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PREBFACE

information on each subject might be presented in reasonably
compact form, and at the same time be easily located.

Thus each numbered paragraph opens with & deacriptive title
or phrage in bold-faced type, while in other reapects the use of
such type has been limited to subheads and important key
words which should catch the eye upon & casual glance over
the pages. An entirely new feature is the consistent use of sub~
heads throughout each section and the grouping of these on
each section title page, for the double purpose of deseribing
the contents in some detasil and serving aa s ready guide to any
particular subdivision or minor subject. This general acheme
of presentation i not intended to relieve the nocessity for s
thorough and complete index, but rather to supplement the
latter and make the book of maximum usefulness, Anocther new
feature iz the addition of bibliographies at the end of each sec-
tion or subsection, and the insertion of numerous references
throughout the text to more extended or specialized literature.

1n retaining the sectional or unit system of arranging s refer-
ence work of this character, both the Editor and the Publishers
are convinced from past results that there is no other form of
arrangement which is so well suited to the production of a useful
ang convenient handbook, or which makes possible the segrega-
tion of all the material relating to each subject, presented in
logical sequence and so displayed as to give it the desired
prominence.

Sections 1 to 5 inclusive cover the same general ground as in
the third edition, but have been almost completely rewritten and
considerably extended.

Sections 6 to 9 inclusive embrace the same subjects as Bections
8§ to 8 in the third edition, but conform to 8 revised classification
which is believed to be preferable to the former arrangement.
These sections have also been entirely rewritien and substan-
tially enlarged.

Bection 10 covers the same genersl subject matter a8 the cor-
responding section in the last edition, but is entirely rewritten
and greatly enlarged.

Sections 11 and 12 cover the same ground as Section 11 in
the third edition, but are entirely new and much more
comprehensive.

Bection 13 replaces Section 18 in the old edition, being entirely

¥i



PREFACE TO THE THIRD EDITION

‘The preface to the first edition of the STanparp HANDBOOK
which appears on another page, deseribea the “unit” system o
which the work was developed. The present edition, th.
publishers believe, is somewhat of & triumph for this system
The thorough revision of & book of this size, when manufaec
tured according to the ususl plan, ia commercislly impossibl
except at long intervals when the changes in the art become ac
great as to demand an entirely new book. The “unit” systern
employed in the Branparo HanvBook permits thorough revisior
in part or a8 8 whole without any of the ueusl limitations.

In the present revision the authors of the various sections
were allowed & free hand in so far as mechanical detaila were
concerned. They were not restricted in space or compelled tc
gut and prune material to fit pages. The result is a book that
has been thoroughly revised from cover to cover 8o that it could
be fairly called a new SraNDARD HanpBooX.

The following synopsis gives & brief outline of the changes
and additions that have been made to the various sections.

Bection 1, Unita, is corrected and slightly enlarged.

Section 2, Electric, Magnetic and Dielectric. Circuits, is
groatly enlarged. The general theory of electric and magnetic
circuits is entirely rewritten and the caleulation of inductance
and capacity is given in greater detail than before,

Bection 3, Measurements and Measuring Instruments, is
greatly enlarged. Several new instruments are described, tests
of self and mutual inductance have heen added and » section
devoted to pyrometers and high temperature meagsurements has
been included. The design of rheostats and motor stsrben has
been transferred to Section 5.

Bection 4, Properties of Conductor, Reaistor and 1nsulating
Materials, is enlarged more than any other section. Many
tablea have been added giving data on the latest types of
conductors and cables. An entirely new section giving the
properties of a large number of commercial resistor alloys has
also been added and the magnetic testing of iron has been en-
tirely rewritten and now forms a very comprehensive treatment
of the latest practice in this important subject.
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PREFACE

Section 13, Traction, has been corrected, revised and enlarged.
The locomotive section has been entirely rewritten, and more
apace has been given to the method of constructing speed-time
qurves, .

8ection 14, Electrochemistry, has boen thoroughly revised
and somewhat enlarged:

Bection 15, Telephony, has been entirely rewritten. 1t ia now
s comprehensive treatise and represents & new method of pre-
. senting the subject.

Bectidn 18, Telegraphy, is corrected.

Section 17, Miscellaneous Applications of Electricity, is
corrected and somewhat enlarged,

Section 18, Wiring, is corrected and brought to date.”

Section 19, Btendards, ia considerably enlarged. The
latest changes in the A_1. E. E. 8tandardization Rules have been
noted, and standard specifications for rubber insulation, copper
eonductors and transformers have been added.

Bection 20, Tables and Statistics, has been corrected and
enlarged by adding telephone, telegraph and central station
statistics and by general revision.



PREFACE

first edition of & work containing such o mass of figures ant
data, although the greatest care has been exertised in ite prepa
ration. Any suggestions, criticisms, or corrections from user
will be of great service in making THE Sranpakp HaANDBOOK |
standard in fact a8 well as in pame,

December 12, 1907,

PREFACE TO THE SECOND EDITION

No new material has been added to this edition of the STanp
ARD Haxppoox, with the exception of directions for resus
citation from electric shock, which have been inserted at the enc
of the book. However, every page haa besn moet carefully reac
and every possible effort made to insure the accuracy of all dat
and perfection of the typographical work, Several of the ta
bles, which were eapecially prepared for this book, have beer
recelculated and others have been checked by plotting the valua
and recalculating those which did not fall on & smaooth curve.

The success of the STanparp Hanbpoox has been phenome
nal. The general intereat in the work has been manifested by
the many letters received from prominent men commending it
general character and offering suggestions and criticimuns. I
bas already been adopted for use as a text-book in thirty
universities and collegea. .

The publishers take this occasion to express their appre
ciation of ite reception by the profession, and to thank thowme
who by their kindness in pointing out typographical and othe:
errors, have materially assisted in the work of correction.

Naw Yorx, May, 1008.
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SECTION 1

UNITS, CONVERSION FACTORS, AND TABLES
SYATEMB OF UNITS

1. Nature of units. Engineering makes unof phydeal qmtluu i.n
the broadest sonse ofthtterm i.c :no}udm.; mech phy
t.hermnl and phamolon qmm.{eo. In order ad toly the

magnitudes of phynenl qmuueu of the eame kind, unit m.nimdu. of .
units, are necessary for each kind of physical quantity dealt, wit

8. Oludﬂut.lon of units. The subdivisions and iato which
unlts may ba divided are xnd;nbed in the acheme shown in Fig. 1, with ex+
planations which foliow in Par. 3

(@ bepderd . (Gy)Empiiml
u Oudu

{5 ymamatis (D) Nedaswrips

) Itermsttetal (1) Primiml (d,l&ﬁ tdh.as.
QoA  Dsmusilesal AL wl

GEA
-

(O%La (eﬂw
T T
r f ]
) B e R B
yraty  yvem rum  Byrum
Fua. 1.
8(m) Btandard units (see Fig. 1) may be sid 1o include ell units which

have reoeived the stamp of recognition m heh nical litersture.
Ero utiite, on $he oth

d, are units whioh have :Iprun(
into existencs locnlly. narlly without pmm to sclentifio Vi

snd which have not been eanctioned geners]l ueage. At various
times dnring recorded history, empiricsl nnits hava appesred. Thus, io
the early istonr of electrieal unite, & unit of conduetor umunoe was used a8

representing the resistance of s certain Jength of & certain mise of telegruph
2



Sec. 1-3 UNITS, FPACTORS, AND TABLES

B(20) Ommm English units are the units of the Eulnh snd Ameri-
oan mau vig., longth measure, square , Innd cubio
dry iquid svou'd wdght.
troy wught. apothecanu vm.ght and _lloweler s ‘m!lht Each of these meas-
uree may be he may be regarded as e
1::3. ‘:;f {im tg:rfactly oonwcw:l systeme. Empirioal and hybrid unite are
da) 0 G.B. unite are the units of that wuoular 'L“m of ab-olute
units whi on the international cen tiomml
cnm and the menn solar seoond. That. in the.v m -bsoluu unite
ploying the metno lyntem in u definits way. A reason for the centimeter
havi bm selocted in of the meter aa the fund.amtul unit of length
t the mass of the oubic centimster of water (at the temporsture of
unitd d)inhemmorunitmu.whuwthommofacubmmmrd
million grams.
$(dy l.l.\l.ﬂ.l“mumupeﬂn to the quadrant-eleventh-gram-
pocond ute aystem: s.e, the o whith the unit of le is fO*
om_orltheouucnlquulm nr&humenund‘fromnpo o the
oquator, the of mans ie 10"1‘1){ % and the unit of time ihe mean
sorond, or the ngse the snnusl mean daily period of revo-
ution of the ea mpeet 0 the sun, This is the symm to which the
internstional ohm, wol e, joule, watt, conlomb, furad and henry,
belong. The eystem vu not intentionally established as » Q E.B. meem.
bnt t obm baving been arbitrarily salocted, for convenience of maogm
0 C.Q.8. electromagnetic units, and tlle valt nn'nlarly as 100 C.G.B.
u.niu. the roet of the system necessatily mcidea with the Q.E.B. systom;
or is such & sysiem as would be produced by the ulechon of the quadrant,
eleventh-gram and second a» Iundnmen units, together with umty for
the P"Mbmw and unity for the dielectric constant of the ether.
5 Glorgl anits are unitein a and tical aystom,
devised by Prof, G. Giorgi,f in which the fundamental units are: the meter-
kilogram-second-international ohm, and the further aas tion that the
pormoability of free sther, imuad of being unity aa in the C'p G.8. magnetio
syEtem, im m- 4xX10-7 heory/m, On this zuu ke chm-volt-almpere
sotiss of practieal units booome BO aboulute units. The elootric mducuvit. .
instead of unity, »8 in the C.G.B. eotnelys'.e + becomes k, 3&
X 10-* farad/m, No distinction arises in the Gi a;rsum bet.mn ekeu-ie
and m o units, The system is also res in to 4r factou‘
oris "rl. onalized’ in the Heavinids sene; oo that s of
oqu:t‘i:nfa in the systam differ from thoee of the C.G.B. system in regard to
o n0t0
B{dy) M. ('I 8. anits, ets. Units in en abeclute systom whose fundamental
unite are the me -neond. the mﬂlimewr-niqﬁlmm-umd the foot-
§rain ssco mond m pe of thess extruneous sbsolute mystems have come

ey 3.‘ unlumthnmuofthaCGB system as established by the

Bri Asgociation for the Advancement of Beiencet in 1862, The electro-

statio sy tem wae sstablished on the basis of the unjt quantity of eleo-

tricity suoh that it repelled ita Jorototm ot & distance of 1 con. with & foroe

of 1 dyne, The eleciromagne ba{n:am was limilatly eatablisbed on the

basis of the unit magnetio pole euch ¢ utnpe ‘egmtotm at a dis-
urs

tance of 1 em., with & foree of 1 dyne. be anomalous
result that svery electromagnetic unnuty unlé botk in the slectro-
mtio mbeyatem and io the muneuo wibe

$(e:} Honvistde units are units in that form of the C.(.8. systern whioh

waa firat sumuted by Mr. Oliver Henvmde in 1882 § He showsd that if a
unit electric point charge and a unit magnetic goint pole bad been respect-
ively defined such that unit total flux emanated therefrorm, the strengih of

Ch. l\v{u\iell. J. C. A Treatise on Elecirivity and Magnetiam,” 1881,
Apler
t Aacoli M. “On tha Bystems of Electri | Units,’* Trans. Int. Electri
Conﬁrou of St. Lovis, 1904, Vol. 1, p o o A eal
H v-isid Oui.ntl%:ﬁ Rﬁ]:f:rt on El})lee:tncnl g{unda‘:dl.; 1863, 4 B’
o e, 0. "The ations e me i« Force an eoiri
Current.” The Electrician, London, Nov, 1'5, 1882 o
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Bec. 1-5 UNITS, PACTORS, AND TABLES

then soother, The numerical values ap;iyigr to mipan-ioulu ense 00Y-
srod by the squation will grestly according +o the unit selected. 11,
however, any one of the terms ia expressed in a partioulsr unit, all the other
terma must adopt the ssme unit, In all casee, however, it in heipful to the
reader to havs the unit of the squation written out at the end of‘i’u line, 2s
above, in order to sesist the pumerioal interpretation. .,

HISTORICAL SEETOE OF ENGLISH UNITS
8. The English weights and measures are based upon old Roman
hts and measures.®  The troy pound is suppossd to have basn » weight
o%ﬂr referred to as & "' pound sterling,” This pound would be coined inte
240 silver pennies or * pennyweights,” euch of 24 gr. (barley grain weighta).
It would, therefore, contain 5,760 gr. Heavy bodies (substances in gros
weighed by ** avoirdupois™ weight, authorised
by law the fourtesnth century. Several lll’htl diffsrent avoirdu-
pois were in use, Aince Queen Elisabeth's rjsn the avcirdupois
pound has besn fixed at 7,000 troy grains.
thmrdtolﬁﬂsh_lm,tha earliost seems to have boen the
eublt or yard. The cubitis s vﬁ ancient measure, snd corresponda i
s (orearm length from elbow to middle finger-tip. The royal iron standard
yard was constructed in the thirtesnth eentury, sfter which the cybit or half
yard gradually fell out of use. The foot wes standsrdized at one-third of
the yard. ‘The mile waa & relio of the Roman " millis p " or th
paces; the Roman pace was two of our pacas, or tounted between the Lifts o
one and the anme foot.

T. Gullon measures of volume existed at different times in England in
six different forms, such aa tha corn-gallon, the ale-gallon, sto.  Among these,
the wine-gallon of Queen Anne contained 231 cu. in. _This gallon was brought
to Americs t| ¥ colonists and remains to-da‘v the U, 8. galion. In
1824, the Pritish snacted a nsw “imperial gallon™ to sy all pre-

gallons, and defined it as the vol of 10 svoirdupodis pounds of
dhtill:ﬁ wator at the tel:?eumre of 82 deg. fabr, with the barometer st
30 in. It was further deflned as a mensure oonmmwzﬂ cy. in. of
distilled water. There is thus s diference bstwesns Bri snd ean
gallons in the eatic 277.274 to 231 = 1.204 : 1; so that the British gallons,
quarts, sod pints are respectively about 20 per cent. lurger than Ameriesn

n.ll)n& quarta and pints, s large disorepancy that has frequently led to
I b Tans nglo-Sex B or “pote"
| measule, since A on times, s *oor !
was 11 gubits in len = 16§ ft., and auch & pole was the surveyor’s unit.
A length of 40 wes & furlong, and 8 tu:rlon? the statute mile.
{ 1 ar strip a furlong in Jength and
4 perches in bresdih, which breadth was known as the “acre's breadth.”
An scre therefore lnoluded 40X 4 = 160 sq. perches, Eight auch stripe end
to end made the statute mile, and B0 suoch stripe side by side made » statuts
mile breadth; so that & square statute mile contained 840 acres,
in the seventeenth oentury, Prof. Edmund Gunter of Gresham College
decimulined scre by inventing » 100-liak “chain ™ of outstretched
!ﬁ;lsth equal to 4 perohes or the acre’s bremdth (68 ft.). The scre thus becams
8q. thains,

HISTORIOAL SEETCH OF THE INTERNATIONAL METRIO
STATEM

9. Priox to 1794, differenoes existed between the weights snd measures
of diflerent Departmenta of France, Reform in the directiona of simpli-
fication and unification was promised in a d of the National A Iy
ynder the sanction of Louie XVI 1o 1700, The metric system waa nctunlz
developed under the suthority of the French Repyblie in 1703, in the han.
of a committes of acientists and enginesm.

10, The decimal m, at the base of the metrie system, was originally

to angles snd to time, the right angls being divided into l(l)d(’rndeq

sach subdivided into 100 min. and gun into 100 sec, The day wap divided

into 10 br., each sybdivided into 100 min. sod uﬁsin into 100 sec. Tha ded-

subdivision of time never came into extended effect, and the decimal
subdivision of angles has only besn used to a Limited extent.

* Watson, 8ir C. M. * British Weights and Measarea,” London, 1910.
8




Sec. 1-18 UNITS, FACTORS AND TABLES

In 1888, ab internstionsl commission met at Paris and adopted

a langi-h of 100 om, s the length of the mercury solumn defining the ohm, as s

closer approzimation to the Jfrae ohm than the B.A. ohm. This 108-cm.,

ohin was calied the *'1 ' ohm, an dlstinﬂbhed from the B A, ohm.

Logal ohms, volu. otc., have at the p die-

& an int diate stage of approximation to
prmt i.ntarmtiom.l unit values.

19, In 1889, an Internstional olnlrlotl congress st Paris adopted
the Joule. the wutt., and the d units of energy, power
sad indu ce, Teepactively.

a0, ld:lnburlh oonferenve. In 1892, a conferanoe was held in oonnee—
tion with the BLA. meeting at Edinbuuh It was then deuid
106.8 em. as the length of mercury whoss umbmty

li In 1098, the intarnational dnﬂmﬂ of Chicago adopted
the 106.3-cm. ohmn, which was called the in sl ohm. The other
units of the practical aystem :ﬂmted in conformity to this value were oalled
oorraspondingly the in smpars, volt, coulomb, ste. The
pame of the unit of inductance was changed from the quadrant to the henry,
in honor of the American physicist of that oame.

41, In 1900, an International slectrical congress u. after some

, adopted the maxwell as the unit of mn-snouo the gauss

as the unit either of magnetio intensity or of & ensity mthe C.0.8. mag-
netic system

13. In me an intarnationsl commission at London ounsldered
order of uFuom of reuistnn current snd voliage standards, which
had been Ie t mdeﬂmte at nt:on;m It wee decided t‘ut the
o the firat and smpers the sstond, s dotermined
by the rata of electrodapoutf b of silver under specified conditiona, The
wolt was to be determined from the ohm and ampere.

DEFINITIONS OF MDMIITLL UNITS
Luﬂ:‘h (L) Linear distance batwesn pointa. ‘The unit of
lanﬂ.h metrio systom ia the mem in the G 8, pystem the centi-
mater, in the sustomary system it In ::{ one of the following:—ineh, foot,
nrd pn!e. furlong, mtute mile, nauti
undamental wnit of length of the Umted Btaten is the international
mcur, tho mary standsrd of which is deposited at the International
Pureau of Weighta and Measurcs near Paris, France. This is & platinum-
fridium bar with thres fine lines st sach end: and the distance betweon the
mic dlo Lines of nch end when the ber ia at the vompersture of 0 deg. nent.,
;:'ported the two ncutn:‘po ta 28.5 cm. each side of the centre in
1 mw. by efinition, Two soples his bar {prototyps mmrs? ar in the
posssasion of the Unlted Statea and are ted at the Bureau of Btandwrda.
The United Btates yard in defined by the r
1 yd. = 3800/3937 m.
oquivalent of the meter for commercial p urpoou was flxed na
9, 7 ytha law of July 28, 1&30. and o8 vmehown that tlna
ue was exact within the error of observation, the Uni Btates Ofice of
Bta: ndud ols and Meanurea was, by executive order in 1893, suthorized
to d yard from the meter by the use of this relation,

ih 5. Das {bH 3y The qht.. tity of mattet ic & body x:;:umuted odther bz

n tha metric system,

ci was m%imlly s the masy of & oubio ventimetor

l’ wawr st O deg. althou;h in practics it is taken an the
thoussndth part of a sundnrd fn In the customary system, the
unit is ordinarily any one of the following: l\roi.rdupou . ouhee, pound,
or ton (long or short}; cocasionally, it 14 one of the Troy system (ounce,
pound), Intheuse of &mn. itis usually stated in apothecaries weight. The
'mass of pracious stones is commoenly estimated jn carats,

8. Time. (T) Thoe interval elapsing between any two events. In the
C.G.8. system, the unit of time is the mean solar seoond, or 88,400th part
of the mean solar duy, Inthoomtomlrym it in either the second, min-
nte, hour, day, wes oryeuofmmsolarti

8
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a poundal being the foroe which acting on a pound mass for 1 sec., develm
initsvoloci of 1 ft. perses. A pound weight is ulto322pou.nd
But if wa congider & pound to he » foroe, represented yawu;ht

F-%- :—' (‘pound.lfome} {8

It &s avident that there is no A bet the two conirasted modes of
zruenunl the ta::d, proudad that we distinguish csrefully between a
peund: d-lmc." If, bowever, wa use the same word
‘mnd"tododutymthotwom dictory and illogical results may
It _follows that the ALm, H.lomm und, ton, ste m sus-
oaptible of elther oi two dhﬁnot‘ : ?n:m ely. a untt of mass of

matter or & unit of foree equal to tbe ;rwlutional foree oxwd on th-t
mass by the earth, Confusion can be avozded in all ouu. howaver, by u.in‘
distinguishing terms, as ™ gram-mass,” * gram fores,"” “gram weight.”

83, Linear welocity (v).  Raie of movement alons 'Y lme'h:,nd ordinarily
along a straight line: also, time rate of change of » e wnit in tho
C.Q. lymm ie the mnmew@-pemoond in the metrio aystom the meter-

d, or per hoyr. In the customary s mm. it would
gtny of the customary Enm te of length per seco: hour
Valoqtieomyheu r+ or — Inthrupectwluiocud

yol.nt on tha line of motion.

95, Linear scosleration (a). Time raie of change of linsar velosity.
The C.4.8. unit is the (oM. DeF $06.) Dor 896, ; or the om. per sec.t. The
metric unit g’benmurwm' oramotergerhom-' or ady decimal
dnrlvative of ¢ of the te, hour, eto, A

ul hybrid unit is the (hlomem per how} per second, Accelerations
mr be sither + or —.

8. Plans le { .'y) In Elnne circular trigomometry, the ratio of
& olrenlar aro to lta G.8, upit is the redlan, or 1 ¢m. of aro
drawn with s radina of l o, Tha reetric unit ia the grade or one-bundredth
of the quadrant with unit radius. The customary amt is either t ed‘?
ono—nine:i:th of the unit-radins quadrenti—or the revolution four
quadrau

5. Angular velocity (o). Inpiane ei:mllar nometry, the time rate of
olunaa of an(le at any g(xven inatant. . unit is the radian pwr
nm“h in sither the degree w second, or the revolu-

tion per uoond OF per ute, ete, Angular velocities may be either + or —.

