IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1934
The effect of various operating conditions upon
electrical brush wear

Victor Peter Hessler
Towa State College

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
b Part of the Electrical and Flectronics Commons

Recommended Citation

Hessler, Victor Peter, "The effect of various operating conditions upon electrical brush wear " (1934). Retrospective Theses and
Dissertations. 13844.
https://lib.dr.iastate.edu/rtd /13844

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/13844?utm_source=lib.dr.iastate.edu%2Frtd%2F13844&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

NOTE TO USERS

This reproduction is the best copy available.

®

UMI






TEE EFFECT OF VARIOUS OPERATING CONDITIONS
UPON ELECTRICAL BRUSH WEAR

BY

VICTOR PETER HESSLER

A Thesis Submitted to the Graduate Faculty
for the Degree of

R
DOCTOR OF PHILOSOPHY \"/{;
>

¥ajor Subject Electrlical Engineering

Approved:
Signature was redacted for privacy.
In charge of Major work

Signature was redacted for privacy.

Head of ¥xJjor Depsrtment

Signature was redacted for privacy. B U

Dean of Oraduate College

Iowa State College
1934



UMI Number: DP13276

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DP13276
Copyright 2005 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



I.
IX.

I1i.

v.
vI.
vII.
vIIX.

8. Discussion of Theories

e

©c ©c 0o e o oug

Intreduction
Review of Theoriss and Previous Investigations
A. Presentation of Theories

1. %he Arc Theory

£. The Thermal Ionigation Theory

3. The Nultiple-point Conductance Theory
B. Repert of Previous Investigations

1. Introdustion |

ﬁ.’ Electrical Brush Wear

Yot
»

Experimental

A. Deseription of ,,&pp‘usm
B. Nethod (of Procedure

¢. Presentation of Data
Discussion of Results
ﬁmluqia‘u

Appendlces

Literature Cited
Acknowledgments

AR EETEEREER

T 4801\,



1. INTRODUCTION

Paraday built the first simple dynsmo in 1832, Ever
since that time the problem of current gollection from
rotating rings and commutaetors has confronted the electrical
axperimanter'an& electrical engineers The operation of
 every other part of the machine has been reduced to a
mathematiesal a¢10n60;~hu% many of the phenomena of the
#liding contact sre still unexpleined. New brush meterials
have been developed which are a vest improvement over the
early copper leaf and #ﬁppﬁr gauze brushes, but 1t is still
impossible to prsdict the performence of Lhese materials
with any degree of accuraty.

The commutator, slip rings sand brushes aere the mos$
sensitive perts of a rotating electriecal machine. A very
large percentage of the maintensance cost of rotating
machinery 15 chargeable te these items. One large power
company spends $£6,000 per year for brushes. Obwviocusly
any addition which can be made to the present opsrating
data and theories of the sliding contact will be of value
to the electrical industries.

& careful survey of the literature revesls practically
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no guantitative data upon electrical brush wear. Only one
set of curves of electrical brush weer is found (10) and
these are based upon four experimental pointas. All of the
theories of the sllding contact are based upon contact drop
phenomena. This situation suggests two ressons for con~
ducting an experimental investigation of electrical brush
wear.

First the date should have considerable value in check-
ing or extending the present theories of the sliding contact.
Second, such data should have real value ror the brush
manufacturer and operating engineer in improving electrical
bruah‘oparation.

It is the purpose of thia investigstion to develop
apparatus and A method of procedure for investigating
electrical brush wesr, to obtain gquantitative data of the
effect of various operating conditions upon electricsl brush
wear, and to check the present theories of the aliding
contact in the light of & rether ext&nsiva experimentation

upon the rate of wear and contact drop of eleetrical brushes.



II. REVIEW OF THEORIES AND PREVIOUS INVESTIGATIOR

A. Preosentation of Theérins

1. %he arec theory

According to this theory sll of the current 1ls carried
across the eontact in the form of minute arecs.

Hunter-Brown (10} states, "The voltage drop at the
contact does nbt'vary proportionally with the current but
remains remerkably constent over a wide range, and there
is for esch quality of brush s eritical value below which
no current will flow, In this respect the behavior some-
what resembles that of an electric are, where there iz a
certain minimum voltage below which the are cannot be maine
tained." "¥ith the ring at rest some current passes at
very low voltage, but not with the collector running. Lven
at the so-called points of contact between brush and collector
I think the contact is not sufficiently intimate and con-
tinuous to prevent minute arcing, and that even when co=-
‘dection eppears to be sparkless the current paases in the
form of minute arcs,”

Dr. ¥. Eahn in & discussion of Hunter-Brown's (10)

article upholds the arc theory for the following reasons:
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(1} There ims a grest similarity between the brush contact
drop curve end that of the electric are. (2) There is a
phencmenon commonly called Yecopper pleking' whereby particles
of copper are transfered to the brush in a manner which |
suggests electrolytie action. A similer action is found in
the electric arc. (3) There is s difference in the positive
and negative contact drops. '

Binder (4) sssumes that at very low current densities
all of the current is carried scross the contact through the
loose particles of carbon which are abraided from the brush '
end roll between it snd the ring. 4as the current density is
incressed these particles are hested and finally burn. a8
the particle is burned a very short arc is formed. YFe
srranged a carbon c¢ylinder to roll upon a alip-ring and
obtained ita voltage-current characteristies for both cur=-
rent directions. The characteristics were the same up te
about .018 amperes per asquare centimeter and above that
peint the chearaeteristic for the current direction ring to
brush was conaiderably higher. A slight spark or are abu-

peared at the 1ine of contact simultanecusly with the separ-
ation of the voltage-current characteristics.

Czepeck (7) obtained oscillograsms of both sliding
contacts snd ares with alternating current under various
operating aaﬁﬁitiena, This investigation 1s described mors

fully under the hesading of previous investligations. 4is &
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result of this work he concluded that the carbon brush
behaves someihat a8 & combination of un electric arc and

s solid conductor,

2., The thermsal lonization theory

The'obsarvation of the bright spark or are which
appears when & low voltage circult is opened led Slepisn
{18) to develop the formula given below for the temperature
of the last contact.

33.6 k7P
T= Temperature of last point of tontact in deg. cent.
E = volts applied to the electrodes.
k = thermal econductivity in cel. per sq. em. per deg.
cent. per cm.
P = electrical resistivity in ohms per cu. cm..

