aperture in the septum is closed; (3) 
a decade group of 0.1 ppi units, the direct capaci¬ 
tance of any unit of which can be reduced to 
zero by inserting a grounded septum between its 
electrodes; and (4) a similar group of 0.01 ppi units. 

By the substitution of these standards in the 
AT-arm of a commercial direct-capacitance test set 
having inductive ratio arms with a fixed 1:1 ratio, 
and a fixed fourth arm, they may be intercompared 
at 465 kc/s, and other standards of direct capaci¬ 
tance up to 5 ppf can be measured. It is also 
possible to step down from standards of higher 
value with a shielded Schering bridge to 5 ppi, 
and at this level the two procedures have been 
found to agree within 0.05 percent. The value 
derived by extending this step-down process to a 
0.1-u/if capacitor was found to differ from the 
value derived independently from the computable 
standards by less than 0.1 percent. Because of 
these close agreements, in the range of overlap, 
no significant inconsistencies can arise anywhere 

in the range of capacitance, in spite of the inde¬ 
pendent bases on which the two ends rest. 

The unit of dielectric constant for solid dielec¬ 
trics is derived from the standards of capacitance 
by combining the electrically measured capacitance 
of a specimen with its mechanical dimensions. 
The capacitance is measured at frequencies from 
60 c/s to 200 kc/s in a shielded Schering bridge 
(see fig. 6) that has been calibrated in terms of 
the standard air capacitors. A major complica¬ 
tion arises from the fringing of the electric field 
at the edges of the specimen, and a number of 
approximate working formulas have been devel¬ 
oped for correcting for such effects [114]. With 
these edge-correction formulas, the accuracy is 
about 1 percent. For higher accurac}’, the guard¬ 
ring technique is used. The area of the specimen 
is readily computed from its scaled dimensions, 
and the accuracy is usually limited by the measure¬ 
ment of thickness. When feasible, this is deduced 
from measurements of the mass, density, and area 
of the samples. Under the best conditions, 
results are repeatable to 0.1 percent. 

Another method for minimizing edge effects 
[117] is that of placing a 2-inch-diameter disk of 
the dielectric in a micrometer electrode holder. 
A capacitance measurement is made with the 
specimen in place and another with it removed. 
Either the electrodes may be moved closer together 
by a measured amount to give the same value 
of capacitance for the second measurement, or 
they may be left at the same spacing and the new 
value of the capacitance measured. 

Standards for the measurement of loss factor 
in capacitors and dielectrics are usually air 
capacitors. Studies have shown that such appa¬ 
ratus may have a loss factor as large as 1X10“^, 
and that if accuracies of 1X10~® are needed, a 
more precise standard is required. By combining 

Figure 6. Modified Schering bridge and accessories for 
measuring dielectric constant and loss factor up to 200 hcjs. 

Oscillators are below, detectors above, micrometer electrode holder at left, 
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(lata obtained with (a) a capacitor of constant 
spacing and adjustable area and (b) a capacitor 
of constant area and adjustable spacing, a valid 
determination of the true zero of power factor can 
be obtained [110, 111]. 

Capacitors have recently come into use for 
measuring the very small direct currents encoun¬ 
tered in ionization measurements. Here very low 
absorption and leakage are essential qualities. 
The usual calibration procedure is to allow a 
known current to charge the capacitor for a 
measured time and to note the resulting voltage 
with an electrometer. The current is chosen so 
as to make the total charging time and the final 
voltage approximately the same as they will be in 
the future use of the capacitor. 

3.2 Inductance 

In the practical work of inductance measure¬ 
ment at the National Bureau of Standards it 
usually has been found more expedient to derive 
the henry from the ohm and the farad than to 
use directly the values computed from the dimen¬ 
sions of the large computable inductors constructed 
for absolute, measurements. These inductors are 
very bulky and hence have relatively large 
capacitance to ground and considerable electro¬ 
magnetic coupling to other circuits. They are 
wound with thick wire (0.7 mm) and would show 
appreciable skin'effect if used at high frequencies. 
However, they are very valuable for use occasion¬ 
ally to give an independent check on the accurac}’ 

c 

Figure 7. Maxwell-Wien bridge for inductance 
measurement. 

of measurement of inductances in the Maxwell- 
Wien bridge. 

The circuit regularly used to measure induct¬ 
ance is that of the Maxwell-W’ien bridge [17, p. 113] 
shown in figure 7. The a-c source is connected 
across hd and the detector (a vibration galvanom¬ 
eter for 60 c/s, a telephone receiver with suitable 
amplifier for 1,000 c/s, or an electronic null 
detector) is connected across ca. The adjustable 
capacitor, (\ may be either the group of air 
capacitors shown in figure 4, which has been 
calibrated directly by the Maxwell commutator 
bridge (A, figure 2) or a mica capacitor (B, figure 
2) calibrated by the type-12 bridge at the particular 
frequency at which the inductor is to be tested, 
usually 60 c/s or 1,000 c/s. This procedure is 
convenient for inductors from 1 fAi to 10 h, and 
gives results good to 0.01 percent over the middle 
of this range. 

Mutual inductances for use with alternating 
current and of ranges up to about 50 mh are 
regularH measured by the Curtis method [17, 
p. 117] with the circuit as shown, including the 
dotted lines in figure 7. With switch S closed to 
the right, capacitor C is adjusted to a value C^, 
which is a measure of L^. Switch S is then thrown 
to the left and C readjusted to a new balance at 
Cm- The mutual inductance is then computed 
from the relation 

M= {C^-Cm) R^BsRJiRs-CBd 

with further correction terms involving the 
residual inductances of the resistance arms. 

For inductors of larger value, or at higher 
frequencies where the effects of distributed capac¬ 
itance are larger, this method becomes impracti¬ 
cal. In such cases, the primary and secondary 
windings are connected in series, first aiding and 
then opposing, and the self-inductance of each 
combination is measured with a Maxwell-Wien 
bridge. If the observed values are La and Lq, 
respectively, and if Lp and Ls are the inductances 
of the primary and secondary windings measured 
separately. 

M- 

Lp ALs—Lc 

Any inconsistencies among these equations give a 
valuable indication of the order of magnitude of 
the effects of stray capacitance between the coils. 
It has been found that the values by the Curtis 
method agree most closely with those computed 
as (i^—Zo)/4. 

An independent basis for the measurement of 
mutual inductance is the use of a computable 
standard (Af==6.6 mli) mutual inductor formed 
by two interwound single-layer helices wound in 
a double thread on the surface of a porcelain form. 
With the two windings connected in series, 
‘^opposing” measurements may be made with 
good accuracy (0.01%) up to 1 kc/s. 
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Mutual inductors of the types used to calibrate 
the ballistic galvanometers employed in measuring 
the d-c properties of ferromagnetic materials (see 
sect. 3.4) are tested ballistically. For this pur¬ 
pose such inductors are compared with the large 
computable mutual inductor that was constructed 
primarily for the absolute measurement of resist¬ 
ance by the Wenner method [47]. To do this, 
the primary windings of the standard and test 
inductor are connected in series. Their secondary 
windings are connected in opposition and with two 
resistance boxes also in the series circuit. A 
galvanometer is bridged across between the 
junction of the resistance boxes and the junction 
of the two secondary windings. The resistances 
are then adjusted until the galvanometer remains 
balanced as the primary current is reversed. 
For this condition, the mutual inductances are 
proportional to the total resistance of the two 
parts of the secondary circuit. This method 
avoids any complications that might enter an 
a-c measurement because of capacitance in the 
windings. 

At low values of inductance, errors from the 
residual phase defects of the bridge arms may 
become appreciable. Hence, for the measurement 
of the residual inductances of nominally “non- 
inductive” two-terminal resistors [125, 126] it 
becomes essential to use a substitution method. 
In this a standard, the inductance of which can 

Figure 8. Development of units and standards for current, 
power, and energy on direct and on alternating current. 

be computed and the resistance of which is nomi¬ 
nally equal to that of the impedance under test, 
is substituted for the unknown in the X-arm of 
the bridge. Each of the computable standards 
for 10,000 and 1,000 ohms consists of a fine wire 
stretched down the axis of a brass tube about 5 
cm in diameter. For 100- and 10-ohm standards, 
parallel wires are used. The time constants 
(LjE) of these standards can be computed to 
1 X 10“^ sec. For still lower resistances four- 
terminal standards are used, either of the parallel- 
Avire, reflexed-strip, or coaxial-tube type [128, 129]. 
Some of the coaxial tube type have their potential 
leads inside the inner tube, whereas, others have 
them outside the outer tube. These four-terminal 
standards of inductance range in resistance from 
0.1 to 0.0002 ohm and in current rating from 10 
to 2,500 amp. 

3.3 Current, Power, and Energy 

The block diagram of figure 8 shows the deriva¬ 
tion of the units of current, power, and energy 
from those of resistance, voltage, and time. An 
electric current (if one excepts the persistent cur¬ 
rent in a superconducting circuit) is in the nature 
of things, a transitory affair, and a “standard 
ampere” cannot be preserved on a laboratory 
shelf as can a standard ohm. For the precise 
measurement of direct current the normal pro¬ 
cedure is to insert a known resistance, R, in the 
circuit and to compare the potential drop pro¬ 
duced in this resistance by the unknown current 
with the emf of a standard cell. This comparison 
is usually made with a potentiometer, but in rare 
cases, Avhere extreme accuracy is needed, special 
resistors are used of such value that the IR drop 
at the desired current is A^ery closely equal to the 
emf of the standard cell. Thus the circuit be¬ 
comes very simple, and errors from contacts, 
thermal electromotHe forces, and drift in an 
auxiliary potentiometer current are minimized or 
eliminated. With a potentiometer and suitable 
standard resistor, it is easily possible to measure 
a direct current much more accurately than with 
an ammeter. Thus indicating ammeters of the 
/10-, /4-, and lo-pw'cent-accuracy classes are readily 
tested, and the true values of current correspond¬ 
ing to a number of scale points are determined. 
Such ammeters can in turn be used to check amme¬ 
ters of lower accuracy and also to check recording 
instruments. 

The measurement of power in a d-c circuit, as 
for instance, in calibratmg a calorimeter, can be 
made most accuiately by using a potentiometer 
Avith an accessory shunt and volt box to measure 
the current and the Amltage of the circuit sep¬ 
arately and by then takiug then product. The 
checkmg of a wattmeter is done in the same way, 
except that in this case separate storage batteries 
are used to supply the current and the Amltage 
chcuits, as shoA\m in figure 9. With switch 
closed m either direction and with switch Sad 



Figure 9. Circuits for transfer testing a wattmeter. 

With switch Sad closed to the left, both the test wattmeter and the stand¬ 
ard transfer wattmeter are energized with direct currents from batteries- 
B\ and Bi. With switch Sad closed to the right, both wattmeters are ener¬ 
gized with alternating currents from the two coupled generators, Gi and Gi. 
Ammeters and voltmeters A a, Ad, TA, Vd indicate approximate x'alues of 
current and voltage for control and for setting power factor. Potentiometer 
gives more exact measm'es of d-c voltage and current for d-c calibrations. 
Switch Sret bj' reversing direction of currents in wattmeter circuits permits 
elimination of errors from the earth’s magnetic field. Voltmeter T'serves as 
electrostatic tie and as indicator of stray leakage between batteries and 
ground. 

closed to the left, the voltage cuTiiits of both the 
test wattmeter and the standard transfer watt¬ 
meter are energized by battery Bi, and the voltage 
is measured both by voltmeter Vr, and more 
accmately by the combination of the volt box, 
VB, and potentiometer (with switch Sp closed up¬ 
ward). The current circuit of the test watt¬ 
meter and of the standard transfer wattmeter are 
energized by battery B2, and the cmuent is meas¬ 
ured by ammeter Ad and more accurately by the 
combmation of the standard resistor, and the 
potentiometer. By this use of separate som’ces, 
it becomes possible to test a wattmeter of high 
range (many kilowatts) under its normal condi¬ 
tions of use, while consuming only a few watts in 
each of the two measm’mg ch'cuits. A worth¬ 
while precaution is to connect the two (otherwise 
insulated) cncuits at one point, near the low- 
voltage end of the voltage cAcuit, to elimmate 
any possibility of electrostatic forces affecting the 
position of the movable system. The use of a 
voltmeter {V, fig. 9) as such an ‘'electrostatic 
tie” gives warning of any serious leakage from one 
battery to the other via the ground. 