86. Angular sooeleration. In e tireular trigonometry, the time
rate of change of angular velodity., T CG S. unit is the redisn par second
per ssoond, Customary unite are the degree per sec., the rovolution per
S o‘ il U h doing work, E nai

3T, Boes { TeeaPadtyof o pergy may be conaid-
ored a8 the gntzl?raenu] [ in terms ?whmh all dypami :{ quantjties
may be defined. In the . gystem, the unit is the org, of dyne-conti-
meter. In mechanics, 1.t my he anoy product of a unit weight and unit.
distancs such s Lilogram-meter, foot-pound, ete., according to the system.
An industrial unit in the meter-kilogram-second syatem is the Watt-hour,

38. Powar (P). Activity or the rate of working. The rate of &

Im‘g The C.G.3. unit is the arg par petond. The metric v‘ipe nonlﬁ
unit s the gram-meter ‘per lecond. of a decimal derivative, suc u the kilo-
gram-meter per The olute unit in ithe meter-hlozram-eecond
sysiom is the Watt. The customary unit i¥ the foot-pound rnooon .
ot the c{muo-povot of 560 ft-lb. per sec. It may be either local or
standar

8., Momentum. The product of the mase of a hody and its velocity.
TheCG&unitiathemm—unttmohrw svoond,  A-bustomary u t

he pound-mess X (foot per»ooncl)

40. Torque (r). .hn:‘ efiort. The moment of & tvmtmg couple
ordinarily exerted about - t axis. The C.G.8, unit is the dyn porro
dicular-oentimetesr; i.s., & dyne acling at right gogles toa rldlua ¢m.

*Prof. W, J. M. Rankine. “Applied Mochanies,” 9th edition, 1877, page 491
10
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E.mf. mbennboudforooomplohmnitorformyporﬁonw;
g;ti: euhaadwwyporﬁonot w closed cieouit in the steady stete cbeys

m's

43. rmunm« (0 or A oondmonmmm of which an
eloctrie omntund:wﬂowtr&% ofhis!;rtonpheo lower potan-

the work dons om
. uni uantity of electricity in pmn; betmn the two points. The prao-
uﬁ the volt, Tha)::: G.5. units are the abyolt, and staivolt.

il rmntl&l L. te of f potential, or th
l'l'ld.lon xgmn ohan*eoyon or the

change with respect to distance, the space
rate 1:(. cha: n:fe of electrlo terntul md ‘\:nimﬂ;ﬂyi AN mqnm n:ltie.y:‘l;mal‘:r

o] 1 the aystem in the
mt. pet qu.u{nnt buta hybdd unit such s volt g ocentimeter is gener-

ally used, The G.G.B. unit is sither the abvolt o Btatvolt et o per o,

80. Eleotrio current (I). The rate at which eleotricity fows through &
conductor or cirouit. The practical unit is the ampers, which is & current
of ct":. coulomb per second. The C. G 8. unit is sither the sbsampers or

51. Elesirio ouarent t,'. The ratio of the eurrent ﬂowl.nc h
& conductor to the cross-sectional ares of that conductor. More sirie
the current density ata pomt ne conduof-or in the ralio t.lu outrent m
& very small plane o _-ﬁ.ng the
to the current, to the ares of the element. lyltamho pmtmal unit is
the ampare Der square quadrant. In pnctioe & hybrid unit is preferred
such as the ampers per square oenﬂmourorsqnminch The C.G.B.
unit js either the absampers or statampers per square unhmewr

3, Keotric resistance (R). Obetruction to eleotric flow. The ratic
of voltage to cutrent in a conductor or olosed creuit, The practloal ynit is

the ohm. ThaCGS unitis '.lmr sbeohm or .m.fn

§3. Elestric resistl g}. rsuo of x](;t:m.ial gradient in & con-
ductor to the current demlty specific reslsiancs of
» subatanos lmmenoullg mnu offered by & unit oube of the
rubstance as messured et.wm " pair of opposed parallel faces. The aye-
tematic practical unit is the ohm-qtud.nnt. or numerically equal to the
rewistance in a cubio wth-& t. A bybrid unit such as the ohm-om.
is usually pref G.8. magnetic unit is the absobm-em.

", Ilocu'la oonductance (). Tho cond: power of a conductor
of eirouit for eleetricity The inve:

The praotioal unit is the mhao. TMCGB unit is sither the abmho or the

0.
5. Rlectzic conductivity (v}, electeio oonducting
of a substance. The ndproe:l mm%c‘mo The systenastio w":t;e?
umt is the.mhbo per q‘_heuadrmt. A hybrid umt. such sa the mho Der em.
refsrred, %1 G.B. mngnehe unit u the lbmho pll' em.
an 1N e capacity for el _‘Igi:hc -
n-od by AL nctive arcu:t sither on 1tself or on neighboring cireuits, ’21?&
ratio of the magnetic Sux linked with and dus to sn setive conductor (num-
ekt o e hfu‘-'}w%ﬂ)ccs. tarta are the bheury w08 t.ho::;l
are [
The term "industance™ seams to have been firet introduced by Heaviside®
brief equivalent for * ooeffimjent of self-induction.” Inductance may b
d.lvldod inl-o two species; namely, lf-fnductance and mutual inductancs.
lf j 4] hx mume i Ian,t.)h mmuﬂm eallad
. Kleo . Bometlmes mittanoe or ol
tance. The power of atoring or Idmla elact.m?:fnr Thonz:’ of an
electrie cham on & conductor to the electrio potential tterence produdng
the cha The tical unit in the farad. ~ The C.G.B, uuiti.aoit.herthc

abfared or the ared. The term ' permittance” was intmdneed by
Humdo t It should be noted that capacitance is used by a few writers as
synonymous with capacity-reactance. .

* Heaaviside, 0. " The Flectrician,” 1884, May 3, p. 583; also " Electrical
Pl?(l‘l * Masmilisn Co., 1802, Vol. 1, P 354,
Heavizide, 0. "Eleetrical Papers,’” 1892, Vol. II, pp. 302 and 327,
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. Magnetic flux-donuity (@). The ratio of the magnetio flux in
mctional eloment of & magnetic circult to the area of that elem::i'
TheuC(ES mmmcumththeum. which is also & maxwall per square
osptimeter.

75. Magnetomotive foroe (m.m.f.). Thet which produces tie
flux. The anal m in the c u)n:u.it of electromotive foros in the
eotrio circuit. uame has provided for the unit of m.m.i, either

in the prnctical or in the C.G.5. magnetio mystoms. The name of gilbert
however, been for the latter. A convenient practieal unit
is the unpm-turn uﬁch ia «/10 gilberts,
tle _11 or gradient of magnetic potentisl
he rats of ehlﬂuld magoetic potentis
ance. “w glon oau.m:l‘e p:d e n.y. tha Geld m&eneity
is numem:ally ml‘ne o flux ¥: The provisional name
of the C.G.8. mﬁmuc unit is the glibert per centimeter. A numerically
related hybrid unit is the aAmpere-turn per centimeter.

5. Reluoctancs (ft). Obetruction to maguetic Bow. In & simple ning-
netic circuit, the rstio of the m.m.{. to the magnetic Aux, A provisionsl
name for the C.G.B. netio unit is the gersted. One gilbert m.m.f. aoting
ob & magnetic circult of she cersted reluctanoce produces one mazxwall of flux.

T4, Ealuctivity (v). A spocific reluctance, numenually oqual o the
reluctance of unit cube of & substance between any pair of opposed parallel
facos, The C.G.B. magnstio unit is the cersted-om.

7. Pearmu The reci 1 of reluct Conducl.in; power lor
magnotic lux. No pame bas been adopted for this uni

8. Permenbility (s, Tha nclpron;l of ralucti"'l&.‘r. or l't:dﬂa
snoe. No name gu memionnl
formules of the C.G.8. mtem. lf the electrlo and maa:neuo conatanis of ihe
wther are contidersd as mere numerics; both permesbility and reluctivity
are also mere nummea Al netio intenmty has the eame dimensions
wa fux densit; go "0 that on this , which was at one time undlspll'&d
there would difference between gilbarts-per-centimeter and gaussen
exoept numerlcnlly It is now general sdlmt .1 homor. that the clectrio

netic constants of the athet ould not be taken s mere numerics:

n.ll.ho their dimensional formulas are not defined. On the latter busls,
there is & dimensional difference of some kind betweoen rmagnetic intendty
in gilberts-per-centimetor and ﬂu-dendty in gausses, The permeability oan
aleo be szpressed o =14 4w« where « is the susceptibility.

T6. Namen for the units in the £.Q.8. maguetio and slectric sub-
systems. Although the practical ohm-volt-nmpers seriea of wnjls is uni-
verull:r loyed in the great majority of electrical applications, yet it ia
sometimen ble to use the C.G.B. pt system of units wnd oames for
such units havo only been amigoed authoritatively in a few instanoes, such
s the **dyne™ for ths unib of force, and the org for the unit of work, Tt ban
bean luuestedt that the C.G.8. magustic units might be Irom
their mtotapu in the practical aystem by the prefix ab- or abs- and also
that eloctrostsiio units might be similarly duunlfuhhod by the

"tas-, md.lonod m the followin; table
It shouldhe borne i mnd that the prefizes “ab" and “'stat" have never
been authoruad by any technical sotiety or institution, and terms buru:g
?. fizes are therefore technically u-re%d.u The excuse for Lhis |
lnrlly that o proper terms exist by which to describe these unite, since t
magnetio unit,” or “C.G.8. electric unit,” are cumborwmo
ond imuﬁdently descriptive. Momur. there can be no ambiguity con-
oerning the meaning of thess irregular terms.

* Maxwell, J. C. " A Trostise on Eleotricity and Magnetism.” 1881,
Vol. II, 3&244‘
Rie] i-‘
Trans. A. [. July 1903I Vol. XXII, p. 528, Frenklin, W. 8,
gctrio Wavee; New i’ork md]anCo.lm.p 87, Hering,C. “Con-
version Tables,” New York, "John Wiley & 1

Pender, H.amdd “American Hundbook for E ical Engineers,” New
York, Joho Wiley & Eons, Inc., 1014.
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DEFINITIONE OF PHOTOMETRIC UNITE

81, Luminous flux (I, (I.Ifht) is the physical stimulus produced by ra-
distion, whioh excites vision. It is proportional to the rata of flow of ndisnt.
enargg and to & stimulus cosficient which dg,vei:d: chiefly on the g

1]

utlon of that ene The stimulus eoe for radiation
ticular wave-length is the rut.w o( the luminous flux to the r-dunt
grodudn; it. & oD flux is the lumen or tho
ux smitted by one l.nmntti.ona.l ocndlo thtough one #

Luminous lnt.onﬂt{.(l;). m. The luminops inten+
dtyotapointsomaoﬂi(t theaohd- density of the 1

flux emitted by the source in the direction conndemd or it is the fAux per
steradian in that direction. The con\renuoml unit in the candle-power, or
the (candle) lumen per steradian.

33, Intarnstionsl candle. A standsrd of luminoms intenoit.y. con=
ventionally equal to the bougis decimal, 2
lsboratoriesui d, ]‘rsnoe sod Amenu through the modium of group.

t lam. d and inter The i ty
given by this atandard is the eonvenuonnl unit or candle.

64. True speciiic luminous intensity (bo) ot an #lement of aluminous
surface is the ratio of the luminous § of th taken oor

to the ares of the element, 'The conventional unit is the candle per lqlar.
contimeter; or the luman per 3. om.

8s. arent specific luminous intensity, or brightnes (b), of sa
element of a luminous serface, from a given position, is the luminous intensity
peor unit sres of the mfm pro jected on s plane perpendicular to the line of
sight, and fncluding ont 'ace of dimensiona small in comparison with
the distance from o rm The conventional unit is the candle per
square centimeter of projected ares; or the s $ lumen per aq. cm.
For luminous nu.rluu oboy'ln‘ Lmbert [ hw. or &e * comine law,” the trus
and the am equal. In practice, the
ap rent specific intensity is ordinarly observod It has been Rropoud. to

# brightness of one apparent lumen per sg. om. one "lamberi™,

84, Nlumination on a surface (E) is the luminous fAux-demsity over
the surface, or the flux per unit of interoepting ares. The practical unit is
the lumen per square foot or the foot-candle. The conventional unit
is the lumen per squares contimeter whick has been termed the “phot™ by

ondel. It iaa em—candle, The meter-candle, or 10~4 phot, is sometimen
called the candle-lur. The millipbot {1073 phot e millilumen AQUATS
mlti.tmhmr) is roughly equal to & foot-candle, since 1 foot-ea - 1.0764

phots.

DEFINITIONE OF THERMAL UNITE
#7. Temperature. The thermal eond.:tson of a body considered nith
reference to ite pability to te heat to other bodies. Bodi
at the same ) do not te heat to one snother at t.heir
bounding suﬂam ‘The tonventional unit is the
Other units in practical use are the degree !l.hnuh and oecuio the
degree Fésumur,

", Omu? of heat. The smount of hest enernf' eontained in & body
or transferred from one body to moother, by virtus of which temperaturea
are established or cha Bince heat is 5 form of energy, s quantity of
heat may be expressed in units of energy of any kind. .Two types of units
are employed, one thermnl the other dynamical. As thermal units th.
C.3.8. unit is the lum-odoﬂo" or “therm”™ or “water
degres oentigrade.” is, the (Sinnm.y of heat roquired to raiee of
water 1 deg. cent.; and a8 this slightly with the temperature, tha
intervsl from 18 deg to 16 deg. cent. is given in the deﬁmuon A lamr
decimal multipls of this unit, cnlled theoosrcltor oslorie” or *

calorie” is much used and is eq lesser calorien, A prmucnl umt
in the “British thermal unit” (B.t.u.), or the heat required to raise 1 1b.
o{ water 1 deg. fahr, Dynamic ynits are the erg, the jouls, the watt-hr,,
ate.
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The di al locity are therefors LT, or tluﬁntpodtin power of
leuth and the ﬁm nmuw power of tima, mass does not u in
this dimonsional form: wmywﬁutheformddlmdmd ocity as

L‘M'T'l The thm exponents 1, 0 sod —1 complotely define the nature of

] in any 1o system whose fundsmental unite are length, mass

and time, Moreover, the dimensional formula of & unit assigna at onos the

ot & unit when systems employing different fundamentel units am

. Thua if we should com ngenmtotulodtyintboCGB o>

t-am with that. say, in the meter-kilogram-day aystem; then in the latter

the unit would be the meter per day while jn tlu former it would be the
contimeter per second.

100, Tahntthommeompluomofthomﬁo o{ny.
curr:int;ldem‘;l.%iaag yot whose ol amenta nmu&n those “3
practical sn syetoms; namely, on; mi me, MAgDe oetlm
~oonstant p, and dislestric mther constant k. hema dimenaionsl formuls

of current-density is L-IMIP %Y. If now we compars the sise of the prac-
tical unit with that of the C.G.8, unitthefmrhuaunit of & quad-
rant or 10* cm., and & mass unit of 101 g, Conssquently, t amolt}n

tical unit is to the sise of the C.0.8, unit in theraho (10')-‘ )l((ll'.i'“)i
0-1%; so that the practical unit, the smp
th..np et?eﬁ .8, unit or abﬂl:n]‘:ﬁe perb:%lmh:enl.lmhem in ‘h:d“ﬁ:u}:?i::l
'or pn.rpm.wen ould prol y ignore the systemadc p
unlt g(mmm ot d quadrant, selact

® per » hybrid
unil, say the ampere ﬁol'qun centimeter of per square lnch. By snch s
departure (rom the al ute sywiem, howmr. the I

of the system involving lengthe, aress, or may b ot

utilesa we introduce compensating pumerical cosfBeionts.

100s. Vector units and complex aumud« As is sxplained in See,
2, nt Par. 183 and elsewhere, vector tcrnatin? quantities ATe much used
in ebactrical enpnaenn? and call for corresponding vector units, as well as
vector symbols, in the formulas relating to euch quantities. Strictly speak-
Ing, su quantatiea and umu are not veotors in the mathematical sepse of
that term, but are *'complex” quantities snd units, becauss w'hen two such
quantities are multipbed tosother. t.hey do not possess both & *“vector prod-
uct” and » “sealar product”’ an is the case when two mathematical vectors
are multiplied. Nevertheless, such alternating quantities may be called

“p veclore' to avoid conflict wilth mathematical usage, and the word
*weotor,” which is much used in alternati urrent Jitersture, may, then be
inurproted. in this senss, as subject to the algebrs of complex quantities in a

plan
It is not only logical but also very deairabls to distinguish between simple
and scalars and vectors in alterna tinf;cu.rb
rent formulas emploﬁnf.beth Theto are three waya in which this is done:

1. Distinotive symbols, or ¢ of symbol, are wsed to designate vectors,
‘I“huss,nealnrem in\roitam bereprmtedbykandamtorb Bor

i.c.. by u bluck letter capital, or by a gothic capjtal, of the same lotter,
T'hiu method has the dinadvantage of calling for and reserving epeciel fonts
in representing vectors,

2. The same nymbol may be u.ned but a distinctive mark, such as an
"under dot,” be applied to symbols representing vector quantities,
Thus & ue&lsre m , in volts might be represented by E, snd s vector o.m.f. by
E, Inany formuls or equation, if any one term is a veotor, all of ita terms
mult be vectore; so that the under dot must be apsl:ﬁ to each and every

of » vector squation. This method has the 'vantages that it s
d:ﬁcult to print of to set m type, and that a page containing many vector
formulu preaents s apec %wanoe

No special symbols or eymbol marke may be used for vector quantities,
Imt the unit at the end of the line on which the equation appsars may have a
distinctive sign, such as an angle mu'k {2 ), toindisate thet the equation

ot Thus Uy
employs vestors. o o? IZ|+IZs+IZs vol

w L
would indicate that the e.m.f. ¥ is s vector, and eanbe repressnted by the
polygonal or vector sum of three vector elements. To this case the unit of the
squation becomes a * veclor volt.”

101, The international metric system. There are only thres units
18
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. 458 g
2| 5| zsEa838 z &
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g E 5 :
HAR: e HEIPS
= § seiiisegsgs = g %3
J

g'g .-..s..ug _g.g :_3:5
| TR 2|73

1 in. thick i» customarily counted e 1 in.;

uart
‘p'e'o:k:””””“
b“””““”.

........

8 'quara =
AIBRITEY

i84. Dry Measare {volume)
U. B,
1 pint

128, Cord and Board Measures (vohume)
U 3

4 ft, high = 128 ou. ft.

=1 cord .foot

=] sord

144 square in. =1 board foott

16 eubie .

B oord feet

=1 bushel
ghl.ld:;n

=1 gallon

% %%3113 3&
3% = 239 |&
E%iﬁgs
C’Q"ﬂﬂlw:g
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UNITS, FACTOR3, AND TABLES

CONVERAION TABLES
159

. Denaity *
Grame
cu. cl‘ll?r R”ipm‘l
1b.av.perng mil ft. .............. 2.836 X 10¢ 0.3408 10~
1]b. av. percironluml.l—f ............ 2,306 X 100 0.4337 %10
Ib. av. per cu. in. ..., 27.68 0.03813
Ilb.av.perew fhou. oo vuen s, 0.01802 62.43
Igrain por el in. . oovvneivnninnan, 0.003954 252.9
i ﬁ: sv.perow yd.................. 0.0005833 1,683
* Tables for converting deg, Bauraé (liquid deoxity) tomaﬂo avity a
deg.Pahr., and vice verea, are civggq in Cireuwlar N fumu <
Bmduda. pp. 31-35,
19, Time Intervals
Mean solar
dayn hourn mins, I peca,
1 mean solar .. 385.2 8,706 5.26X 106 |3.158X 107
1week of T daye .. 1.0 148 1.008x 100 | 6,048 X 108
1 mean polar day .. 1.0 24 1.440 X107 { 8,840 X 100
1 siderial day..,..[0.9973 23.93 1,436 X 105 | B.818 X 104
1 mean solar hour | 4,167 X101 1 60 3.60 X108
1 siderial hour ...|4.158X10-]0.9973 60.83 | 3.600X 10
1 rueun solar minute, | 6. 9445 10~ | 1.687 X 10~ i a0
131, 8Solid Angls
Bphere | Hemiaphers ﬁ% 2‘:’::". Btor_ndinn
lsphere,.........o.-. i 2 8 12.57
R 35 | ok | 1| i
ap/ o8 right angle| . . .87
1 ster PR ¢. 07058 0.1502 0. 6388 1
188, Poroe
‘g:‘m Raciprocall Dynes Raciprooal
1 Ib., waight evoird..] 453.8 0.002208 4‘{63)(10‘ 0. 2248 10-9
lpoundsl.,........ 14.10 10.07002 |1.383%104 |0.7233¢10~¢
1 grain, weight . . ... O.UM 15,43 63 56 0.01573
1 gram, weight . ... 1 %n 0.0010167
1 short ton, weight. . 00072)( 104 |1, 1&2)(10"’ 3806)(1 1.124 X 10~
Tdyoe.........vuns IO 0010197 6851 1

$ The intornationally mccepted conventional value of srswtsuoml ac

celeration at lstitude 45 deg. and sea-level

alth

bi I
ough Inter researchen have indiosted s alightly Il!:l‘.: 3’.1“519 y o

lophec
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188. Torque
Grams perp. Dynea perp. -
iy Reciprocal peig Reciproval
11lb-perp-it.® ... [ 1.383 % 104 |0.7233 104 1.356 1070, 7376 % 10=7
1 g-perp—tm ..... 1 1 980,085 | 0.0010197
1 dyne-perp.-om . .| 0.0010197 | 980,865 1 1

157, Linear Velocity

Metrio equivalent

Meoters per sec. Reciprooal

3.281
196.9
2.237
3.60
1.943

ftopereee.......... 0. 348
el . . 0. 00!