The above formula applied to wvarious conducting
materials 1ndicatas that, even for small voltages, tempere
atures are obtained which would bring about both thermal
emission and thermal lonization. Accordingly Sleplean
concludes that current is carried seross a sliding contact
by meens of s relatively few points which reach such high
temperature that conductivity is given to the space about
them., He has collected dats for the contact drop of carbon
brushes and high resistivity sutovalve arrester disks which
indicate 8 proportionality between the square of the contact

drop and the brush rasiativity.
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3. The multiple point conductance theory

Ludwig and Baker (15) as well as Sleplan (18) find
that there 1s a proportionality between the square of the
contaect drop and the brush resaistivity, Also it has been
shown experimentelly by Little (14) that even with a well
fitted brush the current at any instent is carried by a
comparatively few minute contact points. The experiment
conasisted of discharging & condenser aecross the sliding
contact and observing the surface of the brush afterwerd.
From these facts Ludwig and Bsker (15) concluded that the
voltege drop does not occur at the contact itself, but in
& very thin layer of the brush next to the contact. As
the current is inereased the temperature of the contact
points rise. They consider that somehow thia will bring
about a more intimate contact between the brush and the

ring and result in a lower contact resistance.



B. Report of Previous Investigations

l. . Introduction

_Throughout the text all references to polarity will
be given in the motor sense. The positive brush is the
one &t which thé current flows from the brush to the ring
(conventional current direction). The positive brush will
alsc be referred to as the anode in the discussion of

thermal ionizstion.

£« Electrical brush wosr

Hunter~Brown (10) states, "The wear of a collector
ring 1s due to three csuses: mechanical abrasion, a kind
of electrolytiec action, and burning away of the metal.
The rate of wesyr is dependent upon brush material, dbrush
quality, current density and intlimacy of contact.”" A set
of curves are given showing the rate of wear of carbon
brushes and of the ring in relation to the current density.
The negétiva brush and ring both wear at s greater rate
than the positive, and sre approximately proportional to
‘4the current denslty. These are the only curves of brush
wear revesled by & thorough sesrch of the literature.

J. 8. Dean (8) mede an sxtensive survey of the life

of carbon brushes in d-c rallway service. In this type
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of service the actual end wear between the brush and
commutator is smull compared to all of thq’other factors
which bring sbout deterioration of brushes. Brushes
aﬁbjected.to end wear aslone would give a probable 1ife nf
200,000 car miles, vhereas the addition of side wesr,
harmer weer, chipping and breskags'reduee the average life
to 40,000 car milea. These figures are based upon modern
high grade graphitized brushes on s commutating pole motor
with undercut mica, With modern medium gradé carbon brushes
on non-commutating pole motors with flush mica the probadle
iife due to end wesr is 20,000 car miles with an average
life of 12,000 car miles. It is noted that end wear 1s a
much higher percentage of the total in the second case,
These results are explained by the fact that, to & large
extent, burning action is responsible for most of the end
wear. He gives two very extenaive tables of the factors
which cause brush wesr in rallway service. These tables
indicate that if good contact is maintained between the
brush and commutator at all times brush wear will be low.

Under very low humidity conditions the rate of rear of
metallie brushes on high speed converter rings often bee
comes excessive. Bracken (5) states that whole sets of
brushes are sometimes worn out in from 30 minutes to one
and one half houras. This effect has never appeered on the
laﬁer apeed 25 cycle machines. He finda that repid wear

is likely to start whenever the absolute humidity drops
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below 1.25 greins per cubie foot. His company has equlpped
each of their substsations with humidifying equipment, hsir
hygrometers and’simplified humidity charts. Vith the ald
of this equipment the operator always meintasins an absolute
humidity asbove 1.5 grrins per cublic foot. He is also making
g study of the effeet of humidity upon earbon brush wear.
This study is not complete, but the results so fsr indicste
an increased wear at extremely low humidity. ﬁowever, there
is no iendeney toward rapid disintegration.

A seriea of teats were conducted by Baker (3) te
determine the effect of a hydrogen atmosphere upon elec-~
trical brush wesr and commutation, 4 d-¢ machine was Ope
erated both in air and in an stmosphere of hydrogen with
varying qualitlies of commutation. Two runs were made to
determine the effect of humidity in a hydregen atmosphere
with poor ecommutation. The followlng conelusions ware
drawn from this series of tests: (1) 4 well deaigned
commutator machine will operate satisfactorily and glve
good brush life in hydrogen. (2) If a brush must spark
in hydrogen the brush life may be increased many times by
keeping the relstive humidity below 10 percent. This
effect was not checked in sir. (3) Carbon end graphite
brushes ecannot be cperated upon & tool steel ring in
hydrogen. Particles of cementite (FegC) are formed in the
brush fezce which immedistely begin to score the ring and

the brush f{ace.
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Perrier {18) finds that the rets of wesr is increased
with the oxidation, sanlfuration or chlorination of the ring

surface.,

s. Current density The investigetions upon thise

factor have been ao nnunmani that ne attempt will be made

to give a completes review. Prastically every investigator
of nlbding contect phcanmea&-ﬁhﬁalna curves of contact drop
versus current densilty at aaﬁn time during the investigation,
and everyone interested in brush operation is femiliar with
them. In general these curves do not extend very much sbove
the commercisl working range of the brush material. At

very low densities the results of verious investigators
differ quite widely. -ﬂnntafaarwta.€11. page 69) states,

"The voltage drop a2t the coptact does not vary proportion-
ally with the curreat, but remains remarkably constant over
a wide range, and there iz for each gquality of brush s value
below which no appresciable current will flow." Ceonsidersble
axetptibn,laa taken to this seme statement in the dlscussion
of hia paper bdefore the Institution of Electrical Engineers
{(3). As a result of this controversy Taylor {(22) obtained
curves of contect drop versus current density at both positive
and negative brushes for very low values of current. He

does not give the experimental peints, but he shows both



18

curves passing through the origin. The negative and
poaitive brush contsct drop curves rise as stralght lines
to .7 and .2 volts respectively at .03 empere. Thus in
terms of commercial operation there is = certain.magnitude
of voltage below which no appreciable current will flow,
but for theoretical purposes the curves must be considered
to pag8s through the origin.

b. Effect of atmospheric pressure Baker (2), while

investigating the effect of various aimospheres upon the
operation of electrical brushes, placed = ring and brush
under a bell jar and exausted it to 50 microns. No observ-
asble change occurred in the contact drop throughout this
range of pressure.