Electric energy is, of course, the integral of 
power with respect to time, and the normal way 
to test a d-c watthour meter is to mamtain, by 
using a potentiometer, a kno^vn and constant cm*- 
rent and voltage at its terminals for a measm'ed 
time. In the testing of portable watthom' meters 
("rotating standards”) the voltage and current 
are held constant, and the voltage chcuit is closed 
by a relay and opened automatically by a stepping 
relay after the lapse of a predetermined number of 
seconds (usually 100). For a "house-type” meter 
a photocell pickup counts the passages of the 

black spot on the meter disk and opens the circuit 
of a synchronous timer after a predetermmed 
integral number of revolutions. The timer, or in 
the case of the portable meter, the stepping relay, 
derives its time signals from a multivibrator 
operating in synclu'onism with the 100-kc standard 
quartz oscillators. 

The test of an a-c watthour meter is similar 
except that not only the magnitudes of the cur¬ 
rent and the voltage, but also the phase angle 
between them must be held constant. This is 
accomplished by using the special astatic electro¬ 
dynamic transfer wattmeter described in section 
4. This wattmeter is first standardized for a 
particular value of power using direct current 
and voltage, which are measured with a poten¬ 
tiometer. It is then connected with its current 
coil in series with the current circuit of the a-c 
watthour meter under test and with its voltage 
circuit in parallel with that of the watthour meter. 
The two circuits are then energized from separate 
transformers that are supplied from two coupled 
generators driven by a common motor. The cur¬ 
rent and voltage measured by an auxiliaiy am¬ 
meter and voltmeter are adjusted separately to 
the desired values b}^ control of the generator 
fields, and the stator of one generator is then 
shifted in angular position until the desired rela¬ 
tive phase of current and voltage is secured. This 
condition is indicated by the reading of the trans¬ 
fer wattmeter, which then gives the same reading 
as on the earlier d-c calibration. One observer 
then holds the transfer wattmeter at this constant 
reading by occasional slight readjustments of the 
field rheostats while a second observer counts and 
times the revolutions of the watthour meter as 
described above for d-c watthour meters. At the 
end of each "run” the d-c standardization of the 
wattmeter is repeated, and a small correction is 
applied if any drift in its calibration has occurred. 

This procedure is much more elaborate and time- 
consuming than those used by power companies 
in then routine testing of large numbers of meters. 
Its use is justified (a) because the XBS normally 
receives for test only master standards of high 
quality, by means of which many other meters 
are standardized, and (b) because the relatively 
small number but considerable variety of meters 
submitted would not justify a large investment 
in special automatic test equipment. 

In a project, currently active, it is planned to set 
up a group of standard a-c watthour meters that 
are to be standardized at long intervals b}^ the 
method just described and used as working stand¬ 
ards for the more convenient testing of other 
meters. Xo definite data are yet available on the 
practicability of this procedure. 

3.4 Magnetic Units 

The unit of magnetic flux, the weber, is derived 
from the hemy and the ampere, the latter in turn 
being derived from the volt and the ohm. The 
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procedure is to change, by a known amount, the 
current in the primary winding of a mutual in¬ 
ductor and to note the resulting deflection of a 
ballistic galvanometer, which, together with the 
test coil that is to be used in later measurements, 
is connected to the secondary winding of the 
mutual inductor. The value of the mutual in¬ 
ductance in henries is obtained by comparing the 
working inductor with a large standard computable 
mutual inductor. This computable standard has 
an inductance of about 11 mb, and the working- 
standard inductors range from about 2 to 50 mh. 
The value in amperes of the change in current is 
determined by a potentiometer, which compares 
the emf of a standard cell with the change in IR 
drop in a known resistor. The change, N^4), in 
flux linkages with the N turns of the secondary 
winding of the working standard inductor, which 
results from the change. A/, in the primary current 
is given simply by 

NA<f)=MM. 

For convenience, the primary current is merely 
reversed so that Al=2l. If I is in amperes and 
M is in henries, NA(t) is in webers. Normally 
the resistance of the complete secondary circuit 
(including all test coils) is adjusted so as to make 
the galvanometer scale direct reading [244]. 

The weber as thus established is used to measure 
the flux in test specimens in various types of per- 
meameter. The test specimen in a permeameter 
is surrounded by a of a known number 
of turns, which is connected in series with the 
secondary winding of the calibrating mutual in¬ 
ductor in the galvanometer circuit. A measured 
change in the magnetizing current in the perme¬ 
ameter produces a change in the flux linking the 
galvanometer circuit, and the resulting deflection 
measures the flux change. 

A measurement of the cross-sectional dimen¬ 
sions of the test specimen then permits the com¬ 
putation of the change in magnetic induction, 
AB=A4)IA. If A is in square meters, AB is in 
webers/meter ^ (myriagausses). This result multi¬ 
plied by 10^ gives the induction in gausses. 
Normally the area of the specimen and number of 
turns in the i?-coil are lumped with the other 
factors in the calibration of the galvanometer, so 
that the induction is read directly. 

Two distinct methods are used for establishing 
the unit of magnetizing force. ' In the older 
method, exemplified by the Burrows Permeameter 
[236, 249], the magnetomotive force is distributed 
around the magnetic circuit in proportion to the 
reluctance of the various portions so that all 
portions carr^’ the same flux and are at substan¬ 
tially the same magnetic potential. If this condi¬ 
tion is attained, the magnetizing force, H, at am^ 
section, such as the central portion of the test 
specimen, is directly computable from the current- 
turns per unit length at that section. At the 
surface of the specimen the tangential component 
of H is, of course, the same inside the metal as 

outside. Hence, the value thus computed applies 
to the interior of the specimen also. To approxi¬ 
mate the desired distribution of magnetizing 
forces, the currents in auxiliary coils near the 
joints and yokes as well as the current in the main 
magnetizing coils are adjusted until the flux in the 
central part of the specimen is equal to the 
average of the fluxes at two sections at the 
quarter points of its length. For high accuracy it 
is essential that the test specimen be very uniform 
throughout its length [237]. 

The second method for realizing the unit of 
magnetizing force, F7, is to measure the tangential 
component of magnetic induction, B, in the air 
closely adjacent to a test specimen. This is 
numerically equal, in the centimeter-gram-second- 
electromagnetic system, to H in the air, and by a 
fundamental theorem the tangential component 
of H is continuous across the boundary and into 
the specimen. The measurement of B in the air 
is preferably made by quickly rotating a pair of 
‘Tip coils” of known area and number of turns 
through 180°. The axes of these coils are parallel 
to the axis of the specimen at the beginning and 
end of the rotation. This method is used in the 
Aigh-H [241, 242] and the MH permeameters 
[243]. The latter is shown in figure 10. 

Because the value of H may vary with distance 
out from the surface of the specimen, by reason of 
leakage flux from other parts of the circuit, it is 
necessary to apply a suitable correction to the 
value observed by the “flip coil” nearest the 
surface. The difference between the flux linked 
by this flip coil and the second located at a known 
greater distance from the surface of the specimen 
gives a basis for extrapolating to the value at the 
surface. Such multiple coils are provided in the 
High-H and MH permeameters. By applying 
such corrections and by careful calibration of the 
galvanometer, accuracies of 0.5 percent in B ov H 
can be obtained. In ordinary testing practice, the 
accuracy is about 1 percent for either B or H. 

Alternatively a fixed i?-coil, adjacent to the 
specimen may be used and the magnetizing force 

Figure 10. The MH permeameter. 

The bar specimen lies along the axis of the central coil. The fom- auxiliary 
coils supply magnetomotive force for the joints and yokes. The plunger of 
the iron-clad solenoid at the left “flips” the //-coils, which are located just 
below the specimen near its center. 
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deduced from the change in flux linkage in this 
coil when the magnetizing current of the perme- 
ameter is reversed. This is the normal procedure 
with the widely used Fahy Simplex Permeameter 
[248, 250, 252].' 

Here the H-coi\ extends between two blocks of 
soft iron clamped to the ends of the specimen and 
responds to the average value of the magnetic 
potential gradient between the blocks. For 
accurate work a correction factor must be applied 
to relate this to the true magnetizing force acting 
on the specimen. This factor is determined by 
the use of standard test bars that have been first 
calibrated in an absolute permeameter. 

With permeameters of these types, measure¬ 
ments of the normal induction curve, hysteresis 
loops, and of residual induction and coercive force 
[244] are regularly made on sample bars sub¬ 
mitted for test by the laboratories of steel com¬ 
panies and other organizations. The circulation 
of such bars insures uniformity and accuracy in 
this branch of industry. Also by such comparisons 
the performances of permeameters of other types 
have been studied in detail [246 to 252]. A 
closely related service is the calibration of search 
coils to determine magnetically their effective area- 
turns. This is done by placing the coil near the 
center of a long, uniformly wound, single-layer 
solenoid with the axis of the search , coil parallel 
to that of the solenoid. The mutual inductance, 
M, between the coil and the solenoid winding is 
measured ballistically. The area-turns, AN, of 
the coil are then computed by the equation 

AN=MIIB. 
The ratio of the central flux density, B, to the 
current, /, is a constant that is computed from 
the measured dimensions and pitch of the solenoid 
winding. 

Measurements of magnetic properties with 
alternating currents involve either power measure¬ 
ments with wattmeters or the use of a-c bridges 
or potentiometers. The maximum cyclic change 
in flux is measured by using a voltmeter of high 
resistance (400 ohms/v) or more with a copper- 
oxide rectifier to indicate the average value of 

4. Transfer from D-C 
A standard cell and the units of voltage and of 

current realized from it directly or in conjunction 
with a standard resistor are applicable to the meas¬ 
urement of d-c quantities only. On the other hand, 
by far the more frequent and important measure¬ 
ments in the power and communication fields in¬ 
volve alternating currents. The procedure used to 
transfer from the fundamental d-c standards to 
a-c measuring apparatus, as indicated in the middle 
of figure 8, therefore constitutes an essential link 
in the chain of electrical measurement. 

Of the three fundamental methods for relating 
the root-mean-square value of the alternating cur¬ 
rent to an equivalent direct current, viz: electro- 
dynamic, electrostatic, or thermal, the NBS 

the induced voltage. The derivation of the 
corresponding units is given elsewhere. 

Recent work at the National Bureau of Stand¬ 
ards has made possible an alternative method for 
measuring with extremely high accuracy the mag¬ 
netic induction in fields above 1,000 gausses. 
The studies of Bloch [253] and of Purcell and 
his colleagues [254] have shown that if a substance 
is placed in a strong fixed magnetic field of intensity 
Bq, on which is superposed a weak radio-frequency 
field, the material will show a resonance absorption 
at a particular frequency, Jq. This resonant fre¬ 
quency is given by /o=7Ro/27r, where y is the 
gyromagnetic ratio of the atomic nuclei of the 
substance used. At the Bureau, Thomas, Dris¬ 
coll, and Hippie [255] have performed this experi¬ 
ment with great care, using a material (water) 
rich in protons and have determined the gyro- 
magnetic ratio of the proton to be 

7=(2.67528±0.00006)X10^ sec"' gauss-k 

In this work the gauss was established by 
observing the mechanical force exerted by the 
field on the conductors that formed one side of a 
rectangular ‘fiorce coil” hanging in the field and 
carrying a measured current. The current was 
measured in terms of a standard cell and standard 
resistor. The force was measured by balancing 
it against the weight of a known mass that could 
be added to or removed from the pan of the preci¬ 
sion balance from which the force coil was sus¬ 
pended. The effective length of the conductors 
in the bottom side of the coil was measured by 
a special micrometer in comparison with a known 
end standard. 