*| Reciprocal

1 ft. per ssc. per ssc. .. .. 0.3048 8 281 1.097 0.9114
1 BeC. . .. . 1.600 0.6214
Standard gravitetion p,.| 9.80665 0 10197 35.30 0.02833
1 1 1 3.600 o, 3?73
1 r hr, perese. ... 0.2778 3.600 1

18%. Oonverslon of Angles (plane)

De~ | Recip- Recip- Recip-
Angles grees | rocal Grades 1 Radian Tocal
-1 1 1.1111} 0.800 0.01745 7.
] 0.8 |1.111 1 1 0.01571 83.8¢
.|67.30 [0.01745 |63.66 3 0015671 1 1
J 80 0001111 0.010 /2= 1.571 0.638¢
.| a00° 10.002778] 400 | 0.00250| Zwed. 283 [0.1604
180° [0.005566| 200 0.005 r=3. 142 [0, 3187
90° 0 01111 | 100 | 0.010 | »/2=1.571 |O. 8386
45° |0.02222 50 0.020 w/4=0TA54[1 373
360° |0.002778] 400 | 0.002

5| 2ww8.283 [0.1508

G t al
rom me r o
11b. per linear © %
11b. per linear ?wt ........ 1433

* A torque i the product of a force and & length uken perpend.leu]srl;
thml.o‘ Ite dimengions are therefore those of foreeX =L where jm o/
IAT-1.  Any olement of angle in also the ratio of an ¢lement of ar
len th to i.he length of » radius pmxmd.ieu]ar thereto, or has dimension
il L-: roduot of ue and the nncle uu-ough which it advance
1 thus —jL’M‘I "X:—L‘Mla"' whi: damemnonl of w 1
the foregoing direction aymbols are nedect-ed, & torque appears to have th
?.me d.ntmnm:m u:ginato?rr MR w?ﬁk which is ntlo cal, A torque of 1 g
orOe & st & radius cm. is thus eorreotly oxprossed a2 & gran
perpend.lcﬁlr centimeter rather than ag 8 gram eentimeter.

L]
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143, Storage of Water
sore-t. = 325800 U, 4. gol. = 43,580 cu. ft. = 1613 cu, yd. = 1234 ou m.
#ul. = . 3060 X 10ré aore-ft.
1eu. £t «0.2208 104 acre-fi.
1¢u. yd. =0,00082 acre-it.
1ou. m. =0.000811 acre-ft.

144 Temperature
Freosing point Boil! int

Beale of :gt]:r v ofin:‘&u;n Interval
Fahrenheit...... 22 deg. 212 180 deg.
.n'?n o 0 d::. 100 2:‘3 100 deg.
Réaumur. 0 deg. B0 deg. B0 deg.
1 deg. fahr. = (.5556 or (}) deg. cent. = Q. 4444 or (§) dog. Réa.

1 deg. ¢cent. = 0, 5000 deg. Réa. = 1.800 deg. fﬁr.

1 deg, Réa. = 2.250 deg. fahr. = 1,260 deg. vent.

2;%.1 deg. cent. = —491,6 deg. fabr. = —~218.8

Absplute a0 = -
deg. réa

umur.

Totw = 273.1 4 . oent. (in cent. seale

T: - 491.6 + ﬁ fabr. {in fabr. scale))

Tate = 218.5 4 deg. réaumur (in réaumur scale)
The Internstional hydrogen sosles of tempersture,

145, Mechanical squivalent of heat.
1Bty = 1.1?54 joules = F7T.5 ft-lb. = 0.2028 wati-hr. =0.0003027

p-hr
1 joule - 0.7&5 ft-Ih. = 0.0000438 B.t.u. = 0.000277T8 watt-hr.
1 ft-Ib. =1.358 joules = 0.001286 B.¢,u, = 0.0003766 watt-hr.
1 watt-hr, = 3,600 joules = 2.855 ft-lb. = 3.415 B.t.u,
Aleg see Par. 188 on energy conversion factors.

MATHEMATIOAL QONSTANTS AND TABLES

144. Useful Constants. Dase of the h bolie eystem of logarithma
mem 17181 to the nearest unit in five ninmm. figures; it {s Dot a com-
maﬁu“?:; qulnn!.y.

ence to di ter of circlo s = 3.1418 (incommensurate)
Numerio Reciprocal
2.7183 0.36788
0.434208 2.302585
3.1416 ' 0.31831
8.25832 0.1508
4248 0. 10810
12.568 0.0705%7
1.5708 0.03662
1.0472 0.095409
0,786 1.2732
9.58608 0.10132
1.9726 0.56419
1.4142 0.70711
1.7321 0.577338

1 redian = 57.208 deg. = 57 deg., 17 min. and 48 sec.
An aro of 1 dey,, in terms of its radius = 0.017453.
er oonversion factors of circular messurs, vee Par. 134 on angles.

H

:



-

I.l.l.ll_ Ty ettt et Sl SIS CASN CIORPOEOSS MW AT WSSO0

53480 33858 3332 REGEC SRatE Rings SUGAY agafd 3R

ettt ettt et et e 81 GAOUGI NN CIOMOB OO0 O Wy b

UNITS, FACTORS, AND TABLES

32958 23523 39k mmnma sansk smnes sanzk eenes wee-d | X
7 | S1E5E NEREY Canue Sy 30 G g o T |
7| TR Rt ST A ekt R Bl T |
abotobiolo B O LEE A
7 | §eE foa v en G R R B
7 | St ik e e e |
; | S8REE RuEs SRR ENRC ARGNE B0%E ANAER MY IEE s
;
s

§9827 §IR00 40 wmang smawg oty AR g

g e g e B g i L SO Bt o L S L Wi 3 0y B A K L o B e e e ] ] .037.3

Nataral Tangenta and Cot

0.1

| 88523 233aq 3938E EGECY S5RSc Basnn NRREE RESES NOE

el e e B e ke g B e B A i B L R B o 1 TR B 2 e T e ol bl 3 .06?-3

1
]
T
°1.0 | 0.0 I *0.8 ‘ 0.7

S90%% ZANGS 9490 InGE Y%8eE soony edEE OE IR

Tt e il e TN MISIEMEED DWW WS DS

Deg.| *0.0

23532 3c-ony 2g=33 Boosy gssee Boeex preres Roosz ushes

I’ Soc. 1-148




Sec. 1-149 UNITS, PACTORS, AND TABLES

Logarichms of Numbars, —Concluded
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SECTION 2

ELECTRIC AND MAGNETIC CIRCUITS

ELECTRIC POTENTIAL

1, The cause of s slectrio curtent in & circuit is termed the slectro-~
mg‘gu force or voltage. The istter name in derived from the prastical
wnit of elociromotive force called the volt. ‘The ourrent botween two paint
in & vireuit is due to & different elsotric state or * potential* at eash paint;
for this resson the electromotive farce or voliage is sometimes called the
difference of potential.

2. The slectric snergy (W) developed or sbsorbed by an slectrio cireult
may be considered due to_the aotual fiow of mn incompresible something
which we call electricity. From this point of view, the quantity of elestrivity
@ which is transferved between two points of the cirenit s the quantity factor
ol the spergy, while the difference of potential, or the voltage F between the
same points, 1a the intenaity fector of the energy ; or

W=QE, (1}
When @ is in coulombe, and K in volta, W in in joulss {watt-seconds).
Hence, slectromotive force or voltage may he defined as trical snergy
developed or work done per unit quantity of slectricity.

3. Eleotrio Power.—Dividing both sides of the preceding equation by
the time which it takse for the quantity @ to fow through s eroas-section of
the cireuit, we got Pelp ¢

- " 2)

" where P is the power, and J the rate of flow or the ourrent. The e.m.{. ean
thus be defined as the power developed per unit of current.

4. The prineipal sourcss of slectromotive force or differencs of potdn-
tinl are the following:

ng Elsetrom tio induction (pee Par. 38);

b Contret of dissimilar substances (peo Par. §);

iﬂermmalectyio action {see Par. §);

In

Chemical sction (See. 19):
- F"jr:;tti?)l} b‘;twm diuilini ar ::lbctaneei iﬁeethﬂeo.pﬁ). with &b
& modern_electrioal theory, ) nonema, wit 'y
ption of (s}, appear t0 bo but special cases of the g I contact aotl
5. In s cirouit made up of several aubstancen, a differencs of potential
(o.m.t.} existe at saoh junetion of two unlike substsnces., Howwver, from
tho law of conservation of eneorgy it follows that unless the cireuit contain
s source of energy, the resultant e.m.l. in the circuit must be sero and no
current can bo m:'blialnd. This phenomenon also takes plaocs in cirouits
made up of a single substance whenever the substancs ls not pbysically and
hemically homog The following are the principal cdses of ther
and contact setion:
(a) Besbeck effect. In a closed cirouit consisting of two different metals, if
the two junctions are kept at dilferent temperatures, s ﬁmnnent turrent
will dow. Thus, if one junetion of & cog]:ehiron circuit be kept in melting
ioe and the other in boiling water, it will be found that a urrent pasees from
to i ;h lf.’ hiow:l\;:r. _the_tumpet o ature %‘;he
e o.m.f. in cireuit slowly reac|

maximuin, then ainks to sero, and ﬁnallﬁmmd the iunc::.- bet .
BLTORS n betwean
two different metals, an evolution or an absorption heat takes plnce.

This effect s different from the avolution of heat {i%r), due 10 the rem

of the junction, and iy reversible, heat being lved

.. ]

«vol when the ourrent _



Sec¢.3-10 ELBCTRIC AND MAGNETIC CIRCUITS

the ourrent [ is in amperes. When the rate of fiow ls non-uaiform, the in-
stantaneous current is
i)

-ﬁ H m

for a clossification of electrio gurrents swe the Btandardisstion Rules of the
American Institute of Elecirical Enginesrs, Ssc. 24.

16. Steady and transient states. An elecirls circuit may be in o
staady or in a transiont state. When & current is contiowous, or when it
variee periodically betweon the same lim.iu and socording to the same law,
the cireuit u sxid to be in s steady sial For inaumee. the circuit of an
alternator is steady as long as the load, opoed feld excitation are kopt
conatant, The aame circuit isins transient state when the load is awitehad
on or off, or when it u vmed m such & way that the same conditicns do not
repeat themselves g:e translont current may be periodio, for
instence in s rectifier, in whmh oycles follow in such rapid sucoession that
the current is very different from tha pormanont value which it would grad-
ually assume,

11. A direot current given out by a chemieal b.ttery in constant in
walye, or continuous, when the load is constant. A current delivared under
the same conditions by an electric gemntor or & rectifier is pulssting,
that is, it vaties psriodically due to a Snits oumber of commutator pegenta.

18, An alternsting current m ury to the simnple fine law
(Par. 18%), or according to & m:ryo t‘? eriodic law. In the
Iatter cass the current may he molveu. torr purpoul ol theory and unl;:i:,
into s fundamenial mine wave, and zine wavee of higher frequencies (
100). Hometimes s complex slternsting eurrent or voltage ia
practical purposss by an equivalent sine-wave.

1. Transisnt ourrsnis may be oscillating or non-oeclliating,
cording to the conditions in the circuit. Owcillstions are due to rfodlc
transformations of the electrosiatic energy stored in the dielectric into the
electromagnetio energy of the magnetic flux linking with the _uu.'nont.
During thess transformations part of the energy is convertsd inte the
Joulenn (%) heat in the conductors and iz surrcunding metallic objects,
including the iron of the mtnetw cireult. Part of the energy in also con-
verted into the hut u netic and lectrio hysteresin. The
oncillations are thus 4 out. their amplituds decrenses, When the
¢conditions are pmncu]arly Iavonble for the conversion into heat (bigh
resistance In eeries, or low resistance in parallel), both the olectroststio and
the electromagnetic enorgy are directly converted into heat, instead of being

g converted into one another. This vmlon into heat is an jrre-
versible phenomenon, so that in this tase the curreat is non-cacilleting, bat
graduslly reaches ita final value. When it is desired to maintain oscilla-

tions aa long as posaible wireleuuletn hy) themiumm be
kept down as low a8 poasible. ben ow?llnuonl m Innnlnl mtohiu in
Jle“bh. or transmiseioh ll.nu). axtra
cireuit,
Conductors and insulstors. For practi
md s shectrical engineering are divided into condueton ms i ulltou.

conducting material allows & continuous current to pass mu( it under tho
action of & continuous e.m.f.  An Insulator (more correctly called & dietec-
tric) ellows only s briel transient surrent whish tharges it dlectrostationlly,
This tharge or displacement of electricity produces 8 counter-e.m.l. u.l
and opposite to the applied e.m.f., and the How of current censee.
dividon into oonductou and disiectrics is not etrictly correct, but oonvment
for practical rgom A wubstuncs may practicafly stop the flow of current
when the applie voltlgj s ia sufficiently low, and at the same time be unaujt-
sble a» an insulator as high voltages, Bome muurisls which are practically
non-vonducting at ordinary tem b when
mfficiently heated. For numerical d.nta and ubl‘u of conducting mnd
insulating properties of the principal materisle used in practice soo Bec. 4.
15. The slectroni¢ theory of conduction. Accordn:alto the modesn
electronie ar corpunculsr thaory of electricity, there is an indivisible atom of
negative electricity, called the eleetron or th o urpuulo. Atoms of matter
~ansist of one or more sleot and an n something which has the

]




Sec.3-21 ELECTRIC AND MAGNETIC CIRCUITS

whers & (Iambda) is ealled the condaetivity of the material, Since g=1/r,
tha relation also holds, that

aml. : (14)

»
ha Joulsti of non-cylindrieal oondum-on moe the
author s " Eloctric (.hremt." Chnp 111, and thelmlerenm givon t e,

11, Temperature coeficilant. Tho reqist of a varies
with the temperaturs sccording to a rather oomplicated law. T he resintance
of all metals and of practicslly all alloys incresses with the temperatun
The reajstancs of carbon sod of electrolytes d with the
For numerical values sce Sec. 4. For many mll.erids the vnmtwn d re-

with the temperature can be repr d by the
rimr (1 +af) {Is
where 1y is the resistance at ¢ deg. cent., r, the resistance at O deg. cent., and
a (slpha) ia oalled the temperature coeiﬂcient of the material. For numerieal
ues of a for various materials see Sec. 4. When the resistance of & material
{noreases with the temperature, a is positivo; otherwise it is negative. For
other formulm see Seo. 4.
i, Iodl‘ and duct in saties, When two or raocte
i ted in series the squivalent remat. of the
tion is equa.l to the sum of tho reastances of the individusl resistors, or
q-!‘l‘i'n"'o‘ﬂ)- {18)

when conductances are conpected in serles, the aqu.umlenl. conduotance
is determined [rom the relation

i
'—q a-i-ﬂ-l-ew. [434]
in other words, when two or more duet tod in sories, the
rec rocal of the equivalent conduotancs is equal to tha wum of the redprocais
individual condumnm
Sl.w'llonnlll oted in parsllel, the squivalent
sistanios 7a (s dotermined from the reation equivaient re-
L-— + +eote. 18)
Tu
or simply
Pu™ o Horteto. (19)

4. The umpls rule is: Registances are added when in series; con-
d'ﬁﬁ:'f'“' are added whonln pu'al.lol In the cade often moct in paction
w| "o ‘ APa 00! %

parallel
ooy -
£8. Beries-parallel olrcuits, [n 1 o2
& _sombination like the ons shown in ro : Fb
Fig. 1, where some ol the resistances z
are in pories, some in paraliel, and d g o 3

where it is required to find the

l“tblmt‘%le:e}imiml? :be an% the
roblomis o step p. by com-  Fra. 1.—seriea-punnem t

E: resistancee ¥n series, con- roul

veuinx them into oonductanees and

adding them witll other in the cuse

shown in Fig. 1 begin by combining the ‘resistances and R into one, md

t sorresp conductance

1
(ft+ra’

sdd this conductancs to the conduotance 1/re,  This will give the total gon-
duotance hetween the points 3 and ¥, The reciprocal of it gives the equiva-
lent resistance between the asme points. The total redistance bedween the
painta A and B ia found by adding n to t.lmreaistm When snetm:rk of
conductors cannot ba ndueed to s series-parallel ths p

is solved sa shown in Par. 39

L
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determined lolvingdsi.mlﬂhuou- equations. For an exsmple of such
ow.

squations sce Par, $1

30. Wheatstons bridge. The combination of six resistances shown in
Fig.SisealledtheW‘ Lt bridge. The t are dencted by
a, .;. a, 8, -rkth:lcurlrienr bag
t. % & o L., Ad electric bat
of a.m}. ‘-E is connected in the
brateh BC, and the walue of o
io?cli'.h bm In practd

e ba y n o »

galvanometer is usually con-
nected {n the braneh OA, and o
facludes § istance.  When
the four resistavces b, ¢, 8, v, are
o adjusted that no eurrent flows
through OA, the b is maid
to be balanced, and the condi-
tion bolds that,

b=y, 2n
$1. Unbalanced bridge.,

When the Wheatetone is

Batodis taws gire therfellome

ing equatiooss B¢ v Fio. 3.—Wheatstons Bridge.
a¢=C-B+E, afm 4, t+y—s=l,
bymA-C, fy=B, gte—zm0, (28)
ca=B~A, W=, T4+s—ymwo.

Here E in the baitery e.m.i, and A, B, C, denots the potentials of thees
points below that at 0. These nine equalions conisin nins unknown
quantities, vis., gix currents and thres potentlals. Bolving them as wimul-
tanscus equations of the unknown quantities may ben:eurmhud. For
instanos, the curreat in the galvanometer cireuit in

t=2g—en, an

whare the * detsrminant” D s given

D-abc+:(ll;+7)+m(‘r+¢)+¢b(¢ B +ila+b4e) BGytratap)”

39, Netw of conductors. I nersl 2 many
Kirchhoff equations (Par. $¢) mnay b:w.rh!t:n s m -(N%Mgne:n. tg

or the voltages

binstion of these, p

that the total sumber of un-

kpown quantities is

the number of equations, The
ustions are osobveniently

solved by the method of deter-

books on algebra.

33, Mazwsll's solution.
In some oases it is convenjent
to consider, instend of the ac-
toal ¢urrents, SHoctitious cur-

Fia. 4.—Mathod of simplifying nevworks. [oy® 13 sach meh (Maxwell

eurrent i sonductor s
egual to the algebmmic sum of the Sotitious currepts. For instance, o
P?z 4 the ourrent in conductor f is the diffe of the fictiti ecurronta

Xazd Y. The Kirchhoff equations are written for the Gatitious currenta,
.A.r: hé[:;well. J. C, A Treatise on Electriclty and Magneilsm,” Val. 1,
For practieal forms of the Wheatstone bridge snd ita appliostion to the

messurement of resistance see Beo, B,
-]
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the reluttance of the magpetic cirouit (inductor-type alternaier), If the
Hux is linked with ¥ turne and varies barmonically with the timo. at a fre-
quency of f eyclos per second, the mazimum induced e.m.I. is

3-«- 2ufN $umez10"% volta, ()
whete Smas is the maximum instantaneoun valos of tho flux, is mazwella
The dooﬁu value of the induced s.m.I. is

E = 4. 44N Bmasl0? wolts. (33)

When the flux varies scoording to & 1aw different from the sine {aw the
effsctive voltage in

B wmdxfN Smasl0t, (M)

wheuxhthoformtutor Par. 30T,

momt uosd in one turn, no matter what the law of
nmtwnot flux with the time, is
- By

Beum S a5
where the subscripts 1 and 3 refer to the initinl and the fSnal instante
respectively.