C. Brush dimensions Stine (21) and Baily and

Cleghorne (1) both found that for a given total current
and total brush pressure the contact drop ls independent
of the brush size. Bally and Cleghorne found that with
only 20% of the brush face bearing on the ring the contact
drop was increased only 6% over that for complete bedding.
Stine obtained a group of curves of contact drop against
brush pressure at fixed nominal current densities for
various brush sizes. The contact drop lncreased for each
inerease in brush size, indicating that the actual ecurrent

densitles are higher in the larger brushes.
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4 fest of mercury vepor While studying the
nffwt of a hyﬁnm atmosphere upon Yrush wear, Baker {(3)
anmﬁ that earbon brushes on & breass ring in s nonw
‘ oxidizing stmoaphers would sometimss give & very low
contact drop, Also the centsst behaved as a constant
ohmic resistance. Later he mma {2) that the low contact
drop was csused by s meroury smslges on the bress ring. A4
mercury vapor pressureé of 008 In s nonwoxidising atmosphere
will smalgamste & brsss ring (40 per cent sine) suffictently
to reduss the contact drop approximstely 85 per cemnt. If
alr is sdmitted to the contaot 60 per ocent of the contsct
drop is resoversd in sbout ons minmte. A ring ssalgemsted
with solld mercury requires more time for resovery and if
the amelgemated ring is allowed to stand over_night seversl
hours are required for recovery. A oopper ring does not
give quite ss pronounced an sffect as the bress ring, snd
the ¢ffeat wes not even obasrvable upon s steel ring. In
conjunction with the above expsriment Beker elso found thas,
if no mercury vapor is pressnt, the sontsot drop is dndes -
pendent of the pressure or material of the surrounitng
atmosphere. Atmospheres of hydrogen and nitrogen gave the
ssme eomtact drop as air, ST
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¢, Traenslent current changes It has been shown by

several investigators that there ia s definite time lag
between the change in current scross a sliding contact

and the resulting change in resistance. Kahn, (13) showed
this to dbe true by means of & rather complicated rotary
switeh arrangement. Little (14) observed the aamé effect
by teking oscillogrems of the contact drop with alter-
nating current. 4t 206 cycles the current and voltage
waves were similar, whereas at 3 e¢ycles the contect drop
wave was badly distorted indicating the usual change in
resistance with current. Ludwig and Baker (16) obtained

2 "transient brush drop curve,” which is almost a straight
line, Sut no information is given concerning the method of
obtaining it.

A very extenaive investigation of this phenomenon was
performed by'czepek (7). He obtained a lsrge number of
oscillograms of current and>voltage across 8 sliding contact,
for different values of freguency, current, polarity and
brush materials. From these oacilleograms he obtained the
data for voltage-current and resistence-current character-
istics for both polarities. The voltage eurrgnt character=
istics appear quite similar to the ordinary magnetic

hysteresis lcop except that the curves pass through the
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origin. For the smnt direction of ring to brush the
valtnsewmnt characteristic for rising curreuts always
1ies above that for decressing eurrent. Por the other
current direction the converse is gonsrally trus, but in
some cases the descending .awk orosszes the ascending curve.
The sscending and descending curves for the current direction
of brush to ring are in genersl sleser together then for
the opposite current direstion. These sxperiments wore
repeated with & copper-esrbon arc and somewhat similar
results obtained. The results with & copper brush were
antirely different. The ctpper brush contact acted as a
conductor with a negative temperaturs coefficlent of
resistance. Also the results wers identicsl for both
ainetzm of current flow,

f. Ring speed 7Taylor conducted a series of tests
upon the effect of high ring speeds upon eontaet drop. He
found that for every value of brush pressure and current
there was e eritical ring am& above which the sontaol
drop increased very rapidly. m higher walues of aztm

current density or brush pressure the eritical speed wry
increased. The ingreased contast ¢rop at instablility was
always accompanied by increased sparking. It was also
found that an unstable voltage st a particulsr brush

rressurs could be mede stabls by an increase of current.
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Baily and Cleghorne (1) fe&négihét for ring speeds below
3300 feet per minute the contact drop was independent of
speed, unless the pressure wes reduced below 18 ounses per
square inch. Below 18 ounces ?er square in@ﬁ]tﬁn conteact
drop incressed decidedly wfih iaéraa&e bf aﬁéeé'
g. Ring material Edgacﬂmh and Dick iﬁl found that

the voltsge drop is less for a #ing materian lhiph does
not form & non-conducting axida on its. zurﬁhee‘ It was
noted thet brass collector rin@h een&ainzng sina‘beenme
coated with an oxide which inﬂr@aﬁed the centact ﬁrop.
The voltage drop was reduced ag eleaniag t&s riagxaurraca
with acid. On the basis of ma above rmsuus mﬁ; state
thet the voltage drop is prebably 1&5#@&30& also ky the
glaze or polish which resﬁlta from opﬂratin; a m&chfgg.
Experimental investigations ﬁy Perrier (16 4nﬁ 1#) hnﬁg
shown thls supposition to h¢ correct. He ren*A ﬁhat th*
contact drop is decreased ¢n$sidsrubly by roughsnins th&
brush surface and cleaniné whs ring surface., ﬁi snaa
found that oxidation, aalfuﬁatian and ehleriahtiog of the
ring surface &1l bring about an ineresse in tub Banzaet
drope.

Hunter-Brown (11, page 132) states that ﬂhq conﬁaat
drop with iron or steel rings even when clean 1a abunt aﬁ

per cent greater than with bronz rings.
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€. Migcuszion of Theories

The various theérias of the sllding contact stated in
more detall above may be resteted briefly as feilows:

1. 4ll of the current is carried across the contact
by means of electrical conduction through the aetual polnts
of contact,.

2« 411 of the current is carried across the éontaet
in the form of an arc.

3. The current is carried across the contact by means
of solid perticles and electric arecs in parallel.

4, The current 1s carried across the eontact a3 @
result of thermal tonization and thermal emlasion resulting
from the high temperature of the last point of contact.