By using this value of y and a resonance probe 
similar to the one developed for this work, other 
experimenters can measure the induction in an 
unknown magnetic field by a simple determination 
of the resonant frequency in terms of the standard 
radio-frequency emissions from NBS radio station 
WWV [25]. Such a resonance detector can also 
be used (1) to study the distribution of flux 
density in a magnetic field and (2) with suitable 
additional circuits as a monitor to hold constant 
the induction at a given place in the field. 

to A-C Measurements 
normally uses an electrodynamic method for watt¬ 
meters for frequencies up to about 1,000 c/s. The 
same instrument can be used with a shunt as an 
ammeter up to 10 amp. Methods using thermal 
converters, which have been confirmed by com¬ 
parisons with this instrument, are normally used 
in testing ammeters and voltmeters at frequencies 
up to 20 kc/s.^ 

2 It may be noted that at the British National Physical Laboratory [178] 
an electrostatic method is used as fundamental. A very carefully constructed 
quadrant electrometer itself calibrated on direct current serves to calibrate in 
turn other voltmeters directly on alternating current. It is also used to hold 
a known alternating voltage at the terminals of a noninductive resistor, and a 
second highly precise quadrant electrometer connected so as to function as a 
wattmeter measures the power dissipation in the resistor. With the electro¬ 
static wattmeter thus calibrated at unity power factor, it can be used to 
calibrate ordinary wattmeters at any desired power factor and frequency. 
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Figure 11. Electrodynamic ac-dc transfer instrument. 

The links beside the instrument proper permit connecting the fixed coils 
in parallel or series. The dials below the scale adjust the resistance is series 
with the moving coil. 

The basic electrodyiiamic transfer instrument 
for ciUTent and power at power frequencies [177] is 
showTL in figure 11. It is an astatic electrodynamic 
wattmeter, the moving coils of which are carried 
by a taut suspension of phosphor-bronze strip. 
The fixed coils are rated at 2.5, 5, or 10 amp, 
according as they are connected in series, series- 
parallel, or parallel. They are supported in slabs 
of plate glass to which adjustable supports and a 
torsion head for the suspension are firmly attached. 
The angular position of the pair of movable coils 
is read by a muTor and scale at a radius of 2 m. 
The movable.coils are used in the position where 
the mutual inductance between them and the 
fixed coils is substantially zero. The deflection is 
usually about 60°. A capacitor shunts part of the 
series resistor and thus compensates for the self- 
mductance of the movable coils. A change in de¬ 
flection of 1 mm corresponds to 0.025 percent in 
power and (with the fixed coils in series) to a 
change of 2X10“® (amp)^ in the product of the 
currents in the fixed and moving coils. 

Even though the electrodynamic transfer instru¬ 
ment was carefully designed to be as free as practi¬ 
cable from such som'ces of a-c error as eddy cur¬ 
rents, capacitance, and inductance, a great many 
checks were made on its performance before it was 
put into commission as a transfer instrument. 
These included (1) a comparison up to 3,000 c/s 
when connected as an ammeter, with a Hartman 
and Braun expansion-type hot-wu'e ammeter, (2) 
a comparison at 60 c/s and full volt-amperes but 
zero power factor with a sensitive quadi*ant elec¬ 
trometer, and (3) the measm’ement at 500, 1,000, 
and 2,000 c/s of the loss in a 10-/if mica capacitor, 
the phase defect of which had been previously 
measured in an a-c bridge. These check tests 
showed the existence of two small departures 

from an ideal electrodynamic instrmnent. Tiie 
first was a spurious torque due to eddy currents in 
the aluminum damping vane. This effect is less 
than 2 ppm at 60 c/s but increases as the square of 
the frequency and has to be corrected for at 
frequencies above 1,000 c/s. The second is an 
effective phase defect that increases as the first 
power of the frequency and at 60 c/s amounts to 
only 0.38 minute, i. e., to an error of 0.011 percent 
of the volt-amperes, even at zero power factor. 

This transfer instrument is used principally in 
checking the accuracy of electrodynamic watt¬ 
meters of the Ko-percent or the b-percent class, 
which in turn are used as standard transfer in¬ 
struments in other laboratories for the checking 
of other wattmeters oi- watthour meters using 
alternating current. Jn the usual test, the un¬ 
known and the standard transfei' wattmeter are 
connected with their current circuits in series and 
their voltage chcuits in parallel, as shown in 
figure 9. ATtli switch Sad closed to the right, 
alternating cmrent and voltage are applied from 
separate transformers, T2 and Ti, and then* rel¬ 
ative phase is adjusted by shifting the stator of 
G to give the desired power factor (usually 0.5). 
This can be calculated accmately enough from 
the readings of the wattmeter under test and of 
the auxiliary ammeter, A^, and voltmeter, T/4. 
The series resistor of the standard instrument is 
reduced until the spot of light comes to a con¬ 
venient position near the center of the scale, where 
the axes of the moving coils are at right angles to 
those of the fixed coils and the niutua] inductance 
between the two chcuits is zero. One observer 
then adjusts the current to bring the pointer of 
the instrument under test as exactly as possible 
on some scale mark, usually using either a pro¬ 
jection equipment or a magnifying glass. The 
other observer reads as Ai the position of the spot 
of light on the instrument scale. The foiu--pole 
double-tlu'ow switch, Sad^ h then closed to the 
left to substitute previously adjusted direct cur¬ 
rent and voltage in place of the a-c quantities. 
Cmrent is again adjusted until the instrument 
under test reads the same, and the standard in¬ 
strument reading, Hi, is recorded for this setting. 
Both current and voltage are then quicldy re¬ 
versed by switch Srev and a second d-c reading, 
H2, is obtained. The origuial connections are 
then restored and a check a-c readmg, A2, is re¬ 
corded. The average of Di and D2 is free from 
any effect of the earth’s magnetic field. The 
average of Ai and A2 corresponds to substantially 
the same time of observation as does the mean of 
Di and D2. Hence any linear drifts like the effects 
of spring fatigue or of heating in either instrument 
cancel out, and then difference, when divided by 
the mean equivalent deflection (^), B, 

3 The standard transfer instrument is used with a uniform millimeter scale, 
the divisions of which do not exactly correspond with equal increments in 
the measured power over the whole range. Hence to obtain relative changes 
in power from the observed changes in deflection, it is convenient to divide 
^he latter bv an “effective deflection.’’ P, defined as P=P(dD/dP). where 
d Did Pis the slope of the graph of deflection, D, versus power, P, at the part 
of the scale used. 
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is a measure of the real difference in the perform¬ 
ance of the instrument imder test on alternating 
current as compared with dhect current. In 
practice three such sets of four readings each are 
taken in rapid succession, and with a wattmeter 
of good quality the mean difference thus obtained 
and divided by the effective deflection correspond¬ 
ing to the d-c reading will be found repeatable to 
±0.02 percent. 

The performance of many wattmeters on alter¬ 
nating-current can often be represented approxi¬ 
mately an equation of the form 

Pa=-Pd{\-\-o)^hEI mw 6, (1) 

where Pa is the readmg on alternating current, 
and Pd is the reading on direct current for the 
same true power, E and I are voltage and current, 
and cos 6 is the power factor. A transfer test fu'st 
made at unity power factor (sin 0=0) gives a 
measiu'e of a, which is usually very small. This 
combined with a second test at cos 0=0.5 (sin 
0=0.866) gives a measm’e of h. 

If eq (1) represented completely the performance 
of a wattmeter, it would be more convenient to 
make the second test on alternating current at 
zero power factor only. This can be done by ad¬ 
justing the phase difference until the wattmeter 
imder test indicates zero with rated current and 
voltage and then noting the reading. Pa , of the 
standard instrument, after which the latter is 
calibrated using direct current. This procedure 
gives 

For such a test at zero power factor the torsion 
head of the transfer instrument is shifted so as to 
bring the zero of the instrument near the center 
of the scale. 

However, wattmeters are frequently found not 
to obey eq (1). This condition is best revealed 
by a pair of tests at low power factor with the 
current first leading and then lagging by the same 
angle. If the formula applies, the changes in error 
when going from unit}’ power factor to the other 
two conditions should be equal in amount and 
opposite in sign. Half of the algebraic difference 
in such a pair of relative ac-dc differences, when 
divided by tan 0, is a good measure of the effective 
phase defect coefficient, b, but half their alge¬ 
braic sum is often quite different from the value 
of a derived from the test at unity power factor. 
The reasons for such departures of performance 
from eq (1) are obscure, but in part may be asso¬ 
ciated with small vibrations in the moving system. 

The same standard electro dynamic instrument 
serves also as the basis for the transfer testing 
of ammeters at power frequencies. For this pur¬ 
pose it is used as a wattmeter to measure the rate 

of energy dissipation in a noninductive standard 
resistor that is in series with the ammeter under 
test. Readings are made with alternating and 
direct current alternately, as described above. 
It has been found more convenient, however, in 
the normal testing of a-c ammeters to use, as an 
intermediate standard, an ammeter of the com¬ 
posite-coil type [180]. The a-c performance of 
this instrument has been carefully compared with 
that of the fundamentally simpler astatic watt¬ 
meter, and it is regularly used on alternating 
current, often with a standardized current trans¬ 
former, to check ammeters on alternating current. 

The basic instrument for the transfer of voltage 
from direct current to alternating current at 
power frequencies is a suppressed-zero electro- 
dynamic voltmeter [179] in which the movable 
system is carried by a taut suspension and its 
position is read with a telescope and scale at a 
scale distance, as now installed, of 3 m. A short 
boom attached to the moving system is free to 
play between two stops, only a few degrees apart 
and insures that the suspension is held at all times 
with substantially the same tivist as that present 
when readings are made. As normally used in the 
transfer testing of voltmeters, the double optical 
lever and temperature compensating coils de¬ 
scribed in [179] have been found unnecessary. An 
adjustable noninductive resistance in series ivith 
the instrument is set at such a value as to bring 
the cross hair somewhere near the center of the 
scale when the operating voltage is applied. Sets 
of alternately d-c and a-c readings are then ob¬ 
tained as described above for wattmeter testing. 
A measurement of the instrument sensitivity is 
also made by applying two successive values of 
direct voltage and noting the change in deflection 
which results. 

Figure 12. Group of thermal ac-dc transfer instruments. 
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All alternative procedure for transferring from 
d-c to a-c standards is the use of electro thermic 
instruments. Such apparatus of high precision 
has recently been installed [182, 207] and is regu¬ 
larly used for testing voltmeters from 0.2 to 750 
V and ammeters from 1 ma to 50 amp at frequen¬ 
cies up to 20,000 c/s. Figure 12 shows some of 
these instruments. In spite of the fundamental 
simplicity of this method, a number of possible 
sources of error exist such as Peltier temperature 
shifts in the thermal converter, losses in the insu¬ 
lating bead and resistance in common between 
heater and couple circuits. With some individual 
thermal converters, these effects may not be neg¬ 
ligible when an accuracy of 0.01 percent is sought. 
As finally worked out, however, the electrothermic 
transfer for current and for voltage has been 
found to agree with the electrodynamic transfer 
to an accuracy of 0.01 percent at frequencies up to 
500 c/s, and it is believed to be superior to the 
latter and to be accurate to 0.02 percent for 
higher frequencies up to 20 kc/s. 