38, Stationsry fuz and morving conducter, When the exclting m.m.f,
whioh produces the ﬁux. and the wlndin; in which the e.m.f. |» indueced, move
relatively to ench other, as jn & penerstor, so that the conductom cut serom
the lines of flur, the instantaneous induosd e.m.l. in & sondusior Ia

aw bilile, {38
where & i» the flux density, ! the length of ihe conduotor, » the relative velos
ity between the flux wod the condustor, und k & coefficlent which depends
upon the unita selected, hmoninvdh&inmmoﬂnmlqmmh-
mater (gausees), § in contimaters and v in ocentimeters r second, k= 1070,

The thres dim:uom. 8,1, and *, are
other; if not, thelr projections ht sngles to mh are to be used
the pmed.in; formuls. For cal formulss et the e.m.f.
direct-current and alternating-eyrrent machinery see Sec, 7 and

”'o!m ;‘1:‘:; md moﬁ' Bald, fw‘;':;‘;.‘;?“'s:’
m m o as for 00
hon (Par. 'i‘?““"&“"in? Pt e e o ey
sction (Par.+3T and is st any aum a.m.f.
lnduood[Pby & constant fuz in & moving coil and that induced by o, -
liy flux in a statiopary eoil. TLet the frequency of the pulssting Beld ba
! e por second; that of the rotating coil f* cycles per nound. A pul-
nti can be resolved into two revolving fields, one rotating clock-
the other counter-closk wise, Themtore‘hun induced e, m.f.inn result

s
.
F.'
iz
£
]
8
%

of ti;e superposition of two e.m.fs., one of
-!' Inthepsrticulsrmeol!—f'theemt induced in
frequency 2/, the { y f=f being equal
MQonsmduemmtmtmsmoﬁo fAeld,

th em., the foree tending to ‘the
e e iy o nding 1o move the coa-
F=10.2¢0I10-

(kg)

It Ja presupposed in this formuls tlnt the direction of the axis of the sonductor
}l l.tpncht :nglu tit:.the direction of the field. E’th directions of
oftn ab sngle o, the preceding :pnuioa

The foroe F ia ndmulntohothinndB sod i udhwﬁ ia determined
by the ri tphand screw rule (Par. 58), dey effect
feld ced by the conductor i s to inmuu the original fluz density
(B} on one side of the abd to it on the othar side, The
oonductor tends to move away from the denur Geld

4! TMM repulsion betwesn mmmhtm}-

umn currenta ﬁ and nd in & nop
modium. 1a o\l:fnud socording »'!hﬁ'f'}';r"nluf. .
r -Q.Dﬁlﬁ(&—) 10~ (kg.) (¢

o4
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where al Is the product of the pumber of turns and the oumt in snoperes.
For turther information sbout magnetic unita see Sec. 1

4. Permoeshility aind reluctivity, The relnctanoe of a uniform mag-
netio path (Fig. 5} 1 proportional to its lengeh ! and inverely proportional
to jts oroes-nection A, or

a-.i T42)
and A

l?-p—l-. (43)
In theee expressions v is called the reluctivity and @ the permeabllity of the
material of the netio path. For air um{ sll non-magnetic substances,
» and u are to be aqual to umt T centimeter-cube, corresponding
to centimeter msuurs for land A in { a.nd {(43), and the gllbert. s thae
unit of m.m.i. int . elec~

fro tio systom aad in the one generdly emp'ioyad. Ses slso Par. [ ]}

snd §
The . method preferred by the author, and expounded in his *' Magnetio
Circuit" (meo footnote referenes In Par. #4), is to e the ampere-turn an
unit of m.m. n such cases, with the maxwell’as the unit of Bux, the
permeability and ‘the reluetivity of alr, respectively, are

= (1.7055 por emdm0.3132 per in.
S=1.257 por om#=2.193 per in'} (44)

This method hes the sdvantage of tor fimplirity in caloulations, but i
not yet In general ww (ses Bec, 1; Cﬁoni system of .’.'mu. Par. 3(da)). -

u. Hn’nttle fAeld inhnzlty X ia defined ap the m.m.f. per unit length

n any uniform fiel
W lg 45)
In s non-uniform magunetic sircuit
aF
. K= T {48)
Inversaly
Fmiel or Fm 3051, (47

I is mt.‘mo“ as the magnetizing force or s the magnetic potential

If §iain s re-turns, 30 ie in smpere-turns per centimeter (of per inch
of length. ia in gilberts, 3¢ is in gilberta per centimeter (or pet inch). )

47. Flux denllt ®) is defined a8 the Bux per unit ares perpsodie
1o tho diresuicn of The linds of forsh. In uniform Sold ular

RBe z- 48)
In & nos-uniform feld
B - 52— 49)
Inversely
TwmBA, or bm fBIA. {50)

I the ﬂu: is messured in maxwells and sress in squere centimeters
flux density is oxpressed In mazvwells ‘ﬁer square centimeter; one munweli
ger tuue centimeter in sometimes ¢ ed uss. In thib country Aux

LA

¥ ks also expressed in mazwells olines, per square inch.
I+ follows ut onca from (40) 43, ({5) and {48) tln‘t?e s
B w e (61)

hich ia the familiar relationship botwesn flux density, permeability and mag-
:mc fleld intensity. - ¥ perm ¥ an

48. Reluctances and permoennicss in setes sud in parallel, Reluct-
arves and permennces are added Hke resiat and (Par. 23

o4
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Sec. 3-53 ELECTRIC AND MAGNETIC CIRCUITS

intensity of induced mgl&nﬂon. The ocosflioient « is called the mpﬂ-
brillty of tha material. The total Aux denaity in iron also consists of two
parts, vip., that due to 5¢ and to J, or, in the C.G.8. system,

& e 4 423 (54)
Dividing both sides of this equation by 3¢, givea

w144 ex, (68}
where u is the permeability of the material (Par, §8). Susosptibility inequal
o nsr: for non?;nmd matorials, in positive for tic s’hd DA~

twn for dismagoatio substances, [t isseldom used in o0, *
, The permeabill and the reluctivi of & material (Par,
ﬂ) are also defined utzh(:)nuum x ) @
p-’—cand - {5a)
Their valoes depend upon the units sebectad for 8 and X, In the C.G.8,
electromagneiio system @ and K are numerically aqual for non- ]
materials, consequently g=y=], When & j5 exrpresssd in mar por
square centimeter (or per square imh)mdactnm turns pAr uhit
len.ti:'pi:d&fwdrundo pon-magnetis mate we values given in

u. Two dllmatuduotpmhm For steal and iron the per-

a8/ in i oaleulsted romthommbuaﬁowm

Par i’{mdbmally ainst (B as abaoisss (ses curves in Beo. 4),
raust be eareful {o atins betwesn the .b.oluh mtbl.ll

and the relative The former

parmes
the ratio of the parmeabilivy 3 » saraple to t.ht’a d.r Tn tha C G.8
alootromaﬁwtw symem both permes bihuumnumricdlythanmo
becaust x mumedwbounityfwthedr mmmhanﬂmt
physical dimepsions in any system of unita.

8. M tie calculstions. In practice, osloulstions of netio
ofrcuita with iron are usually amnsedooutolvoidtheuuot ty m
nltocether using a -3 cum directly (Par. 4% and 50). In some

it [T valuee of permesbility and an
smpiricnl equation between » and ®. For small and medium Aur densities M
may be expressed as a parwbolic curve, of the form

g =b{Gs=B)110¢ 5T
- L] - *
o iﬁ;. L
F1a. 7a.——Relation bet Fra. Th.—Fleming's rules.
of ourrens snd ﬂu:
For pumorical vdwdthamﬁaanum&e 4 It.ilalnopouiblo to
represent the relationship between & and JC s magnetic material
empirically by a hyperboll. (Frdhlioh'a iormull)
Em a +NC (58)

or slso in the form
reluctivity .-%‘:-uﬂm-l (59)
The sosfficients o and § rowst be so determined as o satisfy the sadurstion
curve of the partioular materisl used.
M. The right-hand screw rale. The direction of the Bux produced
by s given current is delermined os lhown in Fig. 7a (ees also Fig. 53, [f the

Mazwell, J. C. * A Trestise on Electrivity and Magoetism.” Yol IT.,
Aru.,ﬂe to 418.
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uwallr s complex matter, and the results sre sxpressed by ocomplicated
1 Bae refi in Par. Td.

4%, The stored magnstic snergy in & singls loop of pov-magoetic wire,
when the dimensiona of the wire are small compurod 0 thoss oi‘ate loop (ag
that the Aux ioride the wire is negligible), is

W"“"'*"""ze (joules) (68)
whare i is the current in amperes, 4 the Hux linking with the loop, in webers,

and & the permenance of the magnetic path, in beorys.

83, Effect of e '#. _When the flux Linking with part of the turns of &
coil € is not nogliclble mee Fig. 8}, the total stored snergy may be sxpresssd

in the following forms:
W= Fine Zn
W l‘[[n:;j-i- z»’fm& } (o7}

The last expresajon is identical with
W= § Lt (68}
where L is the inductancs of the eoll g’ar 87). The subseripts ¢ in the fore-
going expreaaions refer to complete y thet i those which embrace

5@9

Fra. f.—Magnatic fleld due to » coil.

all the turns of the ¢oil, the subscripts p to partdal linkeges. Bse the
author's ' Magwetic Circuit,” Art. 7p

$4. The densl magnetic snergy, or the netic energy stored
per cubin oentimegr of & magastic field is 4 mag "

+
W'-—_-_'“-_,. {joules per cubic cm.). (00)

Here X is the intensity in gilberts per centimetor, ® is the Sux densit
wobers per pquare centimeter and g is the relative permesbility; or if il
in smpare-turns per contioeter, than

‘m e §EBI -!%: {joulen per cubic em.} (70}

where 4 is tha so-called absolule permeability {ste Par ecl) To find the

total eneau' of a field the preceding expressions are multlpll by the element
of the volume 8¢ and lnwgrated wn.lnn the desired Limits of volume.

[1] lntemtu:y rison I possibilities a8 to the amount of

anergy in the é)et upit volume, compared with other

forms of energy, mee t-emmeu. + General Elecrﬂc Rewew, 1813, p.

70
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mmﬁbﬂi‘ ty of the steel. If the magmetic o oremu only & o of
cross-sootion &M, use the sxpreasion dAjaur4-{1= in place of ”ﬂ

Yor other ealoulations of mdummrmm(m)mm
aul-horr'a “Magnotie Cireuit,” Chaps, X to XII.

T1. Thin solencids. For a etraight ooil uniformly wound wlth ™ turne
per centimetor length, provided that the lengih of the cvil Is large com-
pared to its transverse d.lmenuionu, and that the winding consists of one layer
of comparatively thin wire, the inductanoce is

1m1.25Tmy A0 (henrys) N
the notation being the same as in Par. 83,

2. The induotan dbhﬂtmhtooﬂ ound with several
ofhre.a:dmthanu?nmotndlun h il layers

L-4mW[l+(m—l)—+—+w]10" (honrys)  (78)

where r s the inside radius of the winding, and
d its radial thickness; w1 is the number of turns
per copkimoter 1 and wll the dimenstons
u:tinogntim f there is no iron core,
Pt am

3. Prof. Morgann Brooks has derived »

universal oemi-empido.l formula for the I.n-
ductanocs of short and long colls without
iron oores. His formula s given belowin
two forms, one (79} for dimensions in centi- 1
metary, the other (80) for dimenaionsin En-
Both give results i m henrya The

¥

glish unita,
potation ie explained in Fig. 1
Cmy PP . X FTN
osyapm i Gewww @
i
0.908 (—n
L-—-(l;m—xr'r" (bearys)  (80) ‘F,.

b+e+R

In Eq.(80) tbe conduoctor length is in thousands : .

of feet, and the ooil dimenmionsin inches; 0.360 * NN
is the conversion factor. M and P” areem- .

pirical ooil-shape factors dependent upon the
relative, and independent of the abeoluls
dimensions of the winding. Values of F1 and
P* aro as follows: Fio. lO—Bao Par. 73.

100412e+28 o,
P b 10: 5148 T 051°“'(1°°+2b+3e @)

Om indicates the longth of the conductor in centimeters
F indiul.u the length of the sonductor in feet, udﬂ/low-tlwmdl of

foe
Nis tlw total number of lyrns in the winding, whenoe -
Cm=m2eaX, when o is in centimsters, and (82)

—— 2r when a isin inches, {53

Nummun tables, curves. and charts which sim; 1! the ose of this lormuls

ractieal design will be found in t.ho Bulletin 43 of the University

o! I Iinon? by Morgan Brooks and H. ’!‘u.rnor. entltlul ** Induciance of

Cculo." ‘ot another empiriceal formula see lﬁet "Tho Inductance
Air-cored Sols nolda » 8&«: World, Vol LX 1514). 250,

'l' ¢. Bureau of Standards, formulas for Inductance. Fora th h
analysis and comperison of various formulas for the Inductance of ooil- t:o
reader is referred to the following excellent series of articles p
Bu]let.in of the Bureau of Btandarda:

Formulm and Tables for the Calewlation of Mutual and Belf-indyetance**
{Revised), E. B. Rosa and L, Cohen, Vol. VIIL, p. 13 1912; * Caleulntion of

T2
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Par, 77 bolds true for the conduct n ically with respaot
to the other two. The inductance of the other two wires mnot be cni-
culated 1n & simple manner. For practical purgom it is suficient to take
the inductance of all three wires ma equal to that of a line symmetrically
mﬁ the equ.ivalent spacing being equal to the geometrio mean of the threg

L ‘a/ b (88)
83. FYor the equivalent resistanos and resstance of & thres-phase
line with unequsl spacings of wires see the writer's ** Magnetio Circuit®,
Art. 83, In thia eue the e.m {, induoed in & conductor by the varying mag-
netio Huzes of t te, one being in quadrature, the other
in %]::n with the curront in the condnetor The Grat componsnt sorresponda
he other represents tranafer of power
from ons phase to the others. In 3 naral these componenis are erent
for the three oonduof-ors. and in order to equaliu them for the whole hna
d after a certain number of spans. _This
tion of oondum used on power lines (Sec. ll) s well & on telecraph
and telepbone lines (See 21) to reduce the unbalancing effect of mutu.ul m-
duction. See also Par. 87 balow, The industance of two or more
oylinders of apy cross-section can be expromsed thrmh the eo-called
metrio mean distanes lotroduced by Mmall *  For dotails Orﬂch
i Knpnltnt und Industivitht,” pp. 63-74.
Mutual inductanos. When two in 1) electriu circuits,
(l) and (2), are in proximity to each other, their electromagnetic on may
be said to consist of three paris: the part duatothohnkacenoﬂheﬂutpro—
duced by the dreuit gl) with the surrentin ( 3; that due to the fux produced
t.ho areyit (2) wi the eurm:t i ”32‘)’ that due to the currept in each
t linking with the other circult. Emploving the
notation in Par. 4%, thet.o onm;yoﬂ mtemieexpmmdby
Fe lll’bl‘l' JistLa+iviilem {joules) (89)
whualnndhmthocooﬂi of sell-induction of the two cirouits, and
ealled the cosficient of mutud inductanos of the two circuits,
All three coefficients are mesaured in banrys,
M. The cosfficlent of mutual inductance is also defined irom the
relations: & &
3
0= =Lu'yl, of ym =Lz, (%0)
that is, Le determines the voltage o :nduued in the circuit (1) when the current
iy in cireuit {2) variea with the time, snd mce sersa.
5. The cosficlent of mutual inductancs of two lon( coatinl
singie-layer colls of the sam» longth | and cross-seciion A, ie

Ly = 1.2570ind A10°%, (henrya), 1)
where 11 and na m the numbers of turns per centimoter length of the two
coils reapeclively; [ snd A are od in centi

4. hrtwbnceuﬂalwlhwundhmaﬂlumthcmﬂdmt
of mutual Inductanocs is

L -4m'm’ldldﬂ'1‘(l + :'u') {henrys) ®2)
_and {f an iron core is present

En = dnutnstididers{ 1+ G - 1).:'-1-"l "'E-] (benrys) (63)

For exglhmtion of potation sec Par. T8 above. dee aloo the references
io Par

$7. The coeficient of mutual induoctance of two parsilel lins
oirenlts (Fig. 11a) is given by
La=04605 logue(pot) (millibearys par kin) (34)
where a1 and iy wre the distances from one of the wires of circuit l 1o the
. Msxwell J.C. T‘resf.lle on Eleetricity and Magnethm,“ Vul II p- 324
4
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whumfuthetoaludtin;wmntnndatbeulleolﬁmo-phuediqﬂm

Thoonﬂu bdpﬂoyolombompmnudbytbemﬂﬂd.olth
loop: see Pur. 84 below J
3. Hystoretie . Without hysteresis, E}

the crurrent I would be in phase quadrature with

E. For this reason the angle o wd0—# is called

the angle of hysterstic advanos of phase.
I I'E - watts lose (95)
T " IE T apparent watts'

In tive, the ed loss usually includes’

edcl,y currents (Par. H) so thlt the nams * hys-

terstio” is somewhat of & misnomer.

$4. The energy lost hystaresis cycle |
(Fig. 12) is propogonll tom ares of the loop,or ¢
+&
Enm-cl’zm (joules) TN |
-® Fra, 13.—Componetta

wherein V is the volume of the iron, & and JC of exciting ourrent; hyo-
being the coordinaies of the loop :nataa.d of ®and terwtio angle,
¥ so shown in . 12; and ¢ 8 conm

ing ulpon the scals used. For detuls sed tK: suthor's ' Magnatie Cireunit,”

5. Bteinmeta's formuls. Aocording ta by
Dr.C. P, Stoinmeu. the hest spergy rulmod peor oyole per cubio cenimetar
of iron is approzimately

WagBt e, (orge) o7}

The exponent of @ varies between 1.4 and 1.3 but is gensrally taken aa
1.6, Values of 5 are given in Sec. 4 (see index).

96. Power logs per unit welght. The most conveniant way to exp
the hywterenis loas is

Prmba () ™ (watta por unit welghty  (98)

herein £ is the freq in s per sevond ; @ the maximum flux density
mllnqormxw'ollnwmuggentrmeur and £y a constant; see Sec. 4.

N "ia Two-term formuls. Another empirical formuts for the hysteresls
o8

Pa=fln'B+5"B%) (watta per unit weight) (99)

where 3’ and " are empiticsl cosficionts. This formuls
i‘lhe more acourste mi jum and high Aux densities than
one,

. Eddy-current loases are IR losscs (Par. 2T) due
to secondary currents (Foucault turrents) establisl
thoee parts of the circult which are interlinked with alter-
nsu o pulutinc ﬂu:. Referring to Fig. 14, »
S non-umiom Beld.
The udvnadns ndo. d ia cutting m: linea than the
trailing dde, thers is srenne 1o potentinl
bot.waen thess two -idas and alsctricity will Aow as shown
0{ the arrows. _ The value of the currents, ueou‘i.in?
in-

verstly proportional to the resistance of the pa The
Fio, 14. s.m.f, in diree t-lyp'g)ofdoml bot.hethnckneu.t.dtho
Eddy ourrents. bar, but the length of the path, and therefore Its resist-
ance, is but alightly altered vuylu the thickpess, ¢ e
iR Lo e s
Mmary curront, uoes t ux, ¥, W
gonerates an e.m.f. l:. in the core; this e.md. then wia he noonzz

7
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tmtmentof ist loalm—“_wrm ta and eddy current losses in
* Formuls and Tables for the Caleu-

I&hon of Alteroati nt Problems,” Chap. I. Numerous tables and
formulm will be fo there, relating to the resistance to aliernating currents
apd ourrent losses in solid, hollow and concentrio oylitdrical conductors,
fiat conductors, colls and conductors in slots of laminated iren srmatures.
,los. Iloctlﬂndlhnoo and resctancs. When an alternating-ourrent
i bywteresis, eddy currents snd skin effect, it ean be
raplaoed br AR oquivulem circuit, without these lmu. by ui oqu.h.hnt
5 and equivalent resctances (Par. acs of the real ones.
Thm squi nlent or effactive g itioe are 80 cb thtt tlw snergy rela-
tions are tho same in the equivalent cironit e in the actusl one, In & oerm
circuit let the true power lost in obmic resistance, h;':'.u-h. and od
eurrents be P, and the reactive {waitieas) voli-amperes Then the oﬂeo-
tive resistance and remctance are determined from the relstions
tiryrm Py itryymP, {104)
Inm lol cireul with & given voltage, the equivalent conductance and
'umpp::;loo (Par. 1 culated from the rﬂn
c'mx-P: by =P, (105
Buob wvivalent eleotrle q ities which replace the core loss are used in
nﬂyucnl theory of translormers and induction mal-ors
1u.0mlm In practical cileulaty of electrical machinery the
tokal cors loms is of interest rather than the hyteresis and tlw odd,v currents
separately. For such computations empirical curves sre used, obtained
fromMonvuioumduded iron (sen Beo, 4).
of hysterssis from eddy c¢urrents. For s
dven sam "mmﬂm. the total core los P, at & coostant flux dennty
o frequency f, oan be represented in the form
Puaftip " {106)
whete af represents the hystarosis loss and 51 the oddy or Foucault-ourrent
loes, o snd b being two constanta, If we write this :smuon for two known
from which o and b

mmon of constants. It ls convenient 4o divide the fors
gdn(oqu-uon by /4 b«awhmr

.F watbf [0 1)

it represects ustion of & straight line betwesn (P/f) and /. Having
plotted the known u.lue- of /e against. 7 na sbecises, {Le mont probable
straig e points thus obtai intermection
of t.lm Line with the axis of ordinstes gives a; b is ulo sted from the pre-

oeding equstion. Knowing o and b, the separate lossos are culculated at sny
desired frequency from the expreaxions af and by respectively.

THE DIELRCTRIC CIRCUIT

Dioloctric fluz. When a source of continuous vol B (Fig. 18
of & AR, » quantity of slectriejty
?b the conmotinc wirea and the eame quantity of eleciricity
my ba sai o be displaced through the dielectrio between the oondenesr
ter ity bebaves like an incompressible fluid. This
wed electricity in & dwlmrie isealled the dislectrio flux wod is messured
in samo units as & _quAntity of alectricily in & tvondueling cirouit; that.
is, in be or in mier
107. The dielectrio flux density and the t,
flux denmity D or the dielectric ﬂ“ﬁr unit mﬁ'ﬁ- /ﬁ"ﬁe’fm flux

disiribution is uniform, or D=agQ when the flux botion is non-
uniform. In these & °rmaions Q he dieleotric flux and A is the area
endicular to the eotrostatio Iinee ol' tom Flux density is measyred

mba per r pquare inch.
Tha voltage B applied at the ummah of the copdenser scts upon the
whole thickness ! of the disloctrie, and the dieleotric atreas G s charsctarized
aa the vol tmwunitmoheu {unit lengih) of the dislectric in the dirsction

78
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118, mlmdﬂcmducdnupadwdlmm thoudobo-
twesn the ty of
identical sondenser ual.ns air for diddectrio, It is aloo umul
constant. Another name for specific inductive capacity is relative per-
mijttivity. For numerioal values for various disleotrios see Seo. 4.