The resistance of a solid conductor is given by

If 211 of the current is e.rried across the contact
by means of electrical conduction through the actual polints
of contmet, all contact resistence phenomensd must be ex-
plained on the basls of changes in the resistivity, length,
or c¢ross-section of the materials at the contsct. The
reglstivities of carbon and graphite are reduced to approxi=
mately 66 and 69 per cent respectively of their value at

£5 deg. Cent. when heated to 2600 deg. Cent. Above this
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temperatnre carbon begins to plve trermsl emiscion, so

the phenomena could no longer be considered as s=limple
conduction., This reduction in reeistivity is not sufficlent
to asccount for the chenge in resistance with eurrent of the
earbon contset, The length of the contact mirht be con-
sidered as & funetlion of the partiele size of the brush
material, There te no spparant resson why this sheuld
chanece with enrrent. A reduction in area conld be obtained
by incressing tre size or number of pointa of contact he-
tween the brush and rine. 4in inereused current would heat
the contact pointa and bring sbout thermmal expansion. This
expansion would tend to railse the bragh and decrsase the
aren 0f contaet rather than incresse 14, In the care of a8
metallie brush the thermsl coefficlient of resistivity is
noeitive so this faector cannot eccount Por deerensed reé
aistance. The ares of contrct could be ineressed hy melting
of the copper, but it does not «~em nngrihle that this could
account for the wniform echange ir reststeree whickh cceours
vith eurrent ctence. Theare 18 no factor in thelelectrical
conduction theory to account for the difference in the
positive and negstive contact drops of both carbon ard
metallic brushee. The above evidence indleates trat the
phenomena of the sliding contact ecocrmot be exvlained uéon
the basis of electrical conduction alone.

If all Gf the current waz carried across the sliding
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contaset a8 an arc a certeln minimum potentiel would be
required to start the current f{lowing. In fact, that is
the sallient point presented in support of the arc theory.
Some investigators report that there is s definite minimum
below whieckh no current will flow, but the mo=t conclusive
data are presented by Taylor (22) and Binder (4) who show
thst thé,current«voltagﬁ characteristies do psss through
the origin. 8tark and Cassute (20) have shown that a
metal dlsk kept cool by being rotated can be used ss the
-snode of an clectric erc but not as the cethede., Thus 1t
i8 indicated that the phenomena of the sliding contact
cennot be explsined upon the basis of the electiic arec alone.
Theoriez three asnd four are fundamentally the szame
since they differ only in the manner in whieh the thermal
fonization 1s produced. Binder (4) suggests that as the
current is inereased the Igr loss at the paig%ﬁ of conteet
will finally volatilize the eanauetiag'vmaterigl an& form
BN arc. Thia process may take pléée either through a
sallent point of the brush or across a bridge formed by an
abraided esrbon particle rolling between the surfaces.
Sleplan {(18) suggests that the points of contaet are cone
tinually changing due to the motien of the ring. This
continual bresking of the poinits of contact results in
thermal ionization, according to his theory of the temperw

ature of the laest contact. It must be shown that 1t ia
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possible to produce ionization thermionieaslly with the
voltége and materials involveé in the sliding contact.

Pirst let us consider the heat generated in a cube
of conducting meterial with current flowing from one face
to the opposlite face.

Acecording to Joule's law

P o= ~§§
r
The resistence of » solid conduetor is given by
= Lde
® "
There » f) = resistivity
/1 = length of conductor
& = crogs sectional zrea of conductor

From the above

IIGE P T caloriea per second.

If the conductor Is .m the {orw of a cube

2 '
E* 1 ,
P = TS 5 ¢nlories per second.

The time rnquirgd to ralse the t&mperatura of a body
threugh a given difference in temperature is egual to the
total heat required divided by the rate at which heat is
delivered to it if no heat is conducted or radiated from
the body during the process. If ¢ is the specific heat
in calories per deg. Cent. per cublec centimeter, the time
required to raise the temperature of a cube of conducting

material (Tg - Ty} is given by
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W . 15¢ (Tp - 7y
b E?’? 12.
4388 P

: = 4.186 £ ¢ 3¥ (2, - 7;)
22
Substituting, P = 0035 C = .43 1 = .001; (Te+Ty) =
3000, and E = 1 in the :hove squation, t 1s found to be

1.5 1073

seconds., It must be understood that this
calculation 1s roughly approximate since radianian,?éonn
duction and change in the physical constants with taﬁperw
ature have bcan neglected. However it indicates that it
would be possible to attaln a thermal ionization tempere
ature with the materials of oré;uary‘cgrban brushes. For
metallie brushes the time is much shorter than feor carbon
brushes since the resimtivity decreases much more than the
thermal capacity inereases, Alsc the metallic brush would
give thermal emisalon et a lower temperature than the carhon
brush.

stecording to Sleplant's theory (18) a potential differe
ence of 1 volt serose copper elegtrodes would produce e
temperature of JI000 deg. Gent. at the last point of contact.
T&e corresponding value for carbon brush materials is 60
degrees. IQhase values do not account for thermal ionization
since metallie brush drop is ordinarily a fraction of one

volt and the temperature is too low in the caseé of carbon.



24

However the average drop scross the silding contsct is
slways small compared to the total voltage availsble in
the circult, so the 1ns€antaneous voltage could rise to a
sufficioent value to attaln the thermal lonizstion temperw
ature.

From the above it iz seen that temperatures correw
sponding to those of the electrlic arc can be atteined in
the slliding contact, but the voltage is only & fraction
of that required in the src. The guestlion immediately
sriseg whethsr the thermel lonlzation required to carry
the sliding contact currents could be obteined by temper-
ature slone without the intense eleetrical fleld which
exlate at the electrodes of en electric arc,

Thomson {23, page 595) states, "fhe theory that the
are is maintained by thrermionie emission from the eathode
is gemerally accepted for ares where the bolling point
of the cathode is so high that ther#@nie emission at thet
temperature 1ls sufficlient to account for the current
carried by the are. ObjJectiona have been ralsed to its
application to such metals as mercury and copper, which
boll at temperatures lower than those at which thermionle
emiesion 1s apprecisble.” He suggests that the thermionie
emission of a mercury sre could be produced by = layer
only & few molecules thick and that the positive ions
dropping into thls surface would prevent a very rapid
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evaporation. The energy avallable at the cathode 1» shown

to be sufflcient to heat the surface mercury to 3000 degrees
Cent. even with the cathode rotating at s high velocity. A
tﬁeery tas been advanced that the extraction of electrons

at the cathode of the are is due to "auto~elactronic emisasion!?
A check of the theories and sxperimental results of "asuto=
electroniec emission” showe that only a very small percentage
of the cathode emigsion could be accounted for by this
phenomenon.