Still another unit, definable only in a-c circuits, 
is the var, the miit of reactive power. It is the 

reactive power corresponding to the maintenance 
of 1 amp in quadratm-e with a potential difference 
of 1 V. The test of a single-phase varmeter is 
normally made by supplying the instrument with 
sinusoidal current and voltage from two gener¬ 
ators coupled to a common driving motor. The 
power factor is adjusted to zero by mechanically 
shifting the stator of one generator relative to the 
Other until a wattmeter indicates zero. The reac¬ 
tive power in vars is then equal to the product of 
the voltage and current, as measured by a volt¬ 
meter and ammeter. A further check at unity 
power factor by connecting the varmeter at the 
terminals of a load of substantially nonreactive 
resistors, gives an indication of any phase defect 
in the varmeter circuit. 

The calibration of polyphase varmeters and the 
use of varmeters with nonsinusoidal currents intro¬ 
duces theoretical complications that are, in general, 
more serious than the purely mstrumental errors. 
The Bineaii has endeavored to bring some order 
out of the earlier confused practices by cooperating 
in the formiffation of standard definitions for the 
numerous concepts involved [205]. 

5. Extension of Measurement Ranges 
The procedures and apparatus described m the 

foregoing sections have indicated how the various 
electric and magnetic units are derived from the 
primary volt and ohm. It is not enough, however, 
to be able to measine one ampere or one watt. 
Methods must be developed for extending the 
range of all electrical quantities to cover the mag¬ 
nitudes encountered in science and industry. 
Such methods commoiffy involve the use of bridge 
chcuits having unequal ratio arms, multirange 
instruments having different values of series, or 
parallel, resistances, or other procedures that uti¬ 
lize resistances of widely different values. The 
establishment of the scale of resistance values is 
therefore of fundamental importance. 

5.1 The Resistance Scale 

The primary tool used at the National Bureau 
of Standards for the measmement of resistance is 
a precision bridge built in the Bm’eau shops in 
1918, which incorporates many features developed 
as a result of the Bm'eau’s first 15 years of experi¬ 
ence in the field of precise measurements [79]. 
The more important resistance sections consist of 
hermetically sealed coils; the dial adjustments are 
of the Waidner-Wolff type, [75] made by changing 
the shuntmg aromid fixed resistors so that the 
effects of contact resistance and emf are greatly 
reduced; all resistors and contacts operate under 
the oil of a thermostatically controlled bath; and 
the chcuit is shielded from stray currents. The 
bridge may be used either as a \Wieatstone or as 
a Kelvin bridge, and is commonly used with a ratio 
that is nominally either 1:1 or 10:1. This ratio 
can be adjusted over a limited range (±0.5 percent) 
in the vicinity of the nominal value emplo3^ed. 

The adjustment is made by means of four decade 
dials, one step on the lowest-dial corresponding to 
a shift of 1 ppm in ratio. 

The step that is fundamental to extending the 
resistance scale is the establishment of an accurate 
10:1 ratio between ratio arms of this bridge. 
This is done b}" using a special assemblage of 
resistors [79] (figine 13). Six of these resistors 
are nominalh" of 150 ohms each, and the seventh 
is of 50 ohms. B}’ successive substitution in the 
precision bridge, the relative values of the six re¬ 
sistors can be measured. Also b}^ substitution the 
values of the resistances of nominalh’ 50 ohms 
each, formed b}^ connecting in parallel each of 
the two sets of three 150-ohm units, is determined 
relative to the 50-ohni resistor with high accurac\^ 
The three 150-ohm units of one set are then con¬ 
nected in series with each other and with the 50- 
ohm unit to form a 500-ohm group. The three 
150-ohm units of the other set are connected in 
parallel to form a 50-ohni group. 

Figure 13. Circuit for establishing 10 :1 ratio. 

With links joining U to C and B to D, the tap at g', ratio is 1:10. With 
links joining K to X/and L to N, and tap at g, ratio is 10:1. 
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These two groups, having a ratio close to 10:1 
are connected to form two arms of the high- 
precision bridge, the remaining two arms being the 
adjustable ratios referred to above. The bridge 
is then balanced by manipulating the four dials 
and their setting, Ni, is noted. The paralleling 
links are then shifted so that the 150-ohm coils of 
the first set are put in parallel and form a 50-ohm 
group, and those of the second set are in series, 
and, with the central 50-ohm coil, form a 500-ohm 
group. These groups are turned end for end and 
again connected in the bridge, and a second dial 
setting, A^, at balance is noted. The mean of 
the two observed ratio settings, A^i and A'^2, is then 
adjusted by appl3dng a small correction derived 
from the observed differences between the 50- 
ohm coil and the means of the groups of three in 
parallel. A further correction for the resistance 
of the paralleling links is applied, and after these 
several corrections are taken into account, the 
setting of the bridge dials for which the ratio is 
exactly 10:1 is known vdthin about 1 part in 3 
million. 

An alternative, but more laborious, procedure 
sometimes used for obtaining an accurate 10:1 
ratio, is to use a group of six 100-ohm standard 
resistors. Each in turn is used as one arm of a 
bridge; the other five in series constitute an 
adjacent arm. The other two arms are the ad¬ 
justable 100-ohm arm of the precision bridge 
and a fixed 20-ohm arm. The average of the six 
successive settings on the adjustable arm then 
corresponds to an exact 100: 20 ratio to an order 
of accurac}^ given by the sum of the squarc^s of 
the departm’es of the individual 100-ohm stand¬ 
ards from their mean, provided proper corrections 
are applied for the resistances of the contacts and 
connectors. This ratio is then used to compare 
each of the two 50-ohm sections of a divided 100- 
ohm standard resistor with a 10-ohm standard, and 
from these two results the ratio of the divided 
100-olim to the 10-olim is computed. The results 
obtained b^" this procedure are usuall}^ found to 
agree wdth those by the first-mentioned procedure 
to a few parts in 10^. 

using the bridge, thus calibrated, it is eas^^ 
by successive steps to measure the values of wire- 
wound standard resistors of 10, 100, 1,000, or 
10,000 ohms, and similarl}^ to step down to 0.1-, 
0.01-, 0.001-, and 0.0001-ohm standards. Re¬ 
sistances of intermediate value are occasionally 
measured b}^ using analogous series or parallel 
combinations of nominally equal resistors to 
evaluate other bridge ratios that involve small 
integers. 

In contrast to the foregoing methods for testing- 
individual standard resistors while immersed in a 
thermostated .oil bath, the procedure normalh’' 
used for calibrating a decade dial of a bridge arm 
or resistance box is to substitute a known standard 
resistor successively for each of the steps of the 
dial [80]. This is done, as shown in figure 14, by 
connecting in series (1) a resistance box that has 

Figure 14. Circuit for calibrating resistance decades. 

the dial X to be tested, (2) an auxiliary box that 
has a dial A of the same nominal value as X, and 
(3) a pair of mercur}^ cups, C, into which may be 
placed either (a) a short-circuiting link, L, or (b) 
a known standard resistor, S, of the same nominal 
value as one step of dial X or A. The series 
combination is connected to form one arm of a 
AYheatstone bridge, the other arms of which are 
formed by a direct-reading ratio set A-B and a 
fixed resistor, B. The dials are so set at each 
stage in the process that the total resistance of the 
arm is nominally 10 times the resistance of one 
dial step. Successive pairs of bridge balances are 
then made. In the first balance of each pair the 
standard resistor is in the circuit. In the second 
balance it is replaced by the link, and the X dial 
is at a setting one step higher than during the 
first balance. This constitutes in effect a sub¬ 
stitution of the dial step for the standard resistor, 
and their difference is read from the small change 
required in the balancing arm of the bridge. The 
auxiliary dial is then shifted one step, and a 
second pair of similar balances gives a calibration 
for the next step of X. Incidental!}^, the data 
thus obtained suffice for the calibration of the aux¬ 
iliary dial also. 

When making precise measurements with re¬ 
sistors of 1 ohm or less, it is essential to use re¬ 
sistors of the four-terminal type to eliminate the 
effects of contact resistance. The Kelvin bridge 
or some equivalent circuit has proved to be in 
general the most suitable for the comparison of 
such resistors [76]. Of the various procedures 
[77] that can be used to balance out the effects of 
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the resistance in the potential leads, that which 
involves appl3dng a short-circuit across the ends 
of the main ratio arms is commonly used. 

The Kelvin double bridge is usually emplo^^ed 
at the NBS in all measurements of low resistance, 
but remarkably good results can often be obtained 
with simpler apparatus, provided appropriate 
methods and precautions are used [78]. 

At the other extreme the measurement of high 
resistance merges into the measurement of the 
resistivity of insulating materials [81]. High- 
grade wire-wound resistance elements are available 
up to 1,000,000 ohms. Groups of such 1-megohm 
resistors may be measured in a high-grade Wheat¬ 
stone bridge while connected in parallel and can be 
used singly or in series to form a 10-megohm 
standard. Units of higher individual value con¬ 
sisting of heterogenous compositions or of very 
thin film are likely to show changes in resistance 
with changes in temperature, voltage, and, unless 
very carefull}^ protected, in ambient humidity. 
Great precision in their measurement is therefore 
not required, and a simple direct deflection 
method using a shunted galvanometer of high 
current sensitivity (10® mm//.ia) is often satis¬ 
factory. 

If the voltage is limited to a few volts, this pro¬ 
cedure fails at resistances exceeding 10 ® ohms. 
For higher resistances the charge carried by the 
test resistor is accumulated on one electrode of an 
adjustable air capacitor. The rate of ac¬ 
cumulation is measured by either changing the 
capacitance or the potential applied to the other 
electrode while using an electrometer as a null 
indicator. When higher voltages can be used, 
correspondingly higher resistances can be measured 
[82, 86]. An accuracy of 0.2 percent can be ob¬ 
tained up to 10^^ ohms at 1.5 v. 

5.2 The Scale of Direct Voltage 

The starting point of the voltage scale is of 
course the primary group of saturated cadmium 
standard cells [61], which maintain the volt 
diu*ing the long intervals between absolute measure- 
rnents of current. This primary group [6] is 
picked Uom a much larger stock of saturated 
cadmium cells, batches of which are made up at 
the Bm*eau from time to time, using very care¬ 
fully purified materials [48 to 58]. 

The members of the group are intercompared 
every few months by means of the standard cell 
comparator [91]. This is a highly specialized 
form of potentiometer that measures the difference 
in electromotive force between the cell under test 
and a standard reference cell. A simple auto¬ 
matic computing device incorporated in the 
apparatus enables the observer to read the electro- 
rnotive force of the unknown cell directty. One 
division on the instrument corresponds to 1 fiv. 
Great pains were taken in the design of this com¬ 
parator to minimize spurious thermoelectric 
effects, which usually constitute the most serious 

source of error in this type of measurement. It is 
used regularly in testing the unsatinated standard 
cells that are sent to the Bineau periodically for 
check from a large number of scientific and indus¬ 
trial laboratories, as well as for the com})arison 
of saturated cells. 

VTien an unsaturated standard cell is received 
at the Bureau for test it is placed with others 
in a large box that is thermally insulated, but not 
thermostatically controlled, and its electromotive 
force is measined daily for at least 10 days. If, 
as is the usual case, the emf soon settles down 
and remains within ±50 /jlv of a steady value, a 
certificate is issued giving this mean value to the 
nearest 10 fiv. However, if the fluctuations 
continue to exceed 0.01 percent or if the cell has 
an abnormally low value, below 1.0183 v, or if it 
shows an abnormally high internal resistance, no 
formal ‘Certificate” is issued, but instead the 
data observed are sent to the customer in the 
form of a “report.” If properly used, unsaturated 
cadmium standard cells can constitute very accu¬ 
rate and reliable standards of voltage. They are, 
however, easily damaged by excessive current 
drain, and their electromotive force may be 
temporarily affected by sudden changes in tem- 
peratine and also by any temperature difference 
that may exist between the two electrodes [52]. 
Modern cell containers are made with copper 
liners to minimize this latter effect. 