118. Capacity ttanoce) puﬂ{d plates. When »
condenser conuints of taro parallel ," tes the dir whioh is small
compared to the di ions of the plat the nen of elsotrostatio Iuo-
ment are bearly straight litee normal to the adjmnt surfaces of the
The capacity of such & copdenser is

C= (;) T (ubauthnds) (115

whenimthemtolomoftheplminoq e, normal distanos
boatween them, in c¢m, and k/4r the p of t.hodiolectm, k ie the
dislectrio constant, which for nir is unit If l.'.' is to be in microfarsds, than
. io the prwad.ins formula in plaoce of k. uss

I;(?t =0.08842 % kX 10-¢  (m{. per centimeter-cube) (118}

whewvietbevelodtydlhht, or the factor required to change from elestro-
static to electromagnatic

If inetead of taki k/h Be tha parmittivity, » term ko called the sbsolute
permittivity i introduoed, then

CukA 7 (mivrofara:s) (117
And (or air, instead of unity (the relative permittivity), the sbaolute per-

mittivity is
..-oosuzxw-- (mf. Der contimeter-cube) (118)
sud for sny other sub the absoluts permittivity would be 0.0884% %
10-%k, whers £ is the ﬁc indyctive capacity or the relstive tgormituvity
of the dislectri c.aee? Beo slao the suthor’s "' Elec
Article 61, for further elaborsuon of this theory of abaclute versus relative
permittiﬂtiea At method of caleulstion is based on
the v of formule ?115) and (llﬂ)
114. The slustance of s disleotric batwean two parsliel plates s
short distance a is Smy (Iﬁzl) where the coofficient « (sigma} is called -
die If 8is in megadarafy (1 darat

the olastivity, is the neip-
rooal of 1 tarnd) and the dimensions in contimeters, ¢ is in
centimeter cube. Elasiance in the reuipmd of permittance, or 8- l/C
and, likewiss, elastivity is reciprocal of permittivity, of ¢=dx/k
Therefore
dey ]
S={%)a~

A i
For air, In praotioal units,

e= 11.31)-(10‘ md. por contimeter oubs., ({1309
E of & .t.o condenser (Fig. 16) built
eord.ing to the follovinc m&ﬂuﬁm metal plates are 50 om.
cm. each, placed at & normsl diste dosnem. mdaelmmd?h
three conseoutive layers of in:ula.hon. whith are 0.12 om., 0.07 om. and 0.11
am. thick. The relative parmittivities of the materials are 2,
i\rei Binlam eluit.anm are added in series (Par. 118), the total elastanoe

condenser

8 =111.3x 104/(50 0.12/24+0.07/3+0.11/8
-}uuxml/{ X70)110.12/240.07/3+0.11/5)

Hence the copaeity CmS1m2 8410 mf.
118, Olplol? ol concenttic cables. For a single-condunetor sable
with = gr h (Fig. 17) the capacity
0.03882%
Cw ownelbia) (m{. por mile) or
0.02413%
logw(b/a}
80

(119)

{121)

Cwm (mf. per km.)
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of the preceding value. The trensverse dimenslons mnybem.henn imobug
or in centimetors bacause only their ratio enters in the formuls.

119. A three-conductor oable may be treated in s similar way (Fig. 20)-
The sheath is replaced by three equally spaced conductors of the aame dism-
eter and epaced according to the relation bo=dt, The capacity of & single
oonductor s 0. 07704!:

3«‘(6‘-—6’\ {mf. per mile) {124)
. Togse | ==y
where the transverse dimensions are in inches or in ceatimeters.

130, The capacity of » 1o~ transmission line v
the permittance betwoen one'o'?fhe vpnm and the plane of symml:"ﬁ-ywula“ o

O o—

0.02882
= ot (/0 {mf. per mile} (127
where a ia the radius of the wite nd 5 the epecing between the contres.
The ox 4 the two in equal to one-half of that given

by the muh ubove For values of oharging rurrens st standard frequencies
oo tables in Sec.

Earth
Fig. 20.—Three-condustor oable: Fig, 31, —Overhead condustor.
showing elecirical images due Lo the
grouaded aheath,

191. The capacity of & single overhasd conductor with ground
return (Fig. 21) is 0.02882

C-E.tgua) (ml. per mile) (128)
138, When & lo-plnu l.lno with metallic raturn lo » ndod

sufliclently near capacity is somewhat lncm.ud
the wires be suspended nt the Imghu Ay and As sbove the { then c..l-
culate the ca ty according to formula in Par. 180, t.ho oorrected
spacing (see suthor's "E]ectrlo Circuit,” Art. 81)
b

T+ 0.255) hks )
‘When the heights of e asion M and M are greater tlnn 85 times the
apscinc b, the difference between bland the. corrected apa by §8 loes than

pet_cent. The correction in formuls (117} is m.ll -mn]ler. becaune
l thins of numbers v dlowly than the numbers themselves.
n formule (128) and ‘?129 s porfeetly conducting in sssumed.
Wu.h dry non-conducting earth the increase in eapacity 18 somewhat loss,

153, Ou of
™ podt!h » thr»;rhm Une with :inmoh-i«l pacing,

hase i t doﬁniw
further qmliﬁuum "In_practice 4 th pgftee o k4 w;’thout

Y o
ducing it te sn equivalent single-phase line consimi o! one of the conducto
of the three-phass line and s ground return. 1':'5 equivalent ain hg:
line carries one-third of the total power travamitted by the threep

a2
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an oloment of volume Oo and inmnu;bmthn tha desired limita. For an
interesting corparison of ties ns to ths amount of energy
stored in the dielectrie form per unit volume compared with other forms of
energy, sod Btainmets, C. P., General Eleciric Review, 1913, p. 534,

u&lm&mm( 23). The total charges on

the | are oIp d by squations
wCin+Coln~r)+Cuin—n)+ sto., (135)
g:—C:u+C:§n-n)+C:éu-— ;-l- ste., }
hare n, are the inls of these oond above the ground.
Ehe oo'elﬁmu ¢, Cs. s, 45, APS ealled the Inl'tlal ospacities of &r: con-
dnoton Cm, oto., are called mutusl capaol
‘I‘h:{r computation is possible in fur

Inplc only, but having determined them
parimnully it is possible to caloulate from the
preceding equations the resultant or equivalent
capacity of ihe system under various operating
conditiona, |
13, Maxwell’'s equations of s ohar, s
tom. The same equation may be -11“1: in
Maxwell's form
gt= Kun Kwn+em. {136)
o= KEum i }
where the cosflicients Ku, Ka. ., are aallod the
eapaocitiea of the individual conduoctors, snd the
negative quantities X K-. ot., are calied soefB-
clents of mutual ln?
131. Cosficients in mu s equations.
shs foil’owin( relstions hold between the coeffle

: Hn=Cy4+Cn+Cuteto.
Kn-C'i-cl-Cn Cn+-ote. }
Kpm - o= —Cg, eto,
1134, The slectrostatio suergy stored in the fleld Is
W-lKnm"+}Km‘+eu.+Kmn+Kmn+Km+ete. {138)
md".?lﬂ“( tt de) if the potentisle are in volia and the
upuiuu in fal

183. The dislectzic strength of insulating :mlarln.l-.3 or the ur-
I.nLvol s gradient, is the maximum voltage jckness which u
ciric can stand in & uniform fleld, before it bresks down electrically,
The dielsctrio strength ia ususlly messured in kilovolts per millimeter or
rl‘inoh. The only oormtmutonterthadielw o srength to a uni-
orm feld, for imtanen. betweon large parallel plates plmd at a short dis~
W It the atriking voltags is determinad botwesn two spheres or
es of some other shape, the fact should be dutinctly stated, In
deaigning iuulution [ factor of pafety is assumed depending upon the cop-
ditlons of op For jent values of the rupturing volisge gradi-
enls of various materiale ses Beo, 4
1M, The aritical dislestric ﬂu density ia the density at whioh the
material breaks down. [t is determined (rom the relation

Fio. 23—8ystem of
ohanged bodive.

(37

Dnoa ™ 0.0884 25T mas X 107, 139
where Day Is the critical density in microcoulombs square cantimetars
Guep jn the ru voltage gradient in Lilovolts per millimeter, and

k is the nlﬂ.wo permittivity of th:e material (Par. 11%),

135, Elsctrostatio corons. When the eleetmuue flux decsity in the
air axceeds s certnin value, & pale violet %mn the sdjsoent
metal surfeces; this silent é.woham tatic corons. Io
MW whem the corona apposrn, the air is electrlc ¥ broken down. and

t becomes a conduotor of eleotricity. When the voltage n
Taised mﬂ&h:ﬁ&mﬁ discharge takes place, until the whola tlnﬁ l}ﬂﬁl
ol o en down & disriptive Im-ne. or spark, jum:
from one electrode to the other. . i
The formation of corons lesds to power lom which may be perious In some
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wirouit is suddenly conneeted to a source of continuous voltege #, the current
graduslly rises to the finel vulue fo=o/r aocording to the law
smigl—etr/hy, (140)
where ¢ is time, and ¢« 1a the base of natursl {or hmrbollo) logarithma.
his expression is known as Helmholts's h'. the souros of a.m.f.
ia short-circuited the current in the to sero aoe
cording to & eimilar law
fai L (141)

m. Parlodic e.m.f. When do-onorsiud cireuit eontuninf rand .
enly mmmud at the imunt. t=0, to & source of mt.ing
::Iotln‘ce smBy pin (2efi+a), the current in t’]:e circuit

‘._s_.. sin (w¢+¢-¢)-—" sin (a—g)e~tr/L (1e2)

In this equation #=/r¥+(2s/L)? is the impedance of the eimnt an e:
the pl ement between the current and the voltage, determined by
tan ¢-2t,fl./r The sogle & in the phass displacement between the vol
¢ apd the reference wave which passes through serc st the time f=0;f
the frequency. The first term in the expresmon for ¢ is the current corre-
sponding to the permanent condition, the second term is a tranzient whioh
tamdly approaches zero with the time. (See slso Eq. 144.)

Cloaing a tircult contalning smur(ohm)md.upul
[ (!andl) in series. The charging current ia theoretically expreased "’

‘_‘-“-l/(rc) b (143)
when u is the current, . the ﬁrst instant. This equuon :.a not applisable
of the ump of tha

t pres
cumt from ss70 to f. o reality, the unnvmdtsle mduotunoe of the dircuit
smoothes dowm the ipitial change in ¢current.
When & ocondenser, charged at a voltege ¢, is discharged through resist-
snce r, the discharge current at the first mntant. ia theoretically equal to
t.-«fr. and then varies aceording to t

- h«i/(rC') (144)

;l‘he voltage mcrose the condenser terminals decreases sooording to & similar
aw

-4/ (rC} (145)

o=

When s ised cirouit containing r snd C is suddenly connected st

the instant t=0 to a source of alternating voltage ¢ w» By sin{25/1 +a), the
ourrent in the eircuit will vary according to the law

s=Z2 dn s+ at o) =22 dn @t oy O (146)

In this squation y= v‘rl+!l/ (:arfC)tLou theimpodanoe of the sircnit,and ¢
is the phase displacement current and the voltage, detormined
by cot %e =2xfCr. The angle « is the phue displacement betwoen the voltaqe
¢ snd the reference wave which passes through sero st the time t=0; fin
the frequency. Thoe first term in the exp on for 1 i the ourrent corre-
sponding to the psrmanent condition, the second term ia & irmnsient which
rapidly spproaches sero with the time. Compare Par, 141.
143. Singls-snergy wnd double-snergy tranzients. The two pre-
Df teapes are examples of w transients, because the energr
Is atored in ope form only (eiemom- stie or slectrostatin), and ¢
change consiats in an inerease or a decrease of the stored cnergy. ln the
caee of inductance the energy is that of the magnetic fleld and in the ease oi
capacity it is the energy of the electrostatio field.  When both inductance
and capacity sre present, the energy of the circuit is stored in two forms,
and there is s poag bility of periodio transformation of the ruagnetic &
into the dielectrio emergy, and sice verss, which constitutes slectric oa
tions, surges, snd waves. There is also » pouiblht.; of & triplo-onorp
transient, when for inst h motor is hunting st the end
transtuission Yoe which po-m-u industance and capacity.
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[ used for wireless . Boe Pouls: “Bymtom for
’rodnu%l:’(}onﬁnum Elsotrio OMM " nhloo Bt.
Vol. IL p. 90& Also Austin, L. W., “The Produoﬁon of h-

Ouciliations thoElee Aro,” Bulletin of the Bursau of
Bundu&.?ol.lll(lﬂﬂ?) p 3

149, Btored snergy. Whon considerable smount of energy is Liberated
at 80Tae point oD & transmission l.me. for instancs due to an indireot lightning
stroke, & wave starts slong the line carrying this emn;g.totheendso{tbe
lns. Pmditomthmutheemtnﬂ refloctad and the
rest In sonverted into heat speaking, tosal energy stored in
tha line, or in wmaputofitwnmw t is
HOHIC,  (joulss) (154

whare L i the inductanos of the line in henrys, 1 an mununmemut.
?eupwtyoﬂholinﬂnfm , and ¢ a0 instentaneous voltags. The term

v .u«é."s’h?i%‘iﬂfm erent e thoqntflgt;.m w::::ll::ruha tauh
nergy. onrren 2670, A vol

in sero, so that the two energies must be equal. Tharefore

Gul.l
Eovmgul / %. {chms) (158)
Thus, knowing the ma:dmum voluce €may, the largost inmantansons current
$mas 0an be oaleul For in the case of
mohemthp mui.mo “n‘;& voltace s Hm.ltod b%&nﬂpﬂn wtre .%
insulstion to instantansous voltages, and maximum current urbmaoe
may be calculsted from the pueodmc squation.
1. 8 dsnos, With ooncentrated inductancs end
upulw?m !rm.m of oodl.lldm is (Par. 14V)
fom {1586)
With anifermly distributed inductancs and capacity, the frequencyis
fim- (157

Lavs 70

The expresslon +/L/C he-ﬂedthon“tmodmuum
lmpodmoool I.(no and [ta reciprocal the natural admittance or o
surge sdmittancs. For further information consult the references in Par.

138 sbove.
ALTERNATING-CURRENT CIROUITS

181, Sine-waves. JIo this trostment of alisrnating-current drouitse, s
sine-wave is arbitzarily sssumed. For non-sinasoldel currents and volt-
ages poo Par, 100 and follow- _ ___ _ _

with nop- B

uetive circuits, {.¢., cir-
cun.u which contain only J§___/ I
resistance, the current at N
any instant is proportional | |

to the instantansous velue ——30p——s]
o{thelm remod e.m.f. Plot. _{
the instantanoous values = -

of o.m.l. and ths ¢urrent, .g—-_m_._..i i]

it is seen, Fig. 24, that the

waves thro sero und . H ..;.

teach their maximum values

at the asme instant. They

are pald to be in phass. _l
10t. Instantasneous =

waluse. Let the =

s foseaiorst mot

fum valys tage Fro, 24.—Simple sine-waves; non-induotive

5:.[“' E.hen the instantaneous careuis,

e

¢n By vin 20t (158)

é._u frequency in cyalo- ﬁ'mond. and ¢ is time in seconds.

The
-ngle ft Is in radians. of one coraplete cyele s T (Fig. 24),
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is oalled ty resct: or densive t, When induotive
resotanos T (Par. 164) and oondeasive resctancs x, enter in the same sireuit,
ze 8 conmidered negative. When ¢ is in furads, 2, is in ohms.

199, R.ruf. componsnts. In s circuit contsining reglatance and
condensive resctance In saries, the pappliod e.m.i. may be divided into
two componsnts; ohe €OD-
sumsd in resistancs drop snd
the other in the condenxive
reactance, current
taken by the condensive ros
actanes is proportionsl to the
rats of change of the e.m.t.,
which is impressed acTom 1te
torminals, therefore the
counter-e.m.f, of the con-
densive resciance is in time-

usdrature with the current.
etring to Fig. 26, I s the

tin phase with E ;
%ﬁm& e.n?.f. oon‘:‘ume Fre. 26.—E.m.. snd current waves in =
in resistance; E, is the volt- cirouit containing t and ity
o bal the 1 in series.

age ¥
counter-e.m.f. of the son- : N
denxive resctance, and E is the total e.mf. impressed upon tha cirouit,
It will be eeen thet in this case the current is leading.

II the imlarneoul apphiod voltage is expressed ss in {183), the instanta-

neous current
i Faas pin (2xfi+8). {168)

In this expression, the phase le ¢ between the current and the voltage
ilndeMrn:ned from the nllti.o:n‘

i L
tan ¢ -27 --f" (107)
180. Torminology. The following termimol used in ation of

roe-ware alternating-currsit circulis is ncs‘;‘n{nlawd hers for the sak e
of convealenes, An ingtantaneous value of aliernating surrent or voltage
{Fig. 24) is connected with the maximum valus or the amplitude by
the relation given in Par. 182, The mean effective value, also called the
Mmﬂm walue, or uimgly the effective valus of an alternating
curront or voltage is defined in Par. 199, For s sins-wave quantity the
effective value is equal to the amplitude divided by +/3; or

Euer
Betr = = m 0. TOTIE mes. 108
¥z (188)

The mean or avsrage valus of a sinuscidel alternating current or voltage
i aqual to the mazimum value divided by »/2, or

Ewm -2-—3?—'_-0‘636&8-... {169)

The ratio between the effectlve and the sverage value is calied the form
factor (Par. M0T) and is squal to 1.1 for sine-waves.

141. Periodic tlme. The inlerval of time T in Fig. 24. correponds to
one completds cyele. The interval of time T/2 corresponding to one-half
wave is ralled an alternstion, and for every ¢yele there are two sliernations,
The rroqumr or the periodicity of an alternating current be expressed
#ither in cycles per second orin alwrmations per minute, However, the
Intter method is not common.

145. The phase displagement between two cwrrents or two vol N
or between a ourrent and a voltage, {s commonly messursd in Olwml
degrees. Ooe slectrical degres is 1/360th part of a complete eycle.

143, Veotor representation. Alternating ourtents and voliages which
vary aceording to the sine or cosine law can be mgrf%o:ntad phically by
direoted straight lines called vectors (!-‘is n. le: of & vector
represents, to some Athitiary scale, the effective value of the aiternating
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Sec. 3-170 ELECTRIC AND MAGNETIC CIRCUITA

It B ia the voltage acrom the circuit, iben

*
.r.-x(m -2 (amp.) are)
I.=E 3 + - = Eb (smp.) {180)
Im (gc)sq.(gb)l-l— -By (amp.) ({181)
In these expressions
: ¢ -‘—.-umluotl.noo (mho} (1B2)
b -;‘-; = susosptance (mbo) (183)
y= 1 =edmittance (miho) (184)
M‘-i—-g oﬂ‘-%—-g {185}
170, mumdundnmmutnrm In & ciroult oopsisting
of a resist and » cap relatione hold except
that the current is ing, an :.ilmedi.nplaoo
of z (Par. 188). If thereis an dwb‘b whothortha e i
quadrat tis gy r ]
Iy o.podt{.n &;u the upn-:om mducu:e -ua- L ef/"

tsnos. The latter lloos:uatimu called on;
tance. Fig. 28 slwo ahows, in dotted lines, tha
runlunt _surrent when & pute Msm ln{.\d s
[]
mheuethphnluleéhecomau s of

Iﬂ. lmpodnnm in mlondl. Ina cirouit eon- I+

:ﬂ:l wvaral ineeries,
resistances should be ndded together and the
reactanoes added together, eo that Fia. 38.~—Yector diar
[ 1] gram of uu.rmb. e
Bt 2 (188) i T Sl
to=V (T (ED, a8y g byre industive re-
The subseript ag standa for equivalent.
175, Impedanced cannot be added hrajcally, but must alw.
R4 PR 3. e B gy ey oo e
rey con o, a0d zmg sin ¢, (188)
the preceding squation gives
#ag=/ (In 008 ¢)*+(Zs sin g)% (189)
branthos the sonduetances thould beh.:l:it? "éom; 133 the lumphn“ :
o8 the uetances L4 i)
added together (Pu'. 169} so that,
faz3t } (190)
and
oyt + o, (191)
174 Mﬂmm‘h.“dtd braleally, but always
be 8dded geometrically, or veotorially e 144 Ut must
g=y cob &, and bmy sin &, (192)
the preceding equation gives
Vo=V (Zy 008 )1 (Zy ain $)L {183)

175, Rquivalent meries and 'pml.lcl combinstions. let r, and
be n o and & lnsu'luudletr,n:l's,be"i
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Sec. 8-178 BLECTRIC AND MAGNEBTIC CIRCUITS

Conaidering ths series circuit shown in Fig. 80. let itbemuind to study
the current whan the and 1 varied, the ¢o.m.f. being
kept constant. With KR as a dn,mcur draw the cirgle. Obe, then Obe i the
e.m.[, or impedance trinngle snd 0 u the ande plu.la displacement bet ween
I and B, ividing the current, I, i components, B/r is
along OC in hue with X, and E;’z ill.uid E onggal inquadntm with E.
Dreawing the line AC, and the ciroles,
the eurrent, f, both as to velue umi phue position. If 2is constant and r
varisble, the point, B, vlll trwel wlong the circle, OBA, whileil r ia con-
stant and 7 warishle, 4 poml.. mw! nlong the direle, OB,

and aus tance are vnned the ourrent renmning constent. With I wa

r nwthaemhou,thmoahtheowtorldmitunmt e
«nd # i the angle of phase displacement betweon X and I, Dividing
o.m.f, into eomponenu. I/t in laid off slong OA in nnd.rntu.n with I; then
drunng the line, AC, sod the circles, 0B A and OBC, tbe line, OB, roBtnts
the e.m.f., Bbothuwvdueandphm poaition Theurcle.OB is the
locus of the point, B, when b is constant and g variable, while the cm:le. ORC,
in the loous of the point, B, when ¢ is consiant and b varshble.

Fia. 32.—Condensance in p:nnel Fia. 33.—Load connected to
with indyctive impedance inductive ling.

*, Phase tion., Condensive resotanios oconnected in
ahunt with an lnducuu 1mpoda.n« can be 80 adjusted a8 to bring the
total current more or less in phase with the imp e.m.d. Referring to
Fig. 32, 7, and the impedance s, are in par

sd=ritad (198)

Taking the admittances, s X
F o em) by T, - —
am Sie=0; e 25 snd by - (199
In order that I be in phase with &, bi+bs must be equal to sero, or
k|
s.-:.L- (200}

Thus, it is seon that the walue of z, depends upon the resistance, r, as
well as UpoOD 24

“—K_-Bbg I']-B-‘J ( )-R\/m (201}
= x\j(“‘%v r'+:. -h} “EVei4ot in amp. (202)

Leading current throu.gh an inductive Une will raise the e.m.f.
at t.he receiving end of the circuit. Referring to . 33, letR be the volt
st the generator end of & eircuit, ¢ the voliage at the receiver end, and ¢
line current. Let the load be of such & nature that the current is letdl
with reapect to the voltage ¢. Adding to s the ohmic drop ir in the line
{Fig. 344) In phase with 1, snd the reactive drop iz in k quadrature
i, the impressed voltage E in gbtained. Lt will by seon '.h.t B o but
Il'ith » lagging ocurrent, & >a (Fi(, 34b3.
181, Batrics 1 t tontial elrouit which oontaing
Inductive remctance and ul» eondmve Tesotance in seriee, it is povaihls

™




Sed. 3-183 ZLECTRIC AND MAGNETIC CIRCUITS

But the tohl.dmitunoeymbemdlu by, mnd in this case the total
line current [ in losa than one of its components . A similsr relstlon may
be proved for i, When the !nqmnoy in

- ‘v’l? {cycles per second) {212)

it follews that b ) s
.‘d ‘] "

. TuBg, fum—fu (214)

The lins current is co. tively small, but there ia a1 inut\:lnm

of cuwrrent betwesn the inductance and the capacity, in
. mmumnoub frequaney, aomum-.muncm
of & eomple: wave, it he of one of the component
harmonics instead of the I nndnmmfmmney In such cese, cither for
voltage or erunnnt {series or ‘gardlel
resonance}, the magnitude of
naat h.rmonio SompoDent ‘i.: much e:ﬁ

mumtnde in & nom-resonant cireuit.
Tbe condition of resonance, except in
tuned ecircuits where it is speclally
pired (as in ndio-tdoguph:),iaom to
i’ % be avoided,
' the Erimery et of o Geaorar
primary cire of & ormar
caused by the proper combinmtion o
, . inductance and upodty in the moond-
g ary circuit, 1a called consonanoe.