The timeé lag in the reslstance chaenge 1sg consistent
with the arc theory since an appreciadble time is required
to heat the contact materisla,. The same phenomenon was
cbserved in the eleetric arc by Czepek (7).

A larger contact drop wlth higher resistivity materials
should be expected a2lnzce more voltesge is required to heat
them to emlssion temperatures. The 1ncreassa'contact drop
with the oxidation, chlerinstion, or sulfuration of the
ring follows for the same reagon.

The contact drep of metallic¢ brushes 1a smsller than
that for carbon brushes. This is consistent with the above
theory and slso corresponds to the contact drop of the

ordlnary arec,
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III. EXPERIMENTAL

A. Deseription of Appasratus

l. 7The mechanical srrangement

The mechanical detalls of the apparatus are shown
¢learly by Figures 1 and 2. The rings were carried on a
1 3/16 inch shaft, rotating in self-aligning bell bearings.
The bearing brackets were bolted to a heavy cast iron base,
making a very rigid support for the entire ring snd brush
holder structure. The rings were cerefully balenced before
asaembling on the shaff{, sc there was very little vibration
at any ef.the speeds used in the tests. For practically
all of the tests the brushes were arranged side by slde,
g0 that the positive end negative brushes rode on sepsrate
peths. This arrangement will be designated as "brushes

not tracking.”

2. The brush eleatrig31 cirenit

In practically all of the tests the varlous pairs of
brushes were connec¢ted in serles and the entire group
eonnected to a 90 volt d-¢ genersator through a series

resistor. A low voltage plating generator was firast used



Figure 1. General vies of brush holder and ring mechanism.
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te supply the cireulating current, but it wes impossible

to maintain a #om‘%mt; current m te the ehange in contact
drops. With the higher voltage mghim the conteset drops
were such & small pereentsgs of the total that ne troudle
was experienced in maintaining constant current.

The positive and negative contact drops were determined
with the aid of suxiliary copper leaf brushes (Figures 1
and 3}. These brushes were made sufficiently narrow that
they @14 met touch the paths of the test brushes. They
were sgquipped with & mmkufﬁng mechanism to pmunt
t&w‘i# mrmg awsy too ngmly; The total positive and
negstive contact drop was u‘:tswm read to check the sum of
the individual values.

~ The first ring obtained was of cest copper. The r!.ns,
being very dense and free from blow holes, gave satisfactory
results. The other five rings conslated of aluminum disks
with rolled and brazed ring& of hard drewn electrolytie
sopper pressed upon them. The former will be called the
cast ring and the latter the drawn »ings. |

The rings were insulated | from each othsr by means of

wood spacers and from the ahaft by means of 006 inch
vulecenized fiber.



Figure 3.

Ring grinding mechanism,.

oge
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The rings were ground by mesans of the grinding
mechanism shown in Figurﬁ 3. The abrasive was a commer-
¢lal commutator dressing stone. After grinding the ring
true with the stone it was pollished with a fine alundum
cloth and finally burnlished with a plece of beech wood.
The burnishing was neot continued to the extent of visibly
oxidizing the surface. Next the sccentricity of the ring
was checked and 1f 1t excesded .002 inches the ring was
reground. Some of the earlier data was taken without

cheeking the eccentrieity.

4. The brush holders

The brush boxes were made by soldering together four
pieces of 1/8 inch brass., They wers made very acourately;
so there was just enough clearaneajta allow the brushes to
move freely up and down in the hol@er with very little aide
play, The boxes were one inch lenk. Several improvements
in the holders were made as the work progressed. However,
the changes were made mostly for the purpose of operating
convenience. Figure 4 shows the detalls of the final design.
By changlng the springs it-waa possible to obtaln a very wide
renge of pressures and to adjust the pressure accurately to
any value desired. The fulerum t#a ed justable seo that the
pressure arm could always be keptgperpsnéicular to the brush.

The pressure was checked by #éans of a senaltive spring
/



Figure 4. Detall of brush holders,



A
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Figure 5., Method of adjusting brush pressure.
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balance, & dry ¢ell and a pair of eaxr phones. The pressurs
srm was pulled up by the balance until & ¢lick in the ear
phones 1indieated separation from the brush. The pressurs,
indicated by the balence, was corrected for the weight of
the brush. The apparatus is shown ready for use in Figure 5.

5. %The dust Wllﬁ@t”

¥hen the apparatus was first anal#m. in & box consider
able increase in wear nwm‘ ‘This was assumed to be dne
at lesst pertislly to the increased dust content of the air.
To remove soms of this dust from the sir a redisl blade fan
wes attached to the end of the shaft and coversd with several
layers of cloth. The air was drswn in through the central
epening and forced out through the cloth, leaving mest of
the dust particles in the ecleth. The clothes became blacke
ened with cerben and aeppai duat in s few days, indicating
the effectivensss of the device. It mlso served as & fan
to keep the air in almnlsxsm# o mia&am & uniform tmpwn
ature throughout the box.

6. Temperature and humidity cemtrol

The apparstus was enclosed in boxes as shown in Pigures
£ and 6, and temperaturs and humidity maintained constant
at sll times. :

The dry buldb tempersature was maintained ccnstant by



Flgure 6.

Humidity control equipment,
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means of a sensitive thermostat controlling s number of
light bulbs through en suxiliary relay. The temperature
was held constant at 45).2 deg. Cent. except for occa-
sionel varietions due to contact troubles.

In the early part of the work the relative humidity
waa maintained constant by means of a ¢alcidm chloride
solution of constant saturation. This method gave satis~
factory control of humidity, but for the higher current
densities the brush contact loss was so lerge that the
temperature rose above 46 deg. Cent. To cvercome this
difficulty the humidity control equipment shown in Flgure
6 was constructed. The eir from the room was blown through
a gseries of four water spray neozgles, then through a series
of baffle platas to remove entreained molisture, next past
a hester where the temperature was railsed sufficiently to
prevent condensaticn in the tunnel, and finally through a
series of alr nozzles into the box. The water was forced -
through the spray nozzles by a centrifugal pump and flowed
back to the supply tank. Humidity control with this
apparatus consisted simply of holding the spray water
tempersture at the dewpoint corresponding to the relative
humidity end eir temperature desired. The water temperature
in the supply tsnk wes held constant with a thermostat. The
relative humidity was determined by means of wet and dry