The extension of the d-c voltage scale to lower 
values is usually made by the use of a potentiom¬ 
eter. For the normal precision testing of low- 
range voltmeters and millivoltmeters at the Bureau 
a well-seasoned null potentiometer of the Feussner 
type is used. The lowest dial has steps of 10 /xv. 
For moie rapid and less exacting calibrations a 
Brooks deflection potentiometer [96 to 99], 
developed at the Bm-eau primarily for the rapid 
calibration testing of electric indicating instru¬ 
ments, and for incandescent lamp testing, is used. 
It is, however, not suited for measurement of emf 
iu circuits of high internal resistance. In this 
apparatus the bulk of the voltage to be measiu'ed 
is balanced by the IR drop in the resistance of the 
main dial. Any unbalanced residue causes cur¬ 
rent to flow in the calibrated galvanometer and 
produce a corresponding deflection. The value of 
the total voltage is then indicated directly by the 
one (or two) digits on the dial followed by three 
digits read from the galvanometer scale, the last 
digit corresponding to 0.1 scale division. 

A number of other types of potentiometer have 
been developed at the Bureau for special purposes. 
The Wenner type [94, 95] is quite generally used 
for precise temperature measurement with thermo¬ 
couples. On its lower range, one step on the 
lowest dial corresponds to 0.1 fiv. A special 
multirenge potentiometer [90] has proved con¬ 
venient for measuring small temperature differ¬ 
ences. For the measurement of very small inten¬ 
sities of radiation by a physical photometer. 
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another special potentiometer [93] reading to 0.001 
is used. 

Potentiometers, in effect, measure merely the 
ratio of the unknown electromotive force to that 
of the standard cell. Their calibration therefore 
needs involve no direct measurement of resistance, 
but merelv the determination of ratios of resist¬ 
ances. Hence, for the testing of potentiometers 
[87] and also for other applications, it has been 
found convenient to use a universal ratio set, 
which is equivalent to a slide wire having a total 
resistance of 2111.1 ohms, with a tap adjustable in 
steps of 0.01 ohm. 

In the measurements of voltages of extremely 
low values, as well as in the highly precise measure¬ 
ment of resistance, one limiting factor may be the 
sensitivity of the galvanometer. This was rec¬ 
ognized early, and considerable effort has been 
devoted to theoretical studies and practical de¬ 
signs of galvanometers for both direct [168, 169, 
92] and alternating [163, 164, 165, 166] current. 
The galvanometers used at the Bureau for preci¬ 
sion resistance measurements are of a special 
Bureau design, with taut suspensions and with 
the center of gravity slightly out of line with 
the suspensions. With this construction, it is 
possible to adjust the effective restoring torque by 
properly tilting the instrument. With a 10-second 
period," these have a sensitivity of 40 mm//xv. 
In most of the other electrical measurements, 
commercial galvanometers of appropriate design 
are used. The more complex amplifying combina¬ 
tions, which can push the sensitivity to the limit 
set by Brownian motion (0.001 ijly for a 10-ohm 
circuit and 2-second period), are seldom needed. 
The Coblentz [167] moving-magnet galvanometer 
has been superseded by moving-coil galvanometers, 
as they are not similarly affected by external 
magnetic fields. 

The extension of the scale of direct voltage to 
higher values while still using the potentiometer is 
made by using instrument voltage dividers (more 
commonly called “volt boxes”) [100]. Such a 
di\dder consists of two resistors, Ra and 
which are connected in series, across the voltage 
to be measured. A potentiometer is connected to 
measure the voltage, £'&, at the terminals of 
and the total voltage, £’«+&, is then calculated by 
the relation 

TP TP ^ Rg+^b) /o\ 
^a+b — ^b V3) 

In principle the ratio of resistances might be com¬ 
puted from measurements of Ra and of Rj, sep¬ 
arately, such measurements being based on the 
10:1 resistance ratio described in section 5.1. This 
method is not desirable, however, because of the 
two principal sources of error that arise in the use 
of volt boxes: (1) the possibility that at the high 
values of voltage applied and hence larger values 
of current in Ra, it may be so heated that its value 
becomes significantly different from that observed 
in a resistance-bridge measurement at smaller 

current, and (2) the possibility that leakage cur¬ 
rents in the insulating supports may bypass part 
or all of Ra but flow through 7?^, thus invalidating 
the assumption implicit in eq (3) that the same 
current exists throughout the entire series circuit. 
To minimize such errors, the extension of the 
voltage scale at the Bureau is made by using an 
especially constructed standard volt box rated for 
750 V, but satisfactory for use as high as 1,500 v 
[100]. In the design of this apparatus (1) the 
resistance has been chosen so high (333K ohms/v) 
that heating effects are negligible, and (2) guard 
plates have been provided to intercept any leak¬ 
age paths over the insulating supports and bush¬ 
ings. The guard plates are connected to taps on 
an auxiliary guard circuit so that the potential dif¬ 
ference across any insulator is never more than 
75 V. and at most bushings is nominally zero. 

The measuring chcuit is composed of groups of 
five coils of nominally equal resistances alternating 
with single coils, each having a resistance nomi¬ 
nally equal to the total resistance between it ard 
the grounded end of the chcuit. To determine 
the ratio of the divider with high accuracy, it is 
necessary merely to substitute its successive equal 
coils or groups of coils in one arm of p sensitive 
and stable, but uncalibrated, \Wieatstone bridge. 
The relative values of the coils are noted, and the 
value of the total resistance to any tap point is 
computed from these relative values, and an as¬ 
sumed nominal value for the lowest step, on the 
assumption that the resistances are truly additive. 
In taking the ratio of any total resistance to the 
resistance up to a tap point, the assumed nominal 
value cancels out leaving only the ratio. With 
reasonable care, an accuracy of 0.005 percent can 
be obtained. 

In use the volt box under test is connected in 
parallel with the standard volt box, using on the 
latter a tap giving the same nominal ratio. The 
difference in voltage, if any exists, between the tap 
points of the two dividers is measured with a small 
potentiometer of the Lindeck type. The ratio of 
this difference to the total applied voltage, meas¬ 
ured with a voltmeter, gives the ratio error of the 
volt box under test relative to the standard volt 
box. Corrections for lead resistance, etc., are de¬ 
rived by auxiliary measurements with the poten¬ 
tiometer. The equipment used for such tests is 
shovTi in figure 15. 

In the measurement of the higher direct voltages 
used in X-ray generators a new soruye of error 
enters the pictm’e. This is the corona discharge 
from points and edges that are at a considerable 
potential above their surroundings. This can 
result in a significant current leakage to ground 
directly through the air and can also cause trouble 
from the chemical action of the ozone and oxides 
of nitrogen formed and from the electrostatic pre¬ 
cipitation of dust. To ob™te these troubles, a 
construction has been developed at the Bureau 
[102] in which the resistance, Ra, is subdivided into 
units of 5X10® ohms. Each is surrounded with a 
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Figure 16. Equipment for the generation and measurement 
of 1,400 kv direct voltage. 

Large central column contains cascade of transformers, rectifiers, and 
capacitors; left column contains sectionalized shielded resistor; distant 
column at right encloses X-ray tube. 

of 1 mm for 10“® amp Ip could be measured in 
this way to 1 percent. To calibrate instruments 
at lower cinrents it is necessary only to connect a 
large resistance, i?i, in series with the instrument 
and to sliunt the combination with a smaller 
resistance, R2. The total current can then be 
measured as before, and the range of possible 
calibration is thus extended by the ratio of Ri 
to i?2- This procedure, however, is not applicable 
to the measurement of an imlmown small current, 
and this latter problem is identical with that of 
measiuing very high resistances, already discussed. 
The techniques used for this are equivalent to 
the measurement of cm'rents down to 10“^'’ amp. 

At the bigh-ciuTent end of the scale the limiting 
factors are the heating and thermoelectric effects 
in the series resistor. At the National Bureau of 
Standards a Wolff precision resistor of 0.0001 ohm 
is available for measinements at high currents. 
This is immersed in stirred oil, which in turn is 
cooled by a coil of tubing through which water is 
chculated. At currents up to 1,000 amp the 
resistance of this resistor is a definite and repeat- 
able function of the cooling-oil temperatm-e. 

Figure 15. Equipment for testing volt boxes. 
The standard volt box is under the galvanometer at the back. The Lmdeck 

potentiometer with sloping panel is in the foreground, and above it is the 
selector panel, which connects the potentiometer and its guard circuits at 
any desired voltage level. 

metal shield formed with surfaces of such large 
radius of curvatme that no external corona de¬ 
velops. Each shield is connected to one end of 
the group of five 1-megohm resistors that it sur¬ 
rounds, and the voltage of 7,500 between resistor 
and case is so low that no corona occurs inside the 
shield. A divider of this construction, having 20 
units of 0 megohms each, serves to measure dhect 
voltages up to 150 kv with an accuracy of 0.01 
percent. 

For measiu*ements in connection with X-rays of 
still higher voltage, a voltage divider has been con¬ 
structed for 1,400 kilovolts. It is contained m the 
left-hand column si ovn in figure 16. It consists 
of 10 sections, eacli enclosed in an outer shield 
which is connected to an appropriate tap on the 
cascade transformer-rectifier set of 10 units, which 
produces the high dhect voltage. Within each of 
these 10 sections the divider consists of 14 sub¬ 
sections, each of 10 megohms. Each subsection is 
enclosed by an mner corona shield, which is con¬ 
nected to one end of the subsection, but insulated 
from the outer shield. The normal cinrent is 1 
ma. If this cm-rent is measiu'ed by a potentiom¬ 
eter, and if corrections for self-heating are applied, 
the total voltage can be determined with an accu¬ 
racy of about /lo percent. 

5.3 The Scale of Direct Current 

The measurement of a current by measuring 
with a potentiometer, the voltage drop in a resistor 
in which the cm-rent is flowing suffices to cover a 
veiw wide range of direct cmTents. At the low 
current end of the scale the accuracy begms to 
be limited b}^ the current sensitivity of the galva¬ 
nometer when the resistance of the resistor ma¬ 
terially exceeds that of the potentiometer and 
galvanometer. For a galvanometer sensitivit}^ 
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The function has the usual parabolic form char¬ 
acteristic of manganin, with a maximum resistance 
at 32° C. At higher ciuTcnts, even though the 
temperature is held at the same value by vigorous 
cooling, the resistor shows an increase in resistance. 
This effect amounts to 100 ppm at 3,000 amp, and 
if proportional to the square of the cinrent, would 
be 0.1 percent at 10,000 amp. It seems probable 
that the effect is the result of mechanical strain 
set up in the resistance alloy sheets by then* 
differential expansion relative to the cooler rigid 
copper terminal blocks. Pending the construction 
of an improved high-current resistor free from 
such effects, the upper end of the precise scale of 
dhect currents must be considered as tapering 
off from an accmacy of 0.01 percent at 3,000 amp 
to 0.1 percent at i0,000 amp. It appefirs that 
there would be no serious difficulty in constructing 
a high-current resistor that could extend the high- 
accinacy limit well above 10,000 amp, if a need 
for such measinements should arise. The capacity 
of the storage batteries presently available at the 
Xational Bureau of Standards permits a cinrent 
to be held at this latter value for about hour. 
Figure 17 shows this high-cinrent cncuit. 