. 184. Altarna
Fia. 35—Complex quantities; ares voltano M by mom of com-

of reals and imaginaries. " (Hs. azao wﬁ If o
are ons or
the comg:nentnorlommxdo twoperpon unl?u tmﬂnvmu
presentad sy mboli
, §-c+:'c' 218)
where S
FLAVEST 216}

md ;..he under B uignifics that the magnitudo as well a8 the direction
u.:’ uon and subtrsction of veotors. Let two veotors of volt-

reprosemnied s Bi=a-+idL, @
Brm eyt je'y, (#18)

Then the surm or the difference of thess two vectorsis - ]
BymEid Eyw (et m) +§{1 1 0). (219}

188, Rotation of ‘s Veotor. Muldplying s vesior by § tures it by
20 deg. in the positive direction (countar-clockwise}.
B mjletjo’ym o+, (SN)
beos: jYm =1, Multiplying tor by = tates the veotor by 90 d
in themngntive d;mhon——thet.m.vﬁociw{n iro ® vostor by o
A veotor ¥ may bo also represented symbolicslly (Fig. 35} as
BwE(oon 8+ ain 8), (321)
where B withous the dot, én the rightehand side of the equation, stands
for the magnitude only.
The oparstor .
¥ woon ¢ 4+jxin ¢, (az2)
here ¢ in the base of urel logarith t ventor the
1‘:1 the ;odu" dinotion.us'l‘h e, furm it angle ¢
Elooa ¢+7 sin ¢) = E(sos ¢+: aln # (oos ¢+7 sin #}=FEcos (0+4)+

8o (0+4). 229
)




Sec. 3-190 ELECTRIC AND MAGNEBTIC CIRCUITS

NON-BINUSOIDAL OR COMPLEI WAVEE
100, Examples of complex waves. The curves showa i .
{llustrate the effect of the adgct sod pacity in o cirmxi: t&hg:
is applied an alternating e.m.f., differing from the simple nine-wave. The
turves were taken simuitansously with an cecillograph. B is the im
amf: L mme:.mnt taken by an inductance ood, and [y that taken by »

oondenser. 37 shows the circuit. .
191, Wave of reattive s.m.1, dus to induetive reactancs. Amuming
the reluctanoe of the iton core in
the inductance ooil to be constant,
which is approximately trus below
the saturstion point, the valus of

F1a. 38—Complex slternsting-current Frg. 37.—Cireuit in which the
WAV waves of Fig. 36 were observed.

the fux is proportional to the current f,. The instantanecus value of the
om0 E (set Par. 4T) in &%

that Is, the curve 2 will have itsa mazimum smplitude when the ourve I,
passes through sero. This is not exectly true In this ease, because of »
small loas in the resistance and the iron; the current to supply this loes
being in phase with the s.m.f. B,

191, zano!mntthrou‘hcmdendurm. The condenser
current 3 proporticosl to the rate of ohange of the o.m.l. (see Par. 108):
the instantaneous value is

i -Ci. 23N
L] d‘.

that is, the curve, I, hs its maximum when the rate of change of the curve.
B, is 8 maximum. “Were 2 & xine gurve, I would be also s sine curve a

would be in quadratare with E, but when ihe ourve of e.m.f, is not & &ine
curve, a8 in Fig. 30, the maximum amplitude of the ourrent will ocour at the

point where slope of the ¢&.m.f. ourve in s maximum.

195, Effects of inductive snd condenslve reactance on wave form.
These curves show the offect upon ihe current wave form of inductive
t and densive ot The curve, B, s ths wave form
produced by the generstor; it contains sevoral barmonios (see Par. 209). The
inductive reactance tends to durmeout the higher barmonics, whils the
e tance emphasi m. ’
1%4. Determinaticn of total complex ourrent wave. When the
spplied voltege contains higher barmonmics (Par. 30%) the total our-
rent through an impedance is found by summing the harmonic curtepts
due to harmonic of the voltagn mocting alone. Thus, the resctancs
st the fund tal fr f is x = 2¢fL, the reactance to the nth
barmonio ia z. = 2vn/L, and the'impedance to the nth harmonio is
fam P+ (2eafL)0 238
188. Power and energy. The general e):prulion for the energy ivl
re to an alternating-current oircult with any wave form of current and
W ‘.“ n .

i
We eidt (joules or wait-seconds), (239)
(N
]



Sec. 3-203 ELECTRIC AND MAONBTIC CIRCUITS

into k equal parts by k+1 equidistant ordioates ye, s, ote, ys, where kisen
even number. Then the sffestive value is

yors = \/aT[ T T B T NI P 2 L

(243)
208, Third method. If the irregular wave is given jn terma of ita
harmonles, then the sffective value is

vorr= 07071 A2 4 Agtdete., (244)
wheroAt. Ax, ete., mthempﬁtudaoftheaewnu harmonies.

Fourth method, t the given irregular 38) in
polnr eoordinates (Fit s:iot delanmne the area 4,, of the 921‘" curve,
¥

with a plsnimeter, neous of known area
weight, then eutti.nc out and nc -g?; the ame:n then proportional

Loy
ol
W EEr=
o4

:liﬁnlllll

— - —1802—-—>

Fia. 38.—Com wars in rec- Fia. 39.~Complex wavs of Pig,
tangular mnnm. 358 in polar coordinaias.

ta. This ares must be expreassd in units, ylase, 0 takien from

E'hin ia dono by multiplying the ares, 4,, of the polar ourve by

the utio( ) 3 ¥mas 80d paes are monsured in terms of the same unite.
The mm efsotive ordinate is

v = Yoe 24, in terme of ymes. (24
L r

Gensrslizstion of fourth method, The lstier method has been

aamnhaod by Mr. C. O. Muilloux for determining the affective walus of

irect curTent taken by sn electrio car or & train during & run. For s
detailed treatment numoraus practical applications soe !ne ﬁl
'‘Methode de Determination du Counnt Consiant Produisan 4ma
Echauffoment qu'un Courant Variable,' in the Transactions ol the Iator—
oational cal Congress hald st Turin {Ttaly), 1911,

208. The amplitude factor is the ratio of the maximum ordinate to the
mean eoffective ordinste, thus

:':'-nmpl.ltudo factar. (248)
207. The form fmctor is the ratio of the mean effeclive ordinate to the
mean ordinate, thus

Betf L torm factor. 4N
Vo

inaluding the two given ones, be denoted o, g1, 31, otc., ya. Then the area of
the curve is

Aw l5h~+‘(n+u+m+m +yat) + 2+ yi+yetote. +y..s)+y.l.
whers A is the distanos between any two adjaoent ordinat The
the oumber of strips {n), the more naarly the foregoing formule npuuma
the area of the given curve,
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Sec.2-211 ELECTRIC AND MAGNETIC CIRCUITS

#5 being measured in tarms of tha nth harmonls. Assuming time measured to
the right and ordinates messured up w8 positive, and quantities
in opposite direotions s negative, positive valum of #. indicats that the
nearest interssction of the ath harmoniec with the axis is to the t of the
intermection of the resultadt wayo with the axis, and positive values of B,
indicate that the nth harmonic in rising at ite nearest intersection with the
time exis, The values obtained with the sbove equations for ths sth
g;.rlgonie are Ttgla.cud br'ﬂehhm%n;:lu whioch .nlen; ti 'y thereof, that is
» 3n, eto. correction is practienlly negligible for [ excapt
the first or fundsmenial, and ueorrwtionpnlyngedltobeunﬂﬁ.\nyond
the pinth harmonio, Since wave forms in practios almost never codtaln
even harmonics, they do not enter into the oorrection, snd denoting the
corrected values by prime, we have:

A'--A.-A’u-d'u-tl’u— A ‘m)
and

B'l‘BD"‘B"O"B"I‘I‘B"."‘ . s (m)
When applying this to the firet harmonio, 4a is the ordinste of the re-

sultant wave at v (Fig. 400), and Bais the ordinate 90 time-dogrees there-
from at .

——

oW ’3 *
Fra. 40s.—Wave soalyeis, Par. 211, Fio. 40b. Wave analysis, Par. 311.

211, Bzample of wave analysis, As an * assume the wave
given in Fig. 40a, which is split into three harmonics; the firet or funds-
megatal, the third and the fifih, w-howthnmhodofdow
& given harmonie, in this case the . The base of the wave is divi
im::rnxequ-lpmmdordiumm . Assume the ordinates to

ut follown:
then, = 878; gy 000; yamP40; yym LOOL; o= 554; puwm . (204}
4.-i(s.-m-%;ﬂ-114.7. (365
and
Beabtn+n—y =22 EA M0 gq7, (356)
The mazimum ordinato in
V' TILTP + (96.7)7 =150 57
and the phase angle is ¢ )lll? )
oo=tan1(ZHR2Y = — 50 deg.t (258

In & mimilar manner it in found that As= —02.8, and Bi=374. In thin
esxample the wavo contains only the third and the Sfth harmonios; therefore,
the fundameptal is determined as follows:

Armys— Al —A'p=m0=114.74+92.8 @ —21.9;
Bymy+ By =By =040 1-98.7 — 37 .4 = 000.3;
#=tan"(21.5/009.8) =] deg. 15 min. (approx.)

;f’ilt“' {im"i:?ll{ ‘;Lp' 33% (itoaﬁi.a harmocle, or 5073 deq. in terms of
{.] L] rme of t t. or .
the r-::funt‘ /
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Bec. 2-217 BLECTRIC AND MAGNETIC CIRCUITS

Fig, 45s—8ymmetrical starand Fia. 45b.—Symmetriosl star
ring o.m.0n. and ring currenta

Fia. 478.—Three-phase ¥ Fig. 47h.—Thres-pheam 4
a.mn.0s. and ourrenia. a.m.fe. and currents,

A =

HEVE |
ey = a

s 1

B ﬁ — ’
i- =

Fia. 48 —~Two-phase system; star and ring conneotions.
104



Sec. 2021 ELECTRIC AND MAGNETIC CIRCUITS

131, Polyphase power, The total in s symmetrical n-phase
systam is given by the formula power in & ) ~P
P=nlE: con ¢ =nlafa cos 4. {263)

In unsymmatricsl or unbalanced system the total power is found
by :numming up the power in the upu.:u phases, )
298, Thres-Phase power. In a three-phase system (Fig. 45}, the power
P=3l,Bycong =3Iy By con ¢ =1, By T ooa ¢ (watta) (264)
if the ecurrents are in Amp and the volt in volte.
135. Two-phase poWer. In & Quarier-phase yitem (Fig. 47) the

power
PudlE, con ¢ m4faBn 008 ¢ =24/ 21, Bucos ¢ (watts) (265)

294. An squivalent single-phase ciroult is a circuit which is used in
computations relating to polyphast transmission lines and machinery.
For three-?hue cirenits some neers
use p ai te— 2 moicm‘wilgoathva.
tagooq o wvoltageo Tes-
phase aystem, and the power equal to
thai in one phass. Others use a single-
Pl ¢ireuit having & voliage equal
to the delta voltage of the thres-phaso
circuit, and itrenemitting the power
ogual to the total power in the three
p Both methods lead to the
same result, provided that the assump-
tions are consistently carried out.

238. Unbalanesd polyphase cir-
auits are treatsd as separate mngle-
phase eircuits and thea combined into
one. Assuming s three-phase system
with & line voltage trinngle as shown
in Fig. 52 aod an yobalanesd load, By,
B and By, are given. (They form the
triangle obi) Constructing semicir-

clas on Fi. Ep and Es as ters, FiQ. 51.—E.m.fs. and currents in
the e.m‘f.’ trisngle for.mh branch in two-phase thres-wire system.
constructed (Par. 158). ga Inv; £
. B )
:-H.‘—‘-ulltd;:-‘l- (268)

F1a. 52.~Unbalabeed three-phase aystem,

" The currents, ii, ¥y and i, are in phase with the ir dropa in their etive
branches. These can be conveniently combinsd by pmlouingl the g lines
until they interseet, and laying off the currents, i, from theinterssoion.,
The main currents, Ii, I't and Iy, are found by taking the vector sum of the
branch eurrents, i3 and 5, & aad is, fa and i, respectively.

106



Sec’3-230 ELECTRIC AND MAGNETIC CIRCUITH

290, Altwmnsting e.mf. Iets ve alterniating voliage

beapplied to an equi t single-phase lma (P-r Ill) ﬁthundwmlydu-

tributed charactaristics. Let the resistance and the uotiu reactanos of

the line be r chma and z ohme per unit len;th rupecti tlnttha sarien

im anos in Z w iz ohma per unit length, Lot the oo ]
the 1eakago conductancs be b end g m per unit encth vely,

lo uut the shunted admittanoe is ¥ =g —jb mbos per unit Iennh. The eur-

ront and the v taso relsuonn at & distance s from ver enad of

line are exprowsed by the differential equationsa

P &E
~e= M7, and i m AIE @73)

where Mw/YZ. Inthmupnuimf.xndﬂm mguﬁﬁu.
e from. point 1o Doto. romeialag. o the vers s sime, Panoton
¥ Tom. poin af sme time
otherm _word:{ tha c:om&:‘ud ‘tg:: x!,wtm aTe B :n functions of ﬁu’:ﬁ. snd noh‘
sa8 tom
chen.e.?o:ius the line ;ndyll indopondant of either ¢ or 5, The solution o(
these equations is of the form
Taa ~ Moy, S (e
B=pa— Moy p Mo @78)
whers the oonstants of lntamt.ion Au, As, By and Dy are complex quantities
These con-untu are determined by the electrieal conditions at some ons point
of the line, for instance, when the current and the voliage at one paint are
given in roagnitude snd in relstive phass position,
mi. dg;lnﬂm of d?mtﬁu-mub?t osde. The polution of the fore-
aren uationa is prefe axprewnsd hyperbolis
fmmumu (Par, 139 0‘3 of ghe complex r:iu Ms. Namely,
J=C, Coeh Ma+Cy Sinh Ms; (278)

3-91 Cosh m+b. Sinh Ms; 217

whers 4he complex quantities Oy, O, D, and Dy are the sonstants of intagre-
tion which depend upon the given conditions at some ons polnt of the line.
For eaample, if the receiver voliage Fa and the receiver current Iy are given
:fnlmde asnd in phase (st #=0) the vonstants of integration have the
!ollo walues:

Cralui ComBy oF: Dim By Do & e

Thus, knowing I and E at the roedur end, their valuee may be calculatad
for the sending ond or at any other polot on the line,

209, ldmnou to other l!tantm For further detalls and applicae

hol:idth?' f.- bowet T'hdonlinu(?n% stlu Prop-
.? or deCdcula.ﬁon e%rfmem Electrio o and Oscillati et
“The of Eleottio Currents in Telophone and

Telegrtph Conducton."
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SECTION 3.

MEASUREMENTS AND MEASURING APPARATUS

RLEOTRIO AMND MAQGNEYIO MEASUREMENTS
BY F. MALOOLM FARMEE, ME.

GENERAL
1. The muasarement of any ia the oonpulm
that quantity with another qunuw.r}! tha ::e whioh has been o
nsuni& 'he undé tm-{qmtttrwithnonﬁonnl
slgnifiennos,

suoh s the oot tmhlusuryddniu
mesning, sa the centimetsr mune slacirionl
measursionts belong to the latter class %mbnulonthoelnﬂ-
meter-gram-second or 0.0.'. aym

is the fundamental system u hich all hyliulmmuumuha
based, on the theory that ph oal mens sre the result of mutter
and motion, that is, space {ven g.miu(;uml)mdﬁm(mnds.
. Meossuremnents clasgiiied to pregision.—Eleotrical
messurements may be divided, in s very general way, into three classes.
hpﬂdﬂo mm uthmemode t the waricus
dising laborstories in with the uhhlhlumm

tha APrenne
tlon, (b) al lsboratory messurements, whers the object
Ly to weoure resulta vhieh wre relisble snd aeourats, but goly to the degres
justified by commercisl and engineering requirements. The cost must be
» mni:g;tm (o) bum A asurements are uml:'f inthrglvo% 1&“‘&
distri] A aD of enezgy. The sope
mﬁonillimiudwthaluttwoclam
----- of & unit, The fundamental

3. A standerd is
C.a.8. uniumdlllimltto wtsndenlyin the development of the art
theueedforslmmduniuwuehoouldbeuudinoleﬂrlw ln-uumu

and lted in establishment " " units
Z:EE«I}O) x:l:i.iaandeﬁ:ed lrol_nthcdfnndmn C.G.5. unita
The distinetion drawn between pri :'i-d' aonda.ry .undmh is

largely n matier of vie t.. In gewul

be considersd as those w) npumt muy by dgﬁnim \mltinvolm
such s the mercury ohm. the gl
eall, mads secording to speoiﬁoutiom. Beoo mndndl e t.ln
more pmtiuble working standards which are by oomp.rhon
with pri aundndsmdmduthehmofﬂlordlm mesaurements.

They include, for enﬂ“dtha m.ﬂnﬁn standard rmtnncu and the ardi-

Weston-t ATy in gepersal,

m’ Mygge government custodians of the d.urda :n the vﬁu

uﬂ'::: the f?mdamenhl basis of p O e fn“'::l’.
noeﬂu commersinl fekde,

n  obtainable an electrioal ment

upon the mum whioch em:a: into th: “e dem-mimm mo&.wd' thens

themmmmofthpﬁndpleemylgy«ludm d used, y

of the standards, number and bf possibl eﬂoﬂ. of

uleulsuonl and 80 f::ttl; lélh o i 0‘ eladlad ‘:bove

one pai 0 cortain clusses of messuremeon ™

lnrlruhlned In commercial mossurnments, the cost of suck » high degres
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Sec. 3-7 MEASURING APPARATUS

from the mesn value s the oumber of readings is incressed. Whers the
necessary degrea of relisbility is not obtained 1o » single messurement, s
number of observations are made, from which the most probable true ulun
may be obtained, ther with ita pmbable orTgr. Thue httar qulmhh-
may be detived in different by
methods involviog the theory of probnbllll.l.ea and the method of lent BuAred.
In ull ordinary electrical measurements it will usually besufficiently correct
to assume that tho tme vatue in equal to the aven of the various valuea
btained (sli tia errora) plus or us the aversge error-
The average error is ﬂw avur?u of the difforences bo'l.wn the average valua
and ench individusl value, should be noted, howsver, that according to
the theory of probability, the precision of the result doss Dot increase direot]
butr'm;y ns the aquare root of the number of observations mads {see Par.

T. Cartain peneral preeautions whivh should be observed in alectrioal
mensurements, and certain sources of error which should be avoided, are
indicated in the {ollowing l sphs.

{a) The bable soouracy of the standards, instruments
m?b )mit'h ohould be kno:n ugh dote "

a gensral proposition, m other ro eterminations, one

messure meot lhoulcr ot be upon., Several readi lh?mld ba

taken, and the conditiona ahould be sliered, wherever possible, in order to
avnid secidental errore.

{¢) Indicating inntrumenta should be of auch & Tauge thut the quaptity
%:ider mmn‘::.mnt will I“llme a ason Iinrclim 8 ro: the -o:lhe.
& percen o onsl error soes in ot proportion se

{d) t’i‘lge o ‘hgldoﬂmm inf sxtermal or stxay magnetic Belds, both

& possible presence of y
direct and dumﬂnr;. should slwnys be borne in mind,  Such fields may be
produced by current in neighboring conductors, or by verious clsssee of
slactrical machinery and apparatus, structural iron and steel in buildings, stc.

fielda introduce ettore by combining with the fields of portable indi-
cating instruments, galvanometers and other instruments utilizing s tio
feld, and, in ths case of slternating fields, by inducing small s.m.0y. in the
1oops formed in bridges, potenticmeten, ate.

e” In meuuremanu mvoi\nng high ruhta.nm lntl galvapometars,
suth as bridges and p bl "lnlup or shunt eireuits
should be ellmmated This is done by providin gaard’” siroult the
rnnmplelof 'h:ll:o is to keep all nu&w whic| t tihe &uemnt m:ght ﬂar.:

mpropar ¥ #b same potoptisl aa the LT spparatus.
further di under p N%

Tempersturs o in various pu.rh of 'bndga potentiometer and

{ hanges

ajmnilar mrcuiu should be wmded bacause of thermo a.m.bs. produced st

of d Buch effects are often uoed if the
obsstver's hand comes in contact with the metal parts of the galvanometar
key, switches, sta.

{I) Instruments with covers made of glass wnd hard robber should not ba
rubbed, especially with » dry dust cloth. The induced sleotrostatic char,
on the moving element is often suffivient to changs the deflection materially,

{h) At potentials of 500 volts snd sbove, the electrostatic stirsetion

ween mo\un‘ and fized parta may becoma serioun.  This is prevented by
::i"i two parts at the same electroatatio potential. When gro ing
i por ble. this can be done by connecting tha ciroult to earth at the poiné
where the instrument is connecied, care being taken that the moving-ooil
#nd of the instrument ia on the ground side. In very high potential work
this electrostatic sttractioa b very t eo that the instru-
ments must be connected in cirouit at & groundod part of the line, or eles
be thoroughly insulated from ground and t.ha moving element connected to
the case or to an el tic shisld d the instrument.