buld thermometers placed in the a2lr stream from the dust
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sollector. This is & standard method of air conditlioning.
 The method of humidity mmx in the box with two
rings wes qmr!mt different. A ;ma of ntm* was placed
below the duat callector, from which more water svaporated
than was needed to meintain ihﬁ" desired humidity. A cone
tainer into which a thamtat and two copper tubes were
sealed was mounted sbove the pan. One tube was cmnic‘teﬁ
to the water supply through an electricslly operated needls
valve and the other eﬂmeté& to the drein. The thermostet
was set to hold a constant water temperature in the can
corresponding to the d,e.minﬁ for ta:m desired relative
humidity snd temperature. mth 2 slight ineresse in temper-
ature the thermostat ceused the nesdle welve to open and
cold weter flowed into the cen. The excess moisture evapo-
rated was condensed upon the mzrfaea of the san and drained
hae& into thq pan. belw. !his aypamhan gave wry sccuvate
'contml, but it was itg»sibza to obtain humidities below
20X st 46 deg. Cent., because the tap water temperature
was never below the dewpoint corresponding to the sbove
humidity conditions. All tests below this humidity were
made by removing the moisture supply and drying with ealesum
ehloride. The qm»m%thoé of holding conmstant humidity
was original with the author, since ne reference to it was

found in the literature.
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7. The brushes

All of the brushes tested were one half inch square
and two inches long. The physical constants given in
table 14 are actual measured values on the individual
brushes used and not average values for the particuler

grade.,

8. Method of meamsuring wesr

An attempt was first made to determine the wear by
weighing the brushes. It was impossible to determine the
wear by this method because the water content of the carbon
brushes varied more than the weight of the brush material
worn awayY. A micrometer srrangement for measuring the
change in length of the briush was finally developed which
gave excellent results., The final design 1& shown in Figure
7. The bed plate is of invar steel and hap sn effective
expansion of less than ,00002 inch for the greatest change
in room temperature. To measure the length of 2 brush it
wag placed in the V-groove and weighted with the Veblock
as shown, The micrometer head waes screwed in until the
hammer plate of the brush made contset with an insulated
point as indicated by a c¢lick in the ear phones, The
smallest division on the dial represented .0001 inch.

This division was about .) inch long; so the readings were



Figure 7e

Brush measuring device.

6¢
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us’ily ‘uﬂmﬁu& to OUO01 Snch, It was easy for the
suthor or another experienced cperstor to check readings
' 06 insh wear was in-

dicated on ﬁh& yaaititl‘#a£h¢ngbvnah, but & negative wear
tu rarely ever indicated. Thias 1’%&11‘1&: reading the
instrument te .0000L inch. It must be understood that
these recdings did not give any indication of the absolute
length of the brush, but a&pl: indicated the difference
in length fram the beginning to the end of s run.

B. Nethod of Prossdure

The bLrushes were always carefully worn in before sny
m&smnu were tsken, They were firet sanded as nearly
as possibls to the curvature éf the ring and then run at
.pmmmy normal ecurrent until the entire brush fece
made contact with the ring. Much less time wes required
and a better surface was cbtained when’running in'with
current tham witheut curremt,

In m cases the riags were resurfeced at the close
of each run, while ln other cases they wers not resurfaced
for seversl russ, Informstion conderaing the ring prepa-
ration and ring condition Suring the tests will de given
in the vmnnntmn of da‘kiq _ m condition of the ring
surface is ons of m most @ifficult factors of brush wear
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to control 1n a quantitative study. It hasba declded effect
upon brush weszy and therefore should be held constent while
studying the effect of other varisbles.

The procedure throughout the experiméntal work consisted
of holding all of the factors constant except one and noting
the affect of it upon brush wear.

Several values of contact drop were taken for each wear
tests. These readings were corrected for I R drop through
the brush materlial and shunts. In the later part of the work
suxiliary potential leands were soldered to the hammer plate
to eliminate the carréction for the shunt,

The duratiocn of the individual tests was veried from
one and one half hours to ninety-six hours, depending upon

the type of brush material and conditions of the test,

. Pregentstion of Data

1. Introduction

The curves and the complete tabulation of the experi-
mental data are glven in Appendix I. In this section a
more detalled descriptlon of the test conditions will be
glven, than was possible in the space limitations of the
data sheets.

It should be remembered that all reference to the

polarity of the contact drops are given in the motor senase.
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The positlive brush is the one at which the current flows
from the brush to the »ing (conventionsl eurrent direction),

Throughout the experimental work a careful record was
kept of tlhie physical appearance of ring and brush surfaces.
This material 1s too voluminous to present in detall, but
reference will be made to it in this section and in the dise
cusslon,of»resﬁlts;

The brushes are referred to by thelr lecvter notation.
The nature of the brush materials and their physical constants
ere given in Teble 14, Appendix 2. A chart for obtaining
11fe in hours per inch from weasr in inches per 100,000 hours,
and another for obtalining absolute humidlity Iin grains per
eubie foot from relstive humldity at 45 deg. Cent. are almo

given in Appendix Z.

2. Carbon brush wear versus current density

in Table 1are given the dute for the first wear tests.
Some of the test conditions were not held very constant
since the apparatus was belng perfected during this period.
The extent of the varlation is indlcated on the datea sheets,
The ringse iera ground in carefully before the flrst data were
taken. However, the rings were not ground or polished agsin
in the entire two and one~half month period during which these
dets were taken. The data are recorded in thé chronoclogical

order in_vﬁiéh they were taken. Thies series of tests wan‘
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stopped &t 70 amperes per squars inch because the contact
losses became 8o larpe that the tempersture could not be
maintained at 45 deg. Cent.

The contact drop points represent the sverage of all
of the readingas tslkten at a particuler current density.

Every point represents the sverage of 12 tc 15 readings
taken at intervsls throughout the perloed of the tests.

The order in which the points vere teslen probebly
sccounts for the laek of correlation of the 35 end 465 empere
per square inch polnts,

The deta given in Table £ were obtalned after the alr
conditioning epperatus illustreted in Pigure 6 was constructed.
In this and all following series of teats no difficulty was
exparienced in holding constant eir conditions in the box.