5.4 The Scale of Alternating Current 

The electro thermic transfer ammeters offer a 
convenient means for measuring with high accu¬ 
racy alternatmg currents cIovtl to 1 ma at fre¬ 
quencies up to 20 kc/s. Lower values are read- 
ily'derived by using a resistive shunting network, 

the ratio of which is deduced from the resistance 
of its parts. With such networks very low cur¬ 
rents can be produced and used to calibrate a-c 
amplifiers. The amplifiers in turn can be used to 
measure unlmown currents of low value. The 
principal limitations in such work arise from 
superposed noise and mstability in amplifier gain 
rather than from any difficulty m correlating the 
results with the ampere. 

In the early years of the Bureau the scale of 
alternating current was extended upward by us¬ 
ing a group of astatic electrodynamic instruments 
[175] having suspended moving coils and fixed 
coils of cable formed of insulated strands of fine 
wire (litzendraht). The highest rated (5,000 amp) 
instrument was a ‘‘tubular” electrod^mamometer 
[176] m which the fixed “coil” consisted of two 
coaxial copper tubes. With the commginto general 
use of current transformers [227], the number of high- 
range, self-contained ammeters, wattmeters, and 
watthour-meters submitted for test has fallen to 
almost zero. The old high-range standard instru¬ 
ments have been discarded, and when occasion¬ 
ally a high-range instrument is tested, the meas¬ 
urements are made with the 5-amp standard trans¬ 
fer instrument and a carefully calibrated current 
transformer. 

The ratio and phase angle of a current trans¬ 
former depend to a very appreciable extent on the 
conditions of burden and frequency at which it is 
operated and, to a much less extent, on the ar¬ 
rangement of the primary leads. The extension 
of accurate measurements to large alternating cur- 

Figure 17. Equipment for large direct currents. 

Large switches connect cell groups in series or parallel. The water-cooled rheostat in background and fine rheostat in front adjust 
current. Standard resistors are in cylindrical oil tanks. Black transite bo.x at left is used for tests at elevated temperatures. 
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rents has therefore reqiihed the careful study of 
the performance of current transformers [211, 
225, 226] and the development of methods for 
determmhig their ratio and phase angle with high 
accuracy [210, 213, 217]. It happens that it is 
much easier to compare the relative performances 
of two transformers of the same nominal ratio 
than it is to determine the ratio and phase angle 
of a smgle transformer [215, 216]. Hence many 
public utility companies and manufacturers of 
electric machinery submit to the National Bureau 
of Standards for test groups of transformers of 
assorted current ratmgs which they expect to use 
as standards for the testmg of other transformers 
of the correspondmg ratmgs which they regularly 
use for measurement pm’poses. 

The circuit used m testmg current transformers 
[224] up to primary ratings of 2,500 amp is shown 

Figure 18. Circuit for testing a current transformer by the 
resistance method. 

m figure 18. Here i?i is a resistor of high current- 
carrying capacity and of low and known induc¬ 
tance; i?2 is a fom’-termmal resistor adjustable 
from 0.01 to 0.1 ohm of 5-amp rating and known 
low mductance; M is an adjustable mutual mduc- 
tor contmuously adjustable to 50 ^ili that serves 
to measm'e the phase-angle between the primary 
and secondary currents. AMien the detector, D, 
shows a balance the ratio of the transformer is 
equal to and its phase angle can be com¬ 
puted from the settmg of d/. A limitmg factor in 
this method has been the determmation of the 
effective four-termmal self-inductances of the re¬ 
sistors used as [128, 129]. The oil-cooled resis¬ 
tors rated at 2,500 amp and at 1,000 amp are of 
tubular construction, and then mductance can be 
computed from then dimensions. The ah-cooled 
resistors for currents of 500 amp and less are 
formed of flat strips and have then potential 
leads so placed that their mutual coupling to the 
strip largely compensates for the self-mductance 
of the latter. The small residual inductances are 
measured by a substitution process that compares 
them with those of a group of special resistors 
constructed so as to attam accurately computable 
mductances, although at the sacrifice of current 
capacity and stability of resistance. 

For primary currents exceeding 2,500 amp use 
is made of a general prmciple in instrument trans¬ 
former design, namely, if the primary winding of 
an instrument transformer consists of two or 
more sections, all having the same number of 
turns, then at the same frequency, secondary 
burden, and secondary current (or voltage) the 
ratio correction factor (i. e., the quotient of true 
ratio divided by nominal ratio) and the phase 
angle will be the same, to a high degree of pre¬ 
cision, whether the primary sections are con¬ 
nected m series or m parallel. In other words, 
the core and secondary winding cannot distin¬ 
guish between the additional magnetomotive 
force caused by the same current linking the core 
in an additional series turn and that caused by 
additional current linking the core in a parallel 
turn. Deviations from this prmciple will arise, 
for a current transformer, only in proportion to 
the product of two factors each of which is 
unlikely to be large: (a) the relative difference in 
the distribution of current among the several 
primary sections when they are in parallel, and 
(b) the relative difference in the couplmg (mutual 
inductance) between each of the several primary 
sections and the secondary wmding. If their 
relative differences do not exceed 1 percent each, 
the principle will be valid to 0.01 percent. 

To apply this principle, a special high-range 
standard current transformer having eight pri¬ 
mary ranges has been constructed. This has 24 
sections of primary winding, and with these m 
series, can be calibrated by the usual resistance 
method at ratings from 500 to 2,500 amp. It is 
then used with its primary sections in parallel 
as a standard up to 12,000 amp. A careful 
study [224] of its performance has showm that 
the equality of the coupling of the various sec¬ 
tions of the secondary and the equality of the 
division of current among the primary sections 
are both satisfactorily close. When the trans¬ 
former is measured with only 500 secondary turns 
(i. e., 2,500 amp turns at full current) and with 
each of the eight possible connections of its 
primary turns, its ratio correction factor at any 
secondary current was constant to 0.02 percent 
and its phase angle to 1 minute, and when operat¬ 
ing at its normal 12,000 amp turns, the perform¬ 
ance of the transformer is presumably even better. 
Even if the flux distribution is greatly distorted 
b}^ omitting one of the primary turns, the ratio 
correction factor is affected by less than 0.01 
percent. 

It seems probable that serious difficulty will be 
encountered in an attempt to construct non- 
inductive primary resistors for sustamed currents 
exceeding 2,500 amp because the lack of chemical 
uniformity in the resistance alloy will affect the 
distribution of current and thus the inductance. 
However, there is every indication that the 
measurement range at power frequencies can be 
extended well above 12,000 amp hj the use of 
multirange standard transformers. 
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Figure 19. Equipment for testing high-range current transformers. 

Curient is supplied by the step-down transformer, K, and measured either by the standard multirange transformer S or by using tubular standard 
resistors in the oil tank M. The transformer under test is at 0 in the center of the “cage” at the right. The heavy copper tubes comprise the outer 
conductors of the coaxial secondary leads. 

Figure 19 shows the circuit used m measure¬ 
ments from 500 to 12,000 amp. The transformer 
under test is placed at the right m the “cage” 
formed by the four 10- by K-inch copper bars, 
which, in parallel, constitute the “return” lead 
of the circuit. The central “outgoing” lead either 
passes through the window of the transformer or 
is bolted to the transformer primary terminals if 
it is of the bar type. This circuit geometry [187] 
offers two advantages. The first is that the 
components of magnetic field at the transformer 
in the center, produced by the action of the four 
return bars cancel one another so that the result¬ 
ant effect is closely the same as if the return 
circuit were at infinity. This situation constitutes 
a logical basis with which the effects of other 
configurations can be compared [225, 226]. The 
second advantage is that the resultant magnetic 
field of the entire circuit drops off very rapidly 
with distance from the axis (roughly as r'^) and 
is negligible in those parts of the laboratory 
where the measuring circuits are located. 

Most of the transformers submitted for test are 
intended to be used as standards with which to 
compare the performance of other current trans¬ 
formers. Such comparisons are usually made by 
means of the Silsbee current transformer testing 
set, the circuit of which was developed at the 
Bureau in 1918 [216]. In the use of this set the 
measuring elements are required to measure 
merely the difference in magnitude and phase of 

the secondary currents of the two transformers 
being compared. Therefore, a high accuracy can 
be obtained in their relative ratios, although only 
moderate accuracy is required in the adjustment 
of the circuit constants. Nevertheless, as a 
check on possible incorrect adjustment at the 
factory or on major drifts in calibration, such 
transformer test sets are frequently submitted to 
the National Bureau of Standards for test. The 
test consists in the measurement of the resistance 
of the slide whe at 13 points on the ratio scale 
and of the mutual inductance of the inductor at 
15 points on the phase-angle scale. The test set 
is also experimentally checked in actual operation 
at midscale and one other point. The true values 
of transformer ratio aud phase angle are then 
computed and tabulated against the correspond¬ 
ing settings used in the test. 

5.5. The Scale of Alternating Voltage 

Between 1 v and 300 v, two alternative bases 
are available for the measurement of alternating 
voltages. The first, applicable at power fre¬ 
quencies, is to use the electrodynamic transfer 
voltmeter, described in section 4, to transfer from 
dhect to alternating voltage at the 100- or 200-v 
level, and then to use a three-winding step-down 
transformer. The ratios of the voltages of the 
various sections of the two secondary windings to 
each other are checked by comparison with a 
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special resistive voltage divider. Normally, one 
winding supplies the standard transfer voltmeter, 
already calibrated with dhect voltage, and the 
other tapped secondary supplies the a-c voltmeter 
under test. Such a transformer has a very con¬ 
stant ratio over a wide range of primary voltages. 

The second procedure, applicable also at audio 
as well as at power frequencies, is to use the 
electrothermic transfer voltmeters directly to fill 
m the scale from 1 to 750 v. 

Below 1 V, known voltages can be obtained by 
using resistive voltage dividers or attenuators 
that have been checked at somewhat higher 
voltages against the standard volt box or by 
measiuing the resistances of their component 
parts. The low voltages thus derived, down to 
about 20 fjLY, can be used to check low-range 
electronic voltmeters and as standard signals for 
testing amplifier gain. To measure an unknown 
voltage in this low j-ange, the known low voltage 
with properly adjusted phase, can be bucked 
against the imknowm. The difference, after 
amplification, is applied to a detector, and the 
known low voltage is adjusted to balance the 
miknowm. 

From about 300 up to 250,000 v almost all 
precise a-c voltage measurements make use of 
step-down voltage (potential) transformers [227]. 
The Biueau has contributed to the establishment 
of this alternating-voltage scale by developing 
methods and equipment for measuring the ratio 
and phase angle of voltage transformers, by 
suggesting methods for the comparison of the 
performance of a voltage transfoj'mer with a 
standard transformer of the same nominal rating 
[214, 215], and by its testing service for calibrat- 
mg such standard transformers and comparison 
test sets [229]. 

The use of standard voltage transformers as a 
basis for the checking of others of the same 
nominal ratio is even more deshable than the 
analogous use of standard current transformers 
both (1) because very simple apparatus suffices 
for the comparison [214, 228] and (2) because of 
the greater safety when the operator is isolated 
from the high-voltage circuit by the transformer 
insulation and need handle only chcuits con¬ 
nected to the low-voltage secondary windings. 

It is almost universal practice to use voltage 
transformers with one end of the primary winding 
at ground potential. However, some unpublished 
experimental studies at the Bureau have indicated 
that, with transformers of normal construction, 
the ratio and phase angle are affected very little, 
even if the transformer is used with its primary 
across the lines of a thi’ee-phase, grounded neutral 
system while its secondary is kept grounded. 

It is common practice in the electric-power 
industry to use portable commercial voltage- 
transformer test sets [228] to compare the second¬ 
ary voltages of the standard and test transformers. 
These sets in turn are often submitted to the 
National Bureau of Standards for test to verify 

Phase Shifting Trf. 