GALVANOMETERS
8. Galvanometers are used sxtensively in all classes of electricnl mene-
urements. Strictly spesking, the term applies to many other instrumenta for
meuunng cutrent, such as voltmeters and but it ia ordinarily
waderstood to apply to those innrumenu which are ueed to measure vary
amal]l eloctricsl qmt tiea,
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Sec, 3-16 MEBASURING AFPPARATUS

sharged through it before the suspended system ﬂndl‘lﬂ
The puriod. of time of vibration, muat therefore be lm vomp with Igo
time of discharge. This is scoomplished by inoressing the inerlia of the
moving systemn.

1%, Deflection of balllstic galranometers. The magnituds of the
first defliection is & measure of the quantity diach into the instrument.
In sn instrument in which there is no damping (Par. 38§} such as the moving-
ms&::ot type the qufnuw may be calculated directly from the consiania

hus
g2t sio (e (coulomb) (8
or for emall angles, 5 deg. o lesa,
CRLLL, (coddomb)  (4)

here Q= ity of electricity in coul H = fiald strength in gausees
E -m?u:mm‘guu; fromm o ooils, 1}2]:.‘““‘1 in u::onda. cl-nl‘:d. o

17. ld.lhﬂo stant., In ot ballisiie n.l\ran-
ometers ars m udmd and the formuls becomes very aim
Q-M whon ey sn k-qmuy per ulngt d.eﬂwtion or 4 e

- %, E
or mutml i.nduounoe. The deneedon obtained upon sudden di.clm'pn;
» ohal through the galvanometer is d=Qw= CE; and han

g-c id, whmO-qmt-lWolelech-idtyineonlomhu. !-pountnlzo wlneh
o chargsd in volis, C = capacity of sondenser in
u'uh. Whan.mutulmdumnoei-ued 8 deflection isdm Q= MI/R
and k= Mi/dR, where ¢ = quantity of elactrl tg in ooulombe, M = cosfficient
of mutusl inductance in henrys, 1 =steady or hm . lur vnlm of current in
pnmry of _mutual mducunoe in a.mpem. of ¥
cirouit ng the in ch m
1. A diffarentisl galvanometer is one provided with two independent
oaih or et of ooil- g&l means of whioh two surrents may bs compared
& mesns of measuring & current with-
mddl: tﬂo d.m.ut common mth that of the eompﬂison standard. In
D Atsonval instruments, the two coils are wound side by side on the same
in opposition, so that when the two ourrents being
eom rodm unted for erg defleotion, tbelr recio is usully unity. The
netull ratio can demminod experimonully.

1. Hm. In the electrometer, s plece of thin slurinium ia

susponded by a metallic nsioh over four quadrants of sheet motal which
are :mula from sach o and from the frame or -upport.
ts are connected tomh'otheraud the two uumcon
to the two sides of the to be ] from.
oo mrhplnudonthomaviume.mmdwﬂlbon
ite end attracted, producing a deflection whioch will be ol
potential applied to the stationsry quadrante. This lnnmment Is ex~
tremely unlidn. and while it is one of the uw of elestrioal messuy-
ing instruments it Ly still used sxtenxive .podaliy where
the avallable energy is exiremely .88 in msssurements of radisnt

enorgy.
38, Galvanometers as detectors, The majori ol’ gulunomm

undudemlmoonlr thatis. iasero-detlestion me the kind olnn.le
does not enter into the dcurminal.lo@ ln

luo'h sames & very slwrl.. straight scale in sufficient and space m:

miged by placing the gulvancometer on the wall above the ublo. w'ith tho

seale direotly u:::r:;ath The beam of light is properly ted by

fTors.

suitable pris

11. Raflgcting vanometers may be rand with a telescope and scale
ot with & lamp ms‘l scale. In the former, the wale is reflected from the
plane mirror (attaohad to the moving sy ) to pe through which
movements ate obsorved. Lo the latter, an image ot » parrow beam of light
(iseuing from s narrow slit in s vessel oncloeing a lamp, or from a portion of

an intandescent Iamp filament) is thrown on to the soale by Lhemgnw In
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Sec. 3-29 MEASURING APPARATUS '

l!. Galvanoimeter nlmnh ars combinations of resistances so
d to the galy that the tant of the latter may
qulckly changed, Ordinary resistancs boxes may be used as shunts for nl-
vanometers when the resistancs of the galvanometer cirouit is not too smail.
nthlatwrmthabo:bm%ulhmhmm&

thua fnor the Ry of
@ ouit, Thomdinuofﬂnnlvnnomhrmmbemulh-
plied by & faotor
S 2]
~FR. (8

whersin By in the resistance of the gulvanometer drouit
I and R, is that of the spuct. In apecinl gulvanometer
Fra. 2.—(Calva. thubita, Re Ro Re. Rs
nonpem shunt. R.--o-'s 9-9! ﬁ,._._._] I ¥ in
then k=10, 100, 1,000, 10,000 mpeetively

80. The Ayrien of universal ghunt is so arranged that it can be umd
with any galvanometer. When, in Fi; 8 the movable contact r in at b,
IymIra/(ras4ry), where I'y=current through ﬁa.lvmmmr. I = current
trom bnu.e?' Vb nuim o¢ between 6 snd &, and r,=resistance of galva-
tact z in moved to ¢,

'y (7 (amp) @

It will be noted that r, is not in this equation; hence if the galvanometor
consatant is obtained witf: the shunt all in (= at b). the shunt ratic st any
other position of £ is reo/ra and is inds:
of the galvanometsr resistance, e

st. Mm:ﬁncwmnntwdwfmn-
skars include the following:
etors, or, as they are more sommonly known,
dypamometers; vibration galvanometers, ther-
mogalvanometers, electrostatic galvanometers, al- 1 . 0 0000,
ternating-ourrent detectors, barretters and bolom- @ v Y YYYY ; .
etera,

31. Dynamometer-type Instruments _ate
used sxtensively in ta of alt J
ourrenta b they menn effoctive f

-]
-

values and can be culibnud on direct current. F1

They can be wsed Ior & wide range of measure. Y10- 3.—Universal gal.
men’t'a of current, e.m.l, and powsr, from s1- vatometer shunt.
tremely small values to very Jargs obwe.

33, The operative principle of the dynsmometer is the elocirody-
namie action betwsen & movable coil (or coila l od between two or
more fired coils, all of which are energised. 1and-els
mometer® in t.vpucal of tlm elm of i mtrumenu. 14 consista simply of two
fzed coils m ulose 1, which is suspended & emall
coil of very ine wire. Each Bxed coil consiste of two separate windings of
different current capacities brought out to soparste terminals. For em.f.
measurciments the moving coil and the fine wire fixed are connected jn
serien; for current measurements, the moviog coil is connectad ncross s non-
mduouve shunt in the eurrent circuit; for power messurmments, the m

is connected acrose the circuit to be meuund while the proper £
coil is connected in series with it

$4. Dynamomaeters are made nstatio, or independent of amr&.d fiekds,

by having two seta of m ooils, oppomitely wound, one
with & common suspension. may be 0na oF moke of Bixed ovils,

In heavy-ourrent mntrumenta. the fized ooilo are wound with cable composed
of maoy fine strands lsid up in braided form. This reduces the eddy currents
which gtherwise would be set up and which would influence the moving ovil.

* Rowland, H. A. “Electrical Measurementa by Alierna Currents; "
Leeds and Northrap Catalogus No. 74, 1911; p. 294, ting !
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Sec. 3-39 MEASURING APPARATUS

rings whioh in turn are sonnseted through the brushes, b, ¥, to the alternati
qurrent being measured. It is apparent that the eonnsctions to the

vanometar are reversed avery half oycle, so that the indication is a steady one,
the value of whioch may be made anything frem zero to & merimym by shift-
ing the angular position of the brushes. Thuas the most sensitive tion
oan be readily found, irrespective of the phase relation between the current
in the circuit being measursd and the motor armature, The variation in
contaot redistance at bigh speeds, and possible _presence of thermo e.m.fe.,

may cause trouble where the nt or p are very low, as in
low-resiztancs bridge measurenents. *

F1a. 5. —8ynchronous commutator,

$9. A iynohronous reversing key which overcomes the latter diffiead
is indicated in Fig. . A cam, ¢, mounied on the shaft of & small Mg
motor is so designed that it moves the lever, J, up and down ip » & manner
that the pair of ontacts, g and o, at the end of the lever make alternate con-
tact with the pairs of stationary contacts, ¢ snd ¢, ono;r:. cle. The num=~
ber of projections on the cam of coures will correspond with the number of
paiuo?polu on the motor. ‘The contacts are arranged as shown diagram-
matically st the right of Fig. 8, from which ft will be seen that the conusctions
to mmmr are reversed every half cycle, so that a steady deflection
is ob in the direst-current galvanometer, All the contacis are sup-

F1o. 8.—8ynohtonous reversing key.

s solid dise which can be rotated around the shaft, and hopos re-
versal can be made st any point on the ware ss in the cese of the synehronous
commuistor. The contacts are all made of platinum, the cam is hardened
steel and the lever | 1a kept in contaot with the cam at all times by mesns of

The roller r is neceasary to insure contact st the low portion of

the cam
* fharp, C. H. and Crawford, W. W. ''‘Bome Reocent Developments in
Exzact Aﬁenaﬁnmt Measurements;"’ Trans, A. L. E. E., 1910, Vol.

XXIX, p. 1518
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Sec. 348 MEASURING APPARATUS

4 deg. cont. or above 40 dag. cent., and that po current greater than 0.0001
amp be passed through them.
srisons of continnoua olemnotlu touu with « stand-

u'd ul.l. Eleetromotive forces mAay Gard 1 by
menl methods. The more typleal methods ere based on the following

(n) qa the substitution method, the current flowing through & high
rosiatance (oot lees than 15,000 ohm) is messared with & h-sensibility
galvanometer, first with the standard cell in the eiroult md with the
e o chasn. the.gohavtings cho proportionsl 1 the o te, B e ot s oy
same in the two cases, e lone are pro w.m - A
where B-unknown em.f., emptandard <ell em.f. d=deflection w{t.h
standard oell n d&' mdeflection with unkoown o.m.l

('b The .ie deflection method in & modiﬁuuon of the above, in

the defeotions are kept the eame in the two ocasss by changing the
reoinunu Then E = er’/r, where ¢ w total resistance of the cirouit, including
the galvanometor, with the standaed cell in the circuit and r’ = total resistance
with t.luunl:nownemf This method is better than {(a) becsuse it is =
d and the result depends ou the known values of
tuisuneu. rather than obeerved deBections.
(o) In Wheatstone's modification of the equal deﬂeetion meumd. thc
does not have to ba known. defiectio
noted when the ynknown emf, E,anda known high luie‘hnu are in cm:u.n.
Additional resistance, ', i¥ added sad the deflestion, ', sgain noted, Simi-
Inrly with the coll of potential di the ia
nd;mrhod until the eame deflection, d, in obtained and than sn amount of
ruilfuyoo r.‘i:'?dd.od until the deflectlon & is again obtaineds The unknown
emf.inB=

(d} In the condenssr discharge method a condenser is charged, firs
from the unkpown e.m.l., then from the mndnrd coll, and diachu-god in
each instance through a " ballistic guhranomet.er The defiections will be
2roporuom.l to the o.m.05., hence Emad'/d an in (a). Obviously, if the un-

nown e.m.f. is much smaller or much largar than the stam dard cell, the

deflection can be made sbout equal to that of thesundnd 1l by using a

larger ot a smaller condenser, In that case the mtio of the upuoiueo chould
be known, and then B = ed'C’ /dC, where C-eapodty of ¢otdenser used with
the unkoown ¢.m.f. and C* -oapml.y condenser used with the standard
ooll. This method hes the advan that practically no current is re-
quired, which is advsntageous in ok measurementa of voltaio cells of
vely sinall e:ipmty of rapid h

{¢} The principle of the oppollﬁon e ntiometer method is that

of opposing the e.m.l, of the amdnd against an oqual diflerence of
potentinl which bears & known Portiou to the unknown e.mf. This

thod is the moat acourate and ¥ srthemonsemnllyuoed beaauss it
il both & sero-deflection and a sero-current method, the Tesult depending
only on the ruuo of two resistances which can be very accuratoly determined.
Pou; # are instr ts employing this principle (Par, 49).

LB of Lesds and Northrup ‘pomﬂomut low renist-
ance typs. . 7 shows the arrangoments of the circuits. The figures for
she second decimal place and beyond are obtained from a alide wire at the snd
of the circuit, CB, along which A contaot moves, A special dial is also pro-
vidad for ths standard oell (at the lelt) and separate contaocts are provxied
for the standard-oell o. mf and the unknown o.m.{., s0 that no utu.m bave
disturbed when ol the secopdary current in the
circmk The sesential partol‘uuinn ment consists of 15 five-ohm ooils,
AC, connected in series with the emnded wire, CB, the registance of which
from 0 to 1, 100 scale diviglons s §.5 oh Fhus when the current from
the battery, B. adjusted by the rheoutn. R t0 0.02 amp., the Isll of poten-
tisl across each &ohmcoﬁ.lia AC is 0.1 volt and meross CH, 0.11 volt. Since
the latter is divided into 1,100 parts, the & m i, mybe mnmd bO-OOOI

wolt. At point 5io AC, a wiu is t-o
poinl. of tbe double sv\rit.t.'.hJ g:; w{uh is throvrn to
solvnnomm to poiot & anc‘
sliding oonmt 1" which mwu over the dial at the left conmiating of 19 resint-
ance coils, Between o and A is o resistance which is adjusted to euch »
walue that with 0,02 amp. Bowing, the potential drop betwoen 5 and ¢ is
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Bec. 3-52 MEASURING APPARATUS

three low dials are so n.rru’ed that & corresponding o is aummu“lly
made in the external part of the main cirouit andnte resistance ia kept
constant. A separats dil.l is provided for the mnd.l.n‘.l-eell sdjustment,
ber with a separste resistance which can be altered to scoommodats
aront oells withoul. nl!actm; the messuting circuits. The total range of
tln instrument is 1.9 volte

Fra. 9.—Wolff potsntiometer.

#. Care and use of nount-lomurl The following notea apply to
the un o! potantiometsrs in ordinary work
{a} Tha uounonu should ba suitabls for the patticular typs of in-
l‘-ﬂlm:ﬁg ot low resistance, and for the alass of mesaurement
The anometer should ba ayficisntly sensitive m‘ per-
oeptible deflection !r en thers is an unhl]auoe aqual to the scale
division la the p A low-r g'.f.‘.. weter, of
theorderot lﬂ()ohml.nhouldbeuoedwithn!-.. i ! Y
s high- l'!luhnee plvnnometer of 500 to 1,000 or mors ohms. with &
Bumhtly. the rematance of the volt bos
(lgr 53 for lo i ot hould be as low as the permis-
sible power lom in the resistanoe coils will permit. This is usually sboat
5,000 ohmn for 150 volta, For high-resistance instruments, the redistance is
1000 ohma or more per volt.
(b} The first trials for bal should always be mads with & resistancs
in periee with the galvanometer. This in usuall “iy provided in the instrument,
gi;h facilities Ior readily out-ung it out oI airo when an scoursts balanoe is

tor snd also the

stan cell from the sfiacta of sxceseive ourren
(¢) Trouble ia sometimes otperlenoed upoou.lly in damp weather, due to
ourrent "leaking to ground' from the potentiometer cireuits in & muanner
which grodum a false defloction. Thin can be obviated by providing a
guar cuit.'” In one sohems of this kivd all of the appatatus is placed
on smd.l hard-rubber pillare each of which in turn rests on & small metal

Thean are ooneehd aod io the polinw "“x' binding-post

Y ﬁna bare wire. Thus all pointa i.o which current t *'Jenk"' p&:e

surfm are hpt.“arlt::ze hi;h::: uhrnul pnunuul to whi the potent{omm
aces b

connected,
In improved omfu]ly wipci with & cloth moistened with grain donhol.
brlﬁ ha tssontisl requirement in t the
[ o of the resistance of euh step ‘to that resistance between the stindard
vell tarmnh shall be the samo na the ratio of the correaponding potentiale.
For if the d cell e.m.f, ulOlBSvoltaandthaud-unm
beatween its terminals is 101.83 ohma, the resiatapce of the various stope
-hould be nd,mned to 10 chms per 0.1 volt. If the standard osll rexistance
in 102.848 ohina the potentiometer in still accurate If the resistance throughout
the circuit is adjusted to 10.1 chms per 0.1 volt.
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Sec. 3-56 MEBASUBING APPARATUS
tow

dare ssntimster in the steel. A t tubular sttached
to th‘;" ooi.lq moves over a calibratsd wnle mmnt%troduud
into the ooil by two spiral spri the controlling

b

fores. Binoe the field strength and the sndnnt nfrt?he oontrolling forces
are uniform, the defleclion 19 sirictly proportional to the surrent pased
through the ooil, aud the scale d.wh{om are gniform. A lnge ;mmtﬁ
resistance is connected in series with the moving in

ourrent mmall. Thus the ssme instrument mbotmdemiuble tornvrido
range of vol by chenging the smount of seriés resistance. This re-
atance is o of wire hun:gaa low temperaturs coefficlent in order to
neutnl:‘el’u muohupom‘ble eifect of the large cosfficient of the coppar

charscteristics ususl

of portable voltmeters of thu l.¥pc veries from &J to 150 ochms

szrwltmdt-ho current sensibility from millismperss st full-soale

Bertion. The ranistmua of the mmrlng ooull is about 75 chms., The

tctquc waries from 2 to 8 milli.m mﬂmum current, with a
ratio of torque o weight qnm to The temparsturs

cosfficient in ulullly .;eh ble. being of t-he onder oc! 0.01 to 0.03 per cont.

por deg. ont. at f

av. Mmhry standard voltmeters (sontinuous cuwrrent).
onlled laboratory standard voltmeters are similar to poruhl imrnma niw
omp::cll:at they are l:;ger. h':va 2 lo pmnter. » longer and :lim:ngpen
scale munde with greater care. oy are only semi-portable are
Intended primarily for standardising purposes.

55, Switohboard voltmeters (sontinucus current) are usually of the
D'Amonval type. The construction is the same a8 that of ble instra-
ments, sxcept that they are more substantisl d mpecially aa
the moving system, in order to withstand the harder conditions of
sontiouous service and excessive fluctuntions. They are mounted in Iron
cases to protect them s much as pomsible from the normnl ey felds du.
o the bus bam.

8. Effect of stray felds. The gaperal sffect of Belds on the stand-

of portable and switobboard inltmmanu.":gown io the table in

Par. 80, These errors are wually ooly temporary and disappsar with ithe

wiray field. , When the field is very strong. as undorshorh—drenitmnditlom

in » boriag conductor, dem tlon the instrument magnets

roault in & parmanent error. 8| eldemlikaly tobeofhtllevduenndu
oond.lﬁm becsuse the iron becomen ssturatad.