In this serles of tests the rings were reground and repolished
at each change in current density. Several readings were
obtalned at esch current density with the hope of obtaining
the normal ring surface for that partieular current density.
Every point‘hss besen plotted and numbered on Flgures 12 to 1b.
The numbers indicate the order in which the points were ob- |
tained, number 1 always belng the first point obtalned after

the ring was repolished.
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3+ Carbon brush wear versus ring speed

The data for thls test are given in Teble 3, The rings
were reground and repclished at esch change in speed. It
should be noted that the same brush material was used in
all four brush holders, but one palr was riding on the cast
ring with separate paths and the other on s drawn ring with

the positive and negative brushes on the same paths,

4. Carben brush wear versus brush‘prenture.

The data for this tesi ere given in Table 4, The rings
were rerolished at each chenge of pressure, The deta show
a decided incresse in we«r of the brushes on the drewn ring
at 1280 ounces per sguare inch. This increase i3 not due to
incressed pressure alone. is hereinbefore described the
drawn ring cénsiszs of a 1/8 inch thick band of copper
pressed upon & cast alunminum *ing. The oxide film between
the aluminum and the copper preseunted sufficient heat ine
sulation to causs 8 decided inerense In temperature of the
ring, brushes, and brush holder. The run was interrupted
after 21.75 hours, when the solder in one of the brush boxes
melted. In the cast capper ring the heat was conducted away
from the ring surfece s¢ thot 1t waa possible to ge to 144
ouncss per square inch without encountering operating diffi-

culties,
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5. Carbon brush weay versus relative humiditx

The data for these tests are given in Tables & end 6,
The data of Tuble & were taken just after the current density
tests of Table 1. The rings were not repolished until sfter
these dats were taken., The dasta of Tebhle € were trken
several months later on different ringe and in the apprarstus
of Firgure 2. The rings wers volished before the tests were
sterted end then repollshed at ench change of humidity. The
two points in Pigure £4 marked "rhoto" are high becsuse of
a "photograph® which developed on the »ing. & photograph le
8 blackened spot on the ring starting with & very sharp line
showing the exse¢t outline of the brush face and graduslly
Aiminighing in intensity agalinat the directlon of rotation.
A gage reading almost always shows & flat spot on the ring
surfsece where these photopgraphs appesr. They also have &
tendency to reappesr on the suame section of the ring even
after the ring hag been carefully repolished., They always
increase in length with operation and cause sn inoreased

rate of wear as indicated in this case,

6. Yetslilc brush wear versus current density

The data for metallic brush wear versus current density
for various opercting conditions are given in Tables 7 to 10.
The rete of wear of metallic brushes is so mueh larger than

for carbon brushes that it was possible to decrease the
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length of the runa to s amall fruction of thst required for
carbon brushes. The rings were ground and polished carefully
at the beginning of cach series and then not polished agein
until the test conditlons were changed. That is, ali the
data glven in Table 7 were cblained without repolishing the
rings. Then the rings were polished and the data of Table

8 obtained. The changes in the test condlitions other thean
current density are indicated e¢lesarly on the déta gheets,

Brush F 1s a very heavy metal brush materilal which
contains some lead., 1In all of the runs s grayiah-white
coating (assumed to be lead) was depogited upon the ring
surfaces under the posltive brush. This couting always re-
sulted in a decided incresse in weur. In Figure 26 the
coating began to form &t 40 amperes per squere inca and cone
tinued to increase in denaity throughout the run. The negative
path remained smooth and brighit throughout the test. In
fact, the negative path always romuined in execellent cone
dltion except for a very slight truce of lesd during part
of the relative humidity run,

Brush F was not included in the low voltsge run bscause
of operating diffieulﬁies, The lead coating cusused such an
erratic voltage drop that the current c¢ould not be maintelned
constant.

| The increased wear sbove 100 amperes per squaré inch in

Figure 37 was caused by this lead eoaﬁing. The coating
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began to form at this velue on «Ww one path and at 140
amperes per square inch on the other. The sonditions
became o bad at 160 emperes per square inch that one oﬁ
the _wuﬁnw boxes was melted spert in an hour. The excessive
wﬁnﬁ%& in weay at 280 mﬁwnwan per aquare ineh im Pigure
33 was also csused by the formation of this lesd coating.

~ the inereesed wear at the higher current densities tn
Figure 27 was scvompanied by wwg&!uwum of the ..»vm and the
formation of indistinet photographs. In Figare 34 the black-
ening of the ring and inereased wear cecurred even st low
guéun densities. The ring :ﬁu repalished after the 60
:ann,i por square inch gﬁg Jarge ineresse in #awu. at
260 smperes per sguars ineh was accompanisd by extreme plack-
ening of the ring.

. Brush I caused photographs to form in svery test mede
upon i1t. The intensity wam wqﬁmwww of these vﬂagwgu
inoreased both with current a!ﬂwnw and time of aﬁsgauﬁ? .
It ugﬁwa be noted that this »n a coppar n!unam&n«aa brush
with a mﬁgw capacity wnﬂuwmmwwwwu lowsr then the other
,n«:,.ra agwﬁf The aounwwﬂﬁw@. ggma the unu»n»,ao and
#.ﬁan«:ﬂ contagt drops and nﬁa positive and negative wears
is very slose in the case of this brush. There was lwleu.o
as close = aﬁuw»«ua»do u.awuw»au between the ring nﬁ.ﬁgﬁ
' apd the sbove nnoaa3~ but unfortunstaly it is impossidle to
uu.nana« this relation gﬂ»»ﬂﬁﬁﬂ? I% will be mentioned
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riding remained in good condition throughout the run.

The date for brush I dees not represent the relation be-
tween brnsh wear and relative humidity. The ring started

to blaciren st the beginning of the run and continued throughe
out the mun. it the close of the run tne negative path was
ir much worse condltlion thor the positive pathe. 'There 1s a
very closge eorrelation between the ring condltion and both

the coentact drops and brash wear.

1¢. N¥etallle brush contact drop versus current density

The data for the contact drop curves of Figures 50 to
52 wvere not tiken In conjusction with w.ar tests. “he rings
were cleaned st tre beglnning of the test. i complete set
of readlings had te be teken In a few winutes to prevent over-
heeting the apparatus at trhe high current densities. The
two high points on the negative curve in Figure 60 were
cbtalned after the circuit Lad beon cpened for v few ainutes.

Tre usual lead coasting formed under the positive brush F.
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IV. DISCUISICN OF ERESTLTS

Electrical current may be conducted aecross a contact
by ordinary conduction or by some ionisation phenomenon.

It is well known that lonization mey be produced by electro=-
chemical action, by electric fields or by thermionic effects,
Part of these phenomens have been discussed hereinbefore.
They will now be discussed in the lisht of the experimental
results of this investigation.