Figure 20. Circuit for testing voltage-transformer test sets. 

Voltasie AC is supplied to both the comparator and the “Standard” cir¬ 
cuit of the test set. Voltage PC is applied to the “X” circuit of the test set. 
By adjustment of the magnitude and phase of the auxiliary supply, voltage 
UCmay be set with any desired phase and magnitude relative to voltage PC. 

the accuracy of their adjustment. This is done 
by supplying both the set under test and a special 
voltage transformer comparator from a pair of 
60-cycle voltages (a-c and d-c) which differ in 
magnitude and phase by adjustable amounts 
(see fig. 20). The set under test is set on a 
succession of 11 points on its ratio scale and 13 
points on its phase-angle scale, and also as a 
check at the four “corner” points corresponding to 
combinations of the extreme settings of the two 
scales. The true voltage relations are read on 
the comparator for each point, and the resulting 
corrections are reported in tabular form. 

The comparator is also used to compare trans¬ 
formers submitted for test with one of the standard 
transformers owned by the Bureau. These seven 
standard transformers have the ratings shown in 
table 1. Their ratios and phase angles are deter¬ 
mined with great care at intervals of about a year 
by the methods outlined in the following para¬ 
graphs, and have been found to be very stable. 
By using them as intermediate working standards, 
the need for operations involving direct metallic 
connections between the observer and the high- 
voltage circuit is limited to the annual performance 
checks. 

Table 1. Ratings of standard voltage transformers 

Designation Primary volts 
Secondary 

volts 

Kilovolt¬ 
ampere 
rating 

2.1, 2B_ 5000/2500/1250 255/127.5 2 
3\,3B _ 25,000/12,500/6.250 255/127. 5 3 
lOA, lOB_ 100,000/50,000/25,000 255/127. 5 10 
100_ 250,000/125,000 255/127. 5 100 

Up to 30 kv the standard transformers are 
measured by the use of a shielded resistor [220] that 
has a total resistance in its working circuit of 
512,000 ohms. All, or part, of this may be con¬ 
nected in parallel with the primary of the trans¬ 
former under test, as shovm in figure 21. The 
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Figure 21. Circuit for testing a voltage transformer hy the 
use of a shielded resistor. 

secondary voltage of the transformer is then bal¬ 
anced by the potential drop in an adjustable por¬ 
tion, Bg, of the resistor circuit at its grounded end. 
A mutual inductor, M, which has its primary in 
series with the resistor and its secondary in series 
with the detector, serves to balance out any phase 
displacement between primary and secondary 
voltages. The principal source of error in such a 
method is the capacitance to ground of the various 
sections of the resistor. To minimize this error, 
the working circuit is divided into sections of 
20,000 olims each, and each section is enclosed in 
a metal shield. Each shield is connected to an 
appropriate tap point on an auxiliary high-resist¬ 
ance guard circuit. Eg. This guard circuit, also 
of about 500,000 ohms, is in parallel with the 
working circuit, and its taps are adjusted to be 
at the same potentials as the midpoints of the 
sections of the working circuit they shield. The 
capacitance currents from the shields to ground 
therefore flow in the guard circuit only and pro¬ 
duce only a second-order error in the working 
circuit. With such an arrangement the second- 
order error increases rougiily as the fourth power 
of the primary voltage, with the result that the 
method becomes rather impractical above 30 kv.^ 

Above 30 kv several procedures are possible. 
One is the use of a capacitance voltage divider as 
used by Sharp and Crawford [222] and in more 
convenient form, by Bousman and Ten Broeck 
[223]. Such a circuit is now under development 
at the National Bureau of Standards as a further 
check on the performance of the standard multi- 
range voltage transformers that are currently in 
use to carry the testing service to 250 kv. 

These multirange voltage transformers consti¬ 
tute another application of the general principle 
enunciated earlier, which forms the basis for ex¬ 
tending the range of alternating current. Each 
is made with its high-voltage winding in several 
sections that can be connected in parallel for cali¬ 
bration and in series for use as a high-voltage 
standard transformer. Ideally, such a transformer 

* By using an autotransformer of high rating (75 kva) to supply the shields 
Weller [221] found it possible to push this method to 132 kv. 
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would have the same phase angle on all ranges, 
and its ratio would be strictly proportional to the 
number of turns in series on each range. Depar¬ 
tures from this ideal might result either: (1) from 
inequalities in the magnetic coupling from the 
several primary sections to the secondary or (2) 
from the presence of capacitance currents flowing 
between portions of the primary circuit in a dif¬ 
ferent manner when different connections are used. 
The applicability of this principle has been demon¬ 
strated in a large number of multirange transform¬ 
ers in which both the higher and the lower ranges 
could be tested by the use of the 30-kv shielded 
resistor [193, p. 327]. Auxiliary measurements of 
equality of sections and of capacitance between 
sections indicate that the departures from the 
ideal are negligible in the two higher-range trans¬ 
formers used in the extension of the Bureau’s scale 
of alternating voltage. The first of these trans¬ 
formers is calibrated with its four sections in par¬ 
allel up to 30 kv and used with them in series up 
to 120 kv. The second is compared with the first 
up to 120 kv and used with its two sections in 
series up to 240 kv. Figure 22 shows some of the 
standard transformers and the shielded resistor. 

The chain of measurement of voltage from the 
electromotive force of a standard cell to an alter¬ 
nating voltage of 240,000 is a long one of many 
links, and it was felt desirable to check the result 
by some independent method. For this purpose 

Figure 22. Voltage-transformer testing hay in National 
Bureau of Standards High-Voltage Laboratory. 

The 30-kv shielded resistor is in the center at the back; standard trans¬ 
formers for 25 kv are at the left and for 100 kv at the right (on insulating sup¬ 
ports). The observers on the mezzanine are setting the burden and bal¬ 
ancing the secondary voltage against the IR drop in the grounded section of 
the resistor. The large 350-kv transformer in the pit in the left foreground 
can be used as a supply. One bushing of the 125/250-kv standard transformer 
shows at the right edge. 
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an absolute electrometer of the attracted-disk type 
suitable for voltages up to 275 kv was designed 
and constructed [192]. In this instrument a light 
Duralumin disk (16 cm in diameter) hangs from 
one arm of a sensitive balance and is centered with 
small clearance in an opening in the center of a 
large guard ring. A flat circular plate is supported 
below the disk and guard ring, parallel to them 
and at a distance that can be adjusted over a range 
from 2 cm for low voltages (10 kv) to a maximum 
of 110 cm for 275 kv. The rms value of the voltage 
applied between the disk and the lower plate can 
be computed in electrostatic units from the meas¬ 
ured diameter of the disk, the spacing between it 
and the plate, and the force of attraction, which 
is weighed by the balance. Figure 23 shows the 
general arrangement of the electrometer, and figure 
24 shows some details at the balance. 

A long series of experiments [193] was performed 
in 1936 in which an alternatmg voltage (usually of 
60 c s) was measured simultaneously with the 
electrometer and with a sensitive electrod^mamic 
voltmeter fed by one of the calibrated standard 
voltage transformers. The conditions were varied 
from one experiment to another by changes that 

Figure 23. The Brooks absohde electrometer. 

The attracted disk hangs flush -with the lower surface of the upper plate. 
It and the balance are shielded from extraneous forces by the dome. The 
lower plate is carried by three rods from the intermediate ring and can be 
adjusted for any desired vertical spacing. The hoops are supported by pegs 
inserted into the fused silica pillars and are energized by taps from the stack 
of micanite capacitors at the left. As shown, only cne-third of the normal 
complement of hoops are in place. 

involved different transformer connections elec¬ 
trometer spacings and disk diameters, frequencies 
(60 c's and 25 c/s), wave fomis and magnitudes 
(10,000 to 100,000 v) of the voltage measured, and 
changes in the potentiometer chciiit used to 
calibrate the voltmeter. The two methods were 
found to agree with an average discrepancy with¬ 
out regard to sign of only 0.01 percent. The 
correctness of the extension of the a-c voltage 
scale by the use of voltage transformers is thus 
confirmed by an entirely mdependent method. 
Because of the much greater convenience of the 
transformer method, it will be used almost ex¬ 
clusively m the future. It is planned, however, to 
reassemble the absolute electrometer agam and to 
make a sunilar cross check between the two 
methods at the 275-kv level. 

The interrelations of the two methods in terms 
of the present absolute systems of units is shown 
in figure 25. It will be seen that both methods 
use a mass subject to local gravity as the measure 
of force (at F) and that the electrometer and the 
current balance occupy corresponding positions, 
each involving only the ratios of its significant 
dimensions. 

In the electrostatic method, the conventional 
constant. e», usually designated as ^fihe permit¬ 
tivity of space,” is arbitrarily chosen as 1 (in the 
centimeter-gram-second-electrostatic system). On 
the other hand, in the electromagnetic method, it 
is the conventional constant, [jl^, usually' designated 
as “the permeability of space,” that is chosen 
arbitrarily either as 1 (hi the cgs-emu system) or as 

(in the rationalized mksa system). 

The absolute ohm is evaluated by a separate 
process, from the units of length and time and the 
chosen value of /ip. Combining the absolute ohm 
with the absolute ampere, evaluated by the current 
balance, fixes the absolute volt, in terms of which 
values are assigned to XBS standard cells. The 
long cham of step-up and d-c to a-c transfer 
procedures then yields the electromagnetic value 
for a high alternating voltage shown at A. The 
electrometer yields dnectly at B the value of the 
same voltage m statvolts. According to electro¬ 
magnetic theory and fXp are not mdependent, but 
are connected (as mdicated by the dot-dash Imes 
m figure 25) by the relation 

where c is the velocity of light. This velocity has 
been measured by optical experiments at very high 
frequencies and at the XBS by Rosa and Dorsey 
[28, 29, 30] at low frequency. The two very 
different types of experiment gave results in 
satisfactory agreement and are indicated by the 
vertical dashed line m figure 25. Accordingly^', in 
the verification of the high-voltage scale, the elec¬ 
trometer results (at B) were multiplied by this 
factor (299.805 megameters/sec) and compared 
with the transformer results (at A). The optical 
experiments are presumably of materially higher 
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Figure 24. Balance and attracted disk of the Brooks absolute electrometer. 

Disk is sho\ra with draft cover removed; above it are the Poyntiag clamp and the stirrup for the measuring weights; the compensated 
counterweight and the “chainomatic” chain hang from the other end of the beam; the optical path is enclosed in the black tubing and prism boxes. 

accuracy, but the slight observed residual differ¬ 
ence in the voltage measurements might be re¬ 
garded as an independent determination of c as 
being 299.783. 

5.6 Measurement of Crest and Surge 
Voltage 

In the higher voltage range, engineers are usually 
more concerned with crest values than with rms 
values of alternating voltages. This is because 
the breakdown of insulation is to a large extent 
dependent upon the crest value of the voltage 
applied to it, and the testing of insulation is the 
principal application of voltages above the normal 
operating levels. The commonly used measure¬ 
ment technique in this field is to note the spark- 
over voltage between metal spheres of known 
diameter and spacing in air under standard test 
conditions. The standard currently recognized in 

the United States is that of the American Institute 
of Electrical Engineers [202], which is based on the 
pioneer work of the large electric manufacturing 
companies. The values in it differ somewhat 
from those in the corresponding standard of the 
International Electrotechnical Commission, which 
is generally used in Europe. One of the projects 
still ahead of the National Bureau of Standards is 
a stud}^ of the spark-over voltage of standard 
sphere gaps with a view to reconciling the differ¬ 
ences and perhaps improving the accuracy of meas¬ 
urement . Preliminary experiments have indicated 
the feasibility of determining the crest factor of an 
alternating voltage by using a capacitance poten¬ 
tial divider and a point-by-point measurement of 
wave form with a quadrant electrometer as a 
detector. This method is slow but capable of an 
accuracy better than 0.1 percent; it will form the 
basis for calibrating other techniques. 