8. Effect 8 M tio Felds on Continuous-ourrent
of Sty m:g: and Millivoltmeters Voit.

by

K&

B

Btray feld, . Error at two-thirds full-acale deflection, per cent.
lines per aq. cma. Bhielded TUashielded
5 0.5 tol.0 2
10 0.75w01.75 3.5t 5.5
15 1.0 w 3.0 8.0t0 7.8
20 1.25%03.26 7.5t 10

41. The messuremsnt of very smsli con umpounﬁsh may be
oﬂwudhyaomeohhemthodaouthmdml’u ll .

‘:h allnhra.ni oells and | i ;A I\:mror “lugh
such ay sm ow F for soutoes
l.hermuooupiu. © 1

‘Ground detectors. Those of the direct-current type are usually
bo forms of v t In one form, there are two colls, diﬂmntidlx

wound on the moving system. One end of esch coll in conneotad to
and the two fres nﬁsmmm tod respectively to the two sides of the

* The fleld produced st & distance of 30 om. (12 in.} from & conductor oarry-
ing 3,000 amp. is about 20 lines per square centimeter.
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Sec. §-68 MEASURING APPARATUS

oilsunhonmm 12, whers P, P’mlheﬁmdwubandllnﬂnmovin(
coil, to which a pointer P ia att Tho doflect iuppmimwy pro-
potuonalh&hn.qweoﬂbeanrmt. The.o-leuoomp oF
end instend of extended because the coil moves beyond the unﬁormmrt

field The Thomson Inclined Ooll voltmeter is similar, exaei“thn tbe
p!mo!thoﬁxedooilsmskuuwglnofubout%dec with the t of the
ool for the purpose of makin, more uniform.

w go Q, tga lolvi.n balanos prinoi lo is used.
This principle s abown in 13, whare thanmtw MM, sttached
osite ends of & beam which is supported at the middle and free to move.
Eaoch coil moves l.wun;puirofﬁudeoils.??md?’?’ and all of the
oolls are oounected in meries in such & manner that the moments of all the
foross o0 the movable aystem, taken shout the heam srxis, are cumulative,
thor tending to produce rotstion. In the Kelvin balance the controlling
oF © ¢l’omusw¢htmwod s gradusted sceale attached to
the U he moveble coils; the moment of this t about
the besm when tbe moving systam balanoad, varies aa the square

S

- of the e.mf In the Westinghouse instrument the ooils are ll‘tlnledwr-

tically and the controlling force is & The amoynt of com-
4 t;:dogythh apﬁns b:ﬂ::mno‘foch&m&:mucf orees, am

ch a pointer mannxoveramale. & measure e.m.f, ngle-
coﬂ:mhnmnhmdimtren&n;mdhenuﬁuﬂmﬁngemﬁ.mbe more

8. wm«m nltmoms {al m‘%‘»ﬂu{m‘)m?&. theeﬁro-
action woan & mgomﬂy magnetised pisce TON & magn
ing field. In tbhe Thomson inelined coll instroment of this type th';

Oountac Wik

Fra. 14. —Diam Thomeon inclinved Fia. 15.—~Diagram, Weston
coil 8.0, voltmeter. soft-iron type oo, voltmetar.
plmpotthemrd.ﬁngemlc( 14), makes an sogle with the shaft, S,
hich carries a member. i, oomprmm Mﬁ.ml‘lum of thin, soft
ron. This pieocs ron in no attac to the t that rotation uoed
the m o( to become lel with the field eats hy
zﬂ'. [nng I.lll‘lrumentl this type (model 155), tlle mn
dion takes place between two pleces of

bmtintbomorh d.mla and placed concentricatly, ons of which, F' (Hq 15),
is movable, snd the other, F, is stationary. Whet the surroundin,
in ene . the pieces of ronbmmemmehsod. in I.ikemannm:r&&-othube

12 shaps, with the pointed end ib the direction of rotation, for the rpace
of mnﬁc the seals more uniform. Alr dampﬁah is obtained by mup:n of &
light aluminium v-ne. ¥, in an encloaing cham! This type has um
groat advantages of wpﬂee,rmednu.open endmnllwgh

. Induction-type vol ternating ourrent) udlise the prin-
uiple of induetion wul.-hour lu:cEP" M). or the rotative uudompgt [
froe cup of thin m when pl so—called revolving magnetio
fiald.  Act ot the movable elqment. is prevented by sn rl.n.
spiral u,nothntthedeﬁooﬁombeoomtmmundthea og
onuﬁ.m oolls. The Westinghouse tm P voltmeter {8
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Sec.3-72 MEASURING APPARATUS

with scales which make them direct resding. They are madein & great varlety
of forms, for both portable and switohboard nes, but are used commereiall
mych more in Europe than in this country. The prined ploofthetropunnoniz
shown in Fig. 18, in whichmm’ is » thin i or pivoted
betwoen two pairs of Gxed v . 'I‘Iw deflection throug

is proportional to the squsre of I and is sontrolled eﬂ-herb [Y

epting or by gravity. Dmp:ﬁg prdnoed mqlm.imllyr by air vyanes, or

E lam? the elements in rdinuy Loy a. num-

r e

tnd ooanectad ol. thus mult.ipl:ri a eﬂee ﬁg 19). For tn;ho
tages, one set of vanos is suficient and they are ususlly ploced i eni

%ﬂne with the mwoving element mounted on a honlonul lhﬂ
sstinghouse omuﬁc voltmetar, the moving system is not uon-
pooted to the circuit; Fig. 20 nhomtheumn;o ment of the parts, When
potential is Iied A and A’, the hollow oylinders C and (¥ 1 om
-italy ch 'i‘ Jtant attraoti & defloc
because of the of the fixed plates, P and P, Tﬂowmlennu!.nd
K’ are each fcm-n by two flat plates and are connected in series with A
and A’ to increase the ran For lower thess are short-
virtuited, so that ranges o 80000 eoooo.n&’moooowlum-nnam«, in
thoumelmtmmmtandononewd The slements wre entirely immersed

a

.18,—Dia- Fia. 18.—Dis- Fro. 20.—Disgram, Westin
lrrul:, olzotrmu.o- gram, elecirosiatio- house ln;h-tonnon rolt':
type a.c, voltmeter.  types.c, voltmeter. meter. .

in ofl which ta & rela pact construction, increasss the
because of the greater specifio uohvo aapacity of the oil and prov
ping.

74, Alternsting-current switchbhoard voltmeters are made in all of
the types dumﬁ above (Par. 86 to 70), although in this wunmﬁ the
dynamometer, soft-iron vane and indu: ohon types are in most
y are mimilar in geneenl nessl to the portsble instruments, du
given o the more ssvere requ:remnu of switohboard servics, _
79. Calibration of alternsting-eurrent voltmeters. The dyna- '
mometer type of volt.meur ves the same indieation on continnous current
as Oh alternating ocument amf may therefore be calibrated with continuous
surrents, direct and reversed readings being taken. The inductance in
instruments of commetvisl ranges is so small thattho readings are independant
lundan'.l requencies,
loft-lron-vm tyDe of voltmeter should theorstically be used only
ob slternating cumnt. bouun hysteresis oovurs to some degres in the vane.
tically, however, taresis is so small that there is very littls differs
ance between the rupect{:e indications with ineressing and decreasin
rotenhll Pmnded with s steady source of e.m.f., under suitable contro

hese ine:;unge 2 b:i wd:: brated with mﬁnuoun current by ukin‘g th
average of the “up’* snd “"down" nding
”mxomu. ate should uﬁwnthu the potenﬁalﬂinmmd
d the desired nluean not beyond it. eoretically, 1
strumenu of the soft-iton type are not in ndent of anoy OF WAY b
form; praotioally, however, the yariation pot measurable throughou
commercial ranges.
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Sec. 3-77 MEBASURING APPARATUS

load. The method is & and but the power son-
mmpﬁon and the oost of t.he tmmformer beoom proh:bitin at high

(o) mm & voltmater. Commercul instruments are available
up w0 shout 200, O(nvolu. Thsy raqul q;gmdsble power and sre quite
nﬁklluwry‘ 'I'howln pol jeoﬁouml.he gh oost of large sizes and the

t t { the high tensio ing brought out to to terminals
to [ AUFDA O -] ] Ol .
-n;:..' e erounae]

oondiﬁmviﬂbowofthmwmk t.he_toultumintho*h-
unaionwi.ndm;.if the tranaformer has been woll designed. This method i
s k »ouuunndu ”nmm . o :
. king between two terminals in

apberic alt "P' J ‘mothod ing hieh potentials.  “The

maximum lensth ol wbu:h thnlnl dm
hmnmonwemumvf not upon the virtual or
value which is the valus obtained in oi-hr methods. The maximum
value, howsver, is the important one in testa of insulaters andinluhtu‘
materi When the wave
form 1s not s wine curve the
maximum valus deviate
materially fro thmnﬁml
wvalos, w io the  virtual
(voltmeter resding) value mul-
tiplied by v2

. Hoodio polnt '.I‘I;d
sphere @ ADA. &
n‘:odlo-pou‘;r np-'rkp.hu m“'
mAnY dom been the
meth of messyring high
wol but it is unsatisfac-
my or ¥
mu: use oluzannuom due to
A

ity, ximity of aurwnn

o‘gna:o andw nese ol‘%
poing. t I}:u besn a

Dlﬂpﬂlﬁ wae Ipneros iD= = -

stead of needle-points snd the -85 A—- ] ool A—

1814 A. L. E. E. Biand

tion Rulu noommend the we

Note;
A Varistion of 1 Cm, in Thickness and

?fomo kv. 4o P o T Widsh of Wood Parta is Permimsible
np {or voltages sbove —8ph.
g I:v A gap with esrefully Fra. 31, o1e sparkn gaps.

and apheroa gwal wery relisble and sonsistent results due,
E:obably. to the fm that the gap breaks down before corons forms and par-
emr dieleatric spark lag.t
T8 &. I K. E. standard s H.gudiﬂuwn in sir, with needie-
point and aphm [ 0 ] nivon
7. Ratio of shunb-tﬂu inrtrument transformer. When a ery
murlto measyrement (within 2 per oent.) of a hl;h potontill ia to be
made with an instrument traneformer of “Aype the nominal ratio
cannot be relied upon aa being mﬁmnﬁy oormt the trus ratio should
be determined by & direct mepaurement, In the wecurste messgrement of
power and energy the phase sngle should also be known (Par. 179). For
the acourate deurmnmuon of the ratio of instrument transformem of the
nhunt t the following methoda are i ypical.
lfg:et messursment of the primary and the secondary voltage,

* Farosworth, 8. sud Forteacus, C. I “'The ?“? Bpark Gap,”

Proc. A.1LE. E., lQl3VolXXXll No'-’,pSOl Bee

1‘M1nw L P "Effect Bpark " General
toctriz: Bomiew (1913 Vor °x\l?if':t§'1° Lag on park Gnpe,
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Sec. 580 MBASURING APPARATUS

s siraple snd sonvend thod of paring two transforraers by mesns
of & wattmeier.

80, Alternsting-ourrent ground detectors elootro-
statio mltrumenu. Fig. 24 uhovrs dingrammuatically the pn.na of West-
Inghouss det: fhe Y Yanes wro connocted ugh con-

neers to the main lines, and the movable vano ia connectad to d.
In the single-phase t will be i d on esch #Dd of mov-
o vane, opposite in aixn t.o that on the corresp ding stat ¥ vaAD®,

setting up forces of attraction, When the system ja i‘m from .

thess attractive foress are equal snd opposed to each other; hence mov=

Eﬁ ayntem atands at sero. A ground on aitbar hasa w'l rodaces an une

condition aod m deflection away from the g: conductor, In

the three-phuse detsotor, the vanes are ssctor of lp orea, the movable vane
being mounted on & universal bearing. ol

#1. Goneral Electric pouddomo nuonlpnnm o gimilar

to that last described. u.orﬁx’:l flat vanes are otos-con-

mounted betwm them is & moving vane conneocted to ground.

Oppodite sots of fized vanes wre connected to the two sides of the lme circuit

the action is the aame as described in Par, 80. The thres-phane

is similar, consisting of thres pairs of fired quadrants mounted

120 dog. a on & eommonngm plate, sod a flet moving vane with thres

correaponding wectors.

CONTINUOUB-OUREENT MEASUREMENTS

#1. Absolute messurements of current. Thoe fundamental unit of
c’urrent, [T} derivod from the oenhmeur, gnm second, is defined
of the the atrength of the mmet.io

ﬂeld pmduead by the current. Abeolute measur ta of current are there-
fore made with ments se ocarefully constructed that the current omn
be nleulned from their dimensions,

83. Ingtruments for shaolute messurement of current. Absolute
deunninmom have usually been made with two classes of instruments. In
the first, the deflection of a magnetic needle at the oenmdleailin messnred

cumnt is oaloulated from the dimenaions of the coil, the strength of
tho sarth’s hield and the t of the The best known examyple
of this class is the tangent galvanometer “(Par. 11). 'l‘hu method involves,
of sourse, any error in the urmlnntuon of the earth's ﬁeld In the other
claaa of instraments, the is d wit h d o0il. When the
length and the radius of both movable and ﬁ:ed coile are in tho ratio of
4/3: 1, when the contres ooincide and when the dimensions of the fired coil
m Targs o compared with those of the movable , it has byown by

t the torque exerted by the moving system is oxp
4r‘Nnr‘I

(dyne-em.) 1

= VDL an
where N = oumber of turne in fixed coil, n-nu.mber of turos in movable cail,
D =dismeter of fixed ¢oil in contimeters, L =length of fixed coilin uent.imehn
re= radius of movable coil in oentimam and J=current {coils in uﬁea)
genee by meaoangin( the torque (wnichinc it}, the ourrent oan be determined

irectly in C

i Practionl u.nltlnd wtandard of om'ron&. Itwukl quite
imprutloabla to maks ordinaty messuromenis in terms of undnmenul

» indicated above (P-.r n -ml 8. The An:t of Co
1594 whieh legalised c¢ortain practical unita of slactrical measure dnm
tical unit of eurrent. or the lntsrustionsl atnpere, as cne-tenth
e fundstental C.G.B. unit. This Act alsc defined the standard utit
of eurmt a8 the rate of deposition of silver st the cathode of & silver valt-
:ir:nur Par. 88} oon;:mew&:nd ope:nogl chnd::n udermn Ereomogmseond -

e, & Ampere ing currsnt w pom g of
siver per mo, in & standard voltameter.

5. Moethods of messuring continuous currents. The several
methoda of measuring uontinuoul currenia may be clessified ss folowe:
voltameter; p» 3 and

o4, Voltametar mothod of current measuremsn A con-
nuous current is passed through an elortrolyts, the Iaturin dooompooed at
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Sec.3-91 MEASURING APPARATUS

1. D'lrsonnl type of continnons-ouUrTIDS AMLIBtEr. 'I‘he prin-

dlrlo f these i natrumanh hu been dmnbed under “o.m.{. messurements "’
(Par. 55, They m usual tia to have s full soale deﬂeehon with 50
10 200 millivolte of & volt} at the terminals. The resistance of

the moving ool u much lower (0.5 to 5.0 chma) than tlut of wvoltmetarn, 1
ordet to make the millivolt constant high. =

M. Condnucus-current ammeters of the switchboard are
intended for mﬁnuous operstion and the shuynt loas should therefore be Iow,
They are designad for 50 to 75 millivolta at full scale deflecijon. H h -

ble smmeters sre designed for 100 to 200 millivolia at ful! Aeo-

on, in_order to permit the uss of resistance in seriea with the moﬂn aail,

:Em ‘uiducmg the temperature error, which is more important than the larger
unt loss,

. fhunts for continuous-ourrent wmmeters. In switchboard
tmlncten and the lower portable ammeters of 25-amp. ratings s
less, the shuut is within the ipstrument case. Above 25-amp. ratings, the
shunt is unu-lly ;3"“’ {rom the instrument, and means of connection are

by epe flezible leads, which are included in circuit w
instrament i» ealibre: since they form a part of the resistance of the entire
instrument ocircuit. bricusly, these leads should never be wltered
withoot recalibrating the insmtrument. In high-giande ammeters the shunts
are separate for all capacities.

#4. Construotion of ammeter shunty. Ammeter shunts are mpo
conatructed ea {0 have a resistance which will be constant, as nearly am

poasible, under all conditions. The resistance metal has n low temperaturs
Mﬁcient, snd the temperature js kept low either by connecting severa)
stripe in psrallel and making the current depsity low, or by making the our-
rem. damty high and using ehort lengths of the reninunae meta) with he.vy

P terming) gned to dlmpnve the heat b; and radiati
T former method is most general y md the stril!l:n being ailmoldemd
mt.o relatively hcnvy P or brass ter are connscted into the
eireuit 4o be he r metal should also have s low therma
o.m.f. (Sec 2) in junections with sOppET.

88, Reduction of tempersture eorrors in continuous- t
ammeters. Becsuse of the large temperature coefficient of copper, it is
very undesirable to con-

moct the moving ¢oil of the c Rm

instrument directly to the Q"—"’U'UF‘_WWW'———O
shunt. rg‘;mapear:o ure e{- -
Torm s » negli- — pensation

gible value “b)r conneeetf]ng Fia. 27. Tfnn" '\:(:Itl.::l:or:.n in

sulficient resistance having
s low temperature coeffi-
cient (manganin or similar R
Tostal y in seties
with the moving eoil as
shown in Fig. 27, or by [+ Ry R
armnmng & eompemt.ing
circuit a8 shown in f 28, 4 WWW——0
where C = moving coi -
- Jow-coefficlent ramtnnu Fia. %.—thm compensstion in

i sters,

wire, and R,=copper re- volim
sistance wire,

9. The calibration of D'Arsonval "E. smmetars ia effocted by
sdjustment of the remistance of the shunt, resistance of the millivali.

meler crcuit, or both, Formerly each instrument and shunt were adjustad
together, but it ia becoming customary to adjust el of the inatruments of
s given type to defloct full scale with the same potential in millivolts at the
terminale,  The shynta for these instrumonts are all similarly sdjusted to
give the pame potential drop, thus making all shunts apd instruments of o
given type interchangeable. The shunts should be sdjusted by varying
the main-line resistance between the potential taps and not by adjusting
pesistance wire connected in series with the instrument leads. In calibrating
switechbosed instrumenta mnd the lower de portable instruments thg
potential terminals are attached to the D gurtent terminals and ust-
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Sec. 3-102 MEASURING APPARATUS

coarse wire instesd of & 1 nnmberoitwofﬂwwlmthompero—tu
teing about the same in g oth cases. Hot-wire ammeters with ratings of
more than 1 or 2 amp. are usually small current mtrumento [ to
non-inductive sbunts, as siready Xuoﬁbod in principle (Par. #0

102, Mesaurements of large d% onl,r
of ammeter which is ghena'olly used in the t meaammen larg
ilternnhn* currents is the hot-wire ammster, because it can be

shunts. bile shunts are made for eapm:itien off 1,000 amp. and over, the
peouracy with shunts of very large onparcity d nds upon the oare taken
In the design to eliminate the eddy-current sm:l n-eﬂm errors, The most
sommon method in to use ourrent transformers of the seriew type, 1o step
down the current to & small value, usually 5 amp.. which is convenient to
messurs with sisndard instruments.

103, Baries-type instrument transformers {also knownt as current
transflormers) setve two Du ; the convenient measureraent of large our-
rents, and the insulstion nstruments and apparstus from high-vol
girouitsa. They are similar t-o so-called power transformers, olupt that
latter are oommd in shunt acroes the line and the secons oufm

i bat of the Bene-

mnﬁomumeonnmdtnuﬂumthtbo rimary lins, mdthpm ndary
ocurrent i g tant for & l:nds range of loeds. The load
consists of instrumenta or other devicea which are conpected directly in series
with the seco winding.

104. Memsuremsnt of ratio of ssriws trenstorm m. Tha ratio

of uueo—ty instrument teansformers may be determined by measuting the
g;im;z 8 ndsry oeurrents directly with eurmt-meuurﬁu instrumenta,
"]OIII 'l.lc L

mathod is much lesa ae- Traok 1

ourate than null or *'sero™ IO R D

methods. The principle

of thoe latter ia the same

as that zl Iwi %otel;h- ¢
meter. A non-inductive

:-iltlnee in thp second- y C\GE §

ary cireuit i sadjusted

until the potantiel drop

atroms it Is equal to that  Fia. 29.—Connections for messuring tatle of

o » non-in yetive re- series type transformers.

sistanos jn the nrnag -

cireuit.  The nlgo o two resistances 1.

is equal to the ratio of trsnsformation. Trana, R c

The differences among the varions pull e HO0 -—

methods are Iargely in the manner of de-

téerminibg the balanes and in measuring s

the plnm sngle. Fig. 29 showa the schome B

of & method used at the Bureau of Btand-

ards,* where a reflecting dynamometer ia

used as the detecting instrument. RY and . )

B s e o peeively. Thathed mesmiriog, T of sane e

pecol cirouits,

eoil of :y transformere, ype

in serie w{th the wimary then. with the

switch § thrown to the right, Ry is adiusted untjl sero deflestion is obtained.

}Iz‘be cout:: “‘.lof the p otent toe.h din Rsi. tg:'lch 5};’.‘ p&m I:rith that in
% is thuz equal in magni . n e phase apgle

slways very mall the ratio of B» 1o !?:p may be taken u thg tmdl;‘]rm;:

rsl.lo The phase » is then determined by f
r%p which :‘90 deg. from the R dro ‘means of  anotber dyn:-
mometer the fixed e¢nils of which are e y & eurrent displsced 90

deg,in Eﬁ'mm&' DY s, ithod ueed at the Elootrical T
oW scheme of a 1m t
Leboratories.} Ry and H are the p m’é tirionan

* Bureau of Standards Bn]lel.in. Vol VH 1013 8.
pIa';".mG H.and Crawford, W. W ﬁno. Yol XXIX,
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Sec. 3-108 MEASURING APPARATUS

ther practical method of measuring soall -frequency ourrenis is
indicutad in Fig. 32, whero o and o’ are two fine hv‘-n‘r&a of d:ﬂem materials

stretobed botwesn two terminals, The wires Io TADOMGter
are of the same maierinls, but so connestad that o o, and o sod
b are aliks, Thus thon are two thermo—

couples in series. Obﬁomly the tonpections
should be at the same potential, and this ia
adjusted on conunnoul ecurront with d.uwees
wod reversed readings. In a bridge method,
the ourrent is measured by the change in re-
sistance of & carbon lamp (with 8 very omall
filament) in one arm of B bridge,

ductance coils, ¢ and o’ pment 510
fregmcy eurrent from flowing t.hrough

108. Measuremment of rectifier currents,
Either of two values of the ourrent from &

Fra. 33 —High fr may d, the average value,
surrent mmuromenb— or the root-mun-sqwe value. Ia conneo-
bridge method. tion with storage-battery charging, the average

valus corresponds to the oqmvalnt e.c. value
and & permanents ype of measuring instrument b used.

On the other hand, t e ower taken by incandescent hmpu waries as the

asre of the ourrent, an tha givalant ¢.0. current should be measured

ﬁth igstruments which indioate mean effective value such as hot-wire or
dynamometer aAmuetors,

108. Measurements of telephone currenta. Tealephone currents may
be measursd with a form of potentiometer® or with & barretter (Par. 49) but
since telephone cumau aro of constantly va ryn:g.amphtude and freque
messurements made by this and the sbove meth usually of little valuo.
Tele&?omu intensities are unua.lt sompared by erpr with & telephone, using

dised here titat are re-
quired, a high-sensibility oscillograph oan be wsed. 1'

RRIISTANCE MEASUREMENTE

110. Registance lund:rds in general. The practical unit of reafae-
ance, the ohm, is represented by a column of mercury having certain dimen-
slons (See. 1), Tlm -t.anclard is obviously dificult to construet, maintaln
and use; and, in genersl, will be found only in the laborstories of the
national custodians of the fundamental electrioal mnd.nds

ndary standards are therefore loyed In setual ments.
Thess mmtdemthmetdofhlghopeﬁﬁcnnmnw.inmfomo{mor
rbbon. Mapgsnin (a alloy) is most used,

because, when properly treated and aged, it meets the
These requiroments are: permanent electrical and physical charscteristion:
low thermo e.m.f, in junctions with copper; small temperatures soefficient of
remistanos; and relutively high mpecific ruiarunoe The completed standard
munt, in addition, be ynafected by immersion it oil, or by clnngu in
atmospheric cond:honn.

111. Classes of resistancs standards. In geners), resistance standards
mway be divided into two classes: siandarda resiatence, or those used
pnmnnly fat the messursment of resistance; and current standards, or
those intended primarily for the messurement of current.

113, General construction of st.ndudl of reslstancs. Bisndards
of resistance havo very small current ¢ Np ey are made in two forma,
the Belchoanstalt and the W.B.8S. ( ationnl Bumu of Biandards).} The
!ormermshown partally in section, in Fig. 34. The N.B.P. form is shown in
Fig. 35 o distinctive features of the1stter form are that it