An alternative method for measuring crest volt- 
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Figure 25. The high-voltage scale and its confirmation by 
the absolute electrometer. 

Figure 27. Surge current generator. 

This hank of 40 capacitor units mounted in five tiers (only two of which are 
visible in the photograph) is shown delivering a surge having a crest value of 
about 100.000 amp. The outer conductor of the tubular shunt used in meas¬ 
uring such currents is visible below the table. The 100-kv charging line and 
the triggering circuit are visible at the top. 

Figure 26. View in High-Voltage Laboratory at Xational Bureau of Standards. 

The four columns of capacitors at the right constitute the 2,000.000-volt surge-voltage generator; the three 60-cycle 350.000-v transformers tone is in 
pit with only its bushing visible) can be cascaded to give 1,000,000 v; the large transformer in the rear (with smooth tank) is the 125.000/2-50,000-v standard 
voltage transformer. 



age is the eorona voltmeter of TOiitehead. This 
was studied by the Bureau in 1928 and its possi¬ 
bilities and limitations examined [194]. 

A closely related field is the measurement of 
surge voltages and currents. In recent years there 
has been a decided trend toward the use of tran¬ 
sient voltage surges artificial lightning’’) for the 
proof-testing of electric apparatus. The reasons 
for this are twofold. First, the duration of such 
a test and the distribution of electric stress within 
the apparatus during the test can be made to 
approximate the extreme conditions to which the 
equipment will be exposed in actual service, and 
the results are therefore more significant than 
those of a test at an abnormally higli value of sus¬ 
tained alternating voltage. Second, in spite of 
its complicated construction, the cost of such test 
equipment is usually less than that of an equiva¬ 
lent conventional transformer. Figure 26 shows 
the 2,000,000-volt 33,000-joule surge-voltage gen¬ 

erator now in use at the National Bureau of Stand¬ 
ards for studying methods of surge-voltage 
measurement, and figure 27 shows the 50,000-joule 
surge-current generator. This has a rating of 10 
)uf at 100,000 V and has delivered currents of 
200,000 amp. 

The complications which arise from inductance 
and skin effect in measuring transient currents are 
closely related to those encountered on the precise 
measurement of the phase angle of current trans¬ 
formers. By applying similar procedures, stand¬ 
ard forms of shunt and of inductor have been 
developed [130] for measuring surge currents and 
the rates of change of such currents, respectively. 
The design of a voltage divider that will be accu¬ 
rate for rapidly changing voltage, especially within 
the first microsecond of the surge, constitutes a 
difficult problem, and the Bureau’s work on it has 
just begun. 

6. Dissemination of Units 

The unit of time as represented by standard 
radio carrier and modulation frequencies can be 
disseminated conveniently and with extreme ac¬ 
curacy by broadcasting. National Bureau of 
Standards radio stations WWV and WWVH per¬ 
form this service [23 to 26], and anyone interested 
can just tune in. The electrical units cannot be 
transmitted so easily, and hence the values have 
to be disseminated by the more laborious physical 
transportation of electric instruments, meters, and 
other measuring apparatus. Electric measiudng 
apparatus to be standardized is sent to the Bureau 
from manufacturers of electric instruments and 
machinery, public utility companies. State public 
utility commissions, university laboratories, in¬ 
dustrial research laboratories, as well as from 
Federal agencies and private individuals. 

Some organizations send in groups of saturated 
standard cells and 1-ohm standard resistors and 
carry on the rest of the measm^ement chain in 
their own laboratories. A number of foreign 
governments that are currently in the process of 
founding or expanding then national standardizing 
agencies come in this class. More often, un- 
saturated standard cells, sets of standard resistors, 
capacitors, inductors, and instrument transformers 
covering a considerable range of values are sub¬ 
mitted. Alany power companies submit their 
standard transfer wattmeters for comparison with 
the NBS instrument to verify the relation of its 
a-c performance to that on d-c, although they are 
well equipped to calibrate it on direct current 
themselves. Manufacturers of electric measm’ing 
devices submit for test their ovm ‘‘laboratory 
tools,” by the use of which they adjust their 
product, and thus disseminate the units to thefi 
ultimate customers, who therefore may not need 
any direct contact with the Bureau. Indicating 
instruments are submitted not only by small 
laboratories that use them as primary standards. 

but also by larger organizations as a check on the 
steps in the measurement sequence as performed 
in their own laboratories. As a result a stream of 
about 2,000 high-grade electric instruments and 
pieces of related apparatus flows through the 
electrical laboratories of the Bureau annually. 

The Bureau is required by law [1, 2] to charge 
appropriate fees for such testing service unless it 
is for a branch of the Federal or State Government. 
Regular fee schedules [5] list these charges for the 
more usual types of test, and arrangements can 
often be made by correspondence for special 
unlisted tests at appropriate fees. 

A considerable fraction of the apparatus sub¬ 
mitted to the Bureau for test is newly manufac¬ 
tured, and in some cases (e. g., standard resistors) 
it is desirable to have it held in the laboratory for 
several months to enable successive measurements 
to insure that secular drifts in value, originating 
in the process of manufacture, have steadied down 
to a negligible rate. Other standard apparatus, 
however, is usually submitted at regularly sched¬ 
uled intervals to insure the sustained accuracy of 
measurements based on it. The desirable fre¬ 
quency of such periodic checks depends on a 
great number of factors, including (1) the accuracy 
required, (2) the extent to which intercomparisons 
are made among the standards in the local labora¬ 
tory, (3) the ruggedness and stability of the 
particular type of apparatus, and (4) the care¬ 
fulness and skill of those handlins: the apparatus. 

A standard cell is relatively delicate and can be 
ruined in a few seconds by an excessive drain of 
current, yet if a group of at least three cells is 
available and if its members are intercompared 
frequently, a change of any one relative to the 
rest is quickly evident, and the volt as fixed by the 
mutually consistent remaining cells may be trusted 
to an accuracy of 0.01 percent for 6 months or a 
year. Most standard cells of the unsaturated 
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type show a gradual decrease in emf, which on the 
av'erage is about SO /iv year. 

By contrast, a standard resistor, intended for 
the measurement of currents of several thousand 
amperes, is a eery rugged structure and is not at 
all likely to be damtaged by carelessness in the 
laboratory. Barring corrosion from acids in its 
cooling oil. if this is allowed to become rancid, or 
eery slow metallurgical changes, such a resistor 
may be trusted to an accuracy of 0.01 percent for 
5 or even 10 years. Resistors made with fine wires 
are decidedly more prone to change as a result of 
corrosion and mechanical strains, and shoidd be 
rechecked eeery 2 or 3 years. This periodicity 
also applies to resistance boxes, measurement 
voltage dividers, bridges, and potentiometers. 

In many cases an initial test at the Bureau 
may be very desirable, and further periodic checks 
may be minecessary. An example is the transfer 
test of a high-grade wattmeter, winch determines 
the difference, if any, between its a-c and its d-c 
performance. This difference depends upon such 
factors as eddy cmTents, inductance, and capac¬ 
itance in its Tvfindings and is very unlikely to 
change appreciably ^fith time or use. The d-c 
calibration as a wattmeter, which depends also 
on its springs and the dimensions and relative 
positions of its coils, may show secidar changes. 

This d-c performance, however, can be ade¬ 
quately checked by measurements made at the 
local laboratory with a potentiometer and standard 
cell. 

Recognizing the desirability of having precise 
apparatus checked mitially at the Bureau, several 
manufacturers of electric measuring apparatus 
make it a practice to submit for test groups of 
usually 10 or 20 similar standards. After the test 
these are returned to the maker’s stock and later 
sold ‘S\fith a National Bureau of Standards Certif¬ 
icate’' at an increase in price to cover the Bureau’s 
fees and the handling costs. By this process, the 
necessary seasoning time does not introduce a 
delay between the sale of the standard and its 
ultimate use. 

The residts of calibration tests of measuring in- 
strimients and apparatus are issued in one of two 
forms: “Certificates” and “Reports.” A Certif¬ 
icate is usually issued if the residts have rela¬ 
tively permanent validity, and if the apparatus 
tested meets certain standards of precision and 
tolerance. 

Reports are issued when unusually long and 
complex measurement programs are mvolved, 
when the apparatus is such that it can be too 
readdy throwm out of adjustment, or when it 
shows symptoms of uistabdity. 

7. International Relations 
By the Convention of the Meter, as amended in 

192i [6], the International Biu’eau of Weights and 
Measiu’es at Sevi'es, France, is authorized to 
coordinate the work of the various national stand¬ 
ardizing laboratories in the electrical field. The 
National Bm’eau of Standards cooperates ac¬ 
tively with the International Bureau and sends 
groups of standard cells and of standard resistors 
to Sevres every 2 years for comparison ^fith the 
groups of standards kept at the International 
Bureau. Other nations do the same, and in this 
way the relative values of the units as maintained 
in the different countries are derived. Graphs of 
these values are given in [6, p. 13, 16]. In ab¬ 
stract theory, all electrical units are supposed to 
be derived by an unbroken chain from those main¬ 
tained at the International Biu-eau. In the final 
analysis, however, because of errors in comparison, 
changes dming transportation, and drifts vfith 
time, the unit actually used in practice in any in¬ 
dividual laboratory is bound to differ somewhat 
from the ideal. The relative differences between 
countries seldom exceed ±20 parts per million. 
The international comparisons of high precision 
serve to give early warning to any laboratorv in 
case its units should show a drift relative to those 
of the other laboratories. The appearance of 
such relative drifts in the German standards led 
in 1931 to cooperative experiments in Berlin in 
which representatives of the British National 
Physical Laboratory and the National Bm*eau of 
Standards took part [12]. As a result of these 
experiments the German laboratory changed the 

values of its electrical units [6]. Also, the results 
of any new and improved absolute measurements 
can be disseminated with high precision to the 
rest of the world by these biennial intercomparisons. 

Most countries derive their electrical units by 
sending standards to the International Bureau for 
certification. As a matter of practical convenience, 
however, a number of national laboratories have 
preferred to have their standards tested at the 
National Bm*eau of Standards. This is particu¬ 
larly expedient when the standard in question is 
manufactined in the United States and can readily 
be standardized in Washington before shipment 
abroad. 

Occasionally, when a standard capacitor or in¬ 
dicating instrument of extreme accuracy happens 
to be shipped, say, from England to the United 
States, it is found feasible to arrange to have it 
tested at the National Physical Laboratory before 
shipment and again at the National Bureau of 
Standards on its arrival in this country [109], 
The agreements found in such comparisons are 
usually not as precise as those based on the ship¬ 
ment of standard resistors and cells, but give a 
very valuable assurance that the methods used in 
the two laboratories for deriving other units from 
the more fundamental ones lead to results that 
are consistent to an accuracy well within the needs 
of commercial operations. 

The dissemination of scientific units of measure¬ 
ment throughout the world offers an almost unique 
example of harmonious international relations 
which have persisted for many years. The gain 



to society from world-wide uniformity in the field 
of measurement is very great, and the sacrifices 
required to maintain uniformity, at least in the 
electrical fields, are small. The workers in the 
national standardizing laboratories, confronted 
as they are with similar problems, have learned a 
mutual respect for their confreres. The inter¬ 

national organization which deals with weights and 
measures, established in 1875, has filled such a 
definite need and was devised wfith such farsighted 
wisdom that it has survived two world wars and 
has p'own in prestige, scope, and influence. The 
precise unification of electrical measurements is 
one of its outstanding accomplishments. 
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