Eleetrical brush wear must be explained largely upon
the baaie of elettrical phenomena rather thsn meechanical
phenomena. When brushes a&re run on & smooth copper ring
with no current flowing the rate of wear 1ls very low,
ﬁhen'diregt current is caused to flow through the brushes
the wear et one or in some cases both brushes begins to
inerease, This inerease in wesar cannot be explained upon
- the basis of a change of surface conditions set up by the
flow of current sinte & reduction of the current to zero
alwaya returns the rate of wear to iis eriginal‘low value,
And furthermore operation of the poaltive and negative
brushee on the seme path does not give materially different
results than when they are operated on separate paths. The

positive carbon brush weer and the negative metalliec brush
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wear are not affected by the flow of current in the range
of normal operating current densitles. Throughout thias
rangeé their wear remalna st the ssme value which 1t has at
zero current. If the current was carrled scross the sliding
contact by electrical conduction the heat generated at the
contact might account for an incresse in wear at botl brushes,
but this does not aceount for the large difference in positive
and negative brush wesr, There seems to bhe no possibility |
of explalning, on the haais of electrical conductence, the
4hundr@dfald decreasse in resistance which occurs st the
negative brush contect as shown in Filgures 50 to 52. Thus
it is apparant thet a complete explanution of the prenomena
of the 8liding contnet caunnot be made upon the basis of
electrical conduction alone,

Referring to Figure 651 it ies noted that the curreant
wag increcsed to 380 amperes per square inch with a negstive
contact drop of only .15 volt. Thus if the currint 1s
conducted scross the contaet Ly lonizatlon, the ionization
“must be produced by some mesns otler than by an electrical
field, since .16 volt is less thon the ionization potential
of any of the materials involved,

An explanation on the basls of electrochemical action
would reguire that e definite cmount of material be deposited

in tre direction of the current flow. If the current were
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carried in this manner, e¢aslculations show that the entire
copper surface of the sllip ring under the negetive brush
would he removed in a few days. Actually the ringes were
used for a time equivalent to 8 or 10 months of continuous
operation without removing an appreciable amount of copper.
The electrochemical aetian‘alaavindicatas a direct relation
between the rate of wesr and current density of the positive
brush. Pigurea 8 to 156 show that csrbon brushes do not wear
even approximately in this manner. The wear of positive
metallic brushss inereases with current demsity, but
electrochemiceal action indicates that muech more material
should he removed from the brush. However there are two
phencmena which indicate a limited positive ion flow. In
the case of carbon bmashesa the positive ring path asequires

e darkened asppearance as if cerbon had been transferred to
the ring, whereas the nepgative path retsinm a more or leas
bright copper appearance, Also the negative br»ush has a
tendehey to piek copper. That is, small partiecles of copper
are transferred to the brush in some manner and remsain
imbedded in the brush face, The heavy metsal graphite Lrush
¥ contains seversal per cent of lead. 1In every test which
was made upon this brush a pgrayish white coating of lead

was deposited on the positive ring path sometime during the
run. Thus the positive metallic drush presents metal to

the ring leaving the brush face somewhat enriched in
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graphite and the negative brush receives metal from the ring
maintaining a high metal content aﬁ its surface. From the
above 1t 1s seen ﬁhat‘althaugh}thara is evldence that a
portion of theicurrent is due to the flow of positive ions
this cannot account for more than a small frection of the
totel current flow. However this small amount of ion flow
is sufficient tc have a2 rather declded effect upon the
operation of some brushes,

It has been shown hereinbefore that, écanrding to the
present theorles of thermal ionlization, 1t 12 possible to
produce ionizetion thermianicallf under the conditions of
the sliding contact. Also many of the sllding contect
phenomena ohserved by previous investigators can be eXe
plained on the bssis of thermal fonization acting Iin cone-
junction with elsetricel conduetion, while none of the
observed éhennmena precludes the posaiblility of thermsl
ionization.

The pumber of electrons available for cearrying current
across the sliding contect depends upon the temperature and
materiel of the cathode. The negaetive carbon brush contact
drop is found to be higher than the positive contsct drop
under many operating conditions, If the brush is cathode the
carbon must be raised to 8 thermel ionization temperature,

whereas if the brush 1s arnocde only the copper needs to he
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raised to a therﬁal ionization temperature. Thus a lower
contact drop at the positive brush is indiecated since the
- eopper does not need to be ralsed to as high a'temperaturo
a8 the carbon to produce thermsal lonirzetion. This might
indicate a praater difference in contsct drop than actuslly
exists, 1f the rotation of the ring is not considered. If
ﬁhe brush ig the caothode the same surfacs ia involved
contimuously, 30 there 1a sufficient time available for its
temperature to rise to a thefmal ionization valus. However,
if the ring 12 the c¢athode a gl#en gspot must be ralsed to a
thermal ionization temperaturs while 1%t is passing under the
brush, The faot that an ordinary are cannot be maintained
wvith s revnlving cathode (20) is not & vaiid objeetion to
this theory hecsuse new ares are belng formed enntinubnuly
under the bhrush, 1
The positive metalllic hrugh contect drop 12 found to bhe

higher than the negative cocntact drop under most operating
conditions. Ion flow is in such a direction that the negative
metallic brush receives eopper from the ring end thereby
meintalns o copper to copper conta¢t. Ion flow et the
positive metallie brush carries copper towerd the ring,
weakening the brush structure and causing it to present a
gurface more or i&za enriched in graphite to the ring.

Since the voltage required to produce thermel lonization
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inereases with the resistivity of the materials at the
conteet 2 higher contact drop is indicated ot the positive
metalliec bmash. ¥ith metalllc bruﬁhes-aperatiﬁg on a copper
ring the catheode material is copprer under both the positive
and negative brushes., 8inece the cathode materiaels are the
semé a2 higher contact drop ias indicated at the contact

which haz the moving cathode. Thus a higher contact drop

12 indicated at the positive metallic hrush.

The theoretical results discussed sbove may be restated
briefly as follows:

1. Flsctrical conduction does not explain the contact
drop and wear phenomena of electrieal brushes,

2. TIonizstlon at the brush eontact by an electrochemiecal
action or by an electrical fileld 1s shown to be 1npossible.

3. Thermal lonization at the brush contuct does explaiﬁ
centact drop pheﬁ%%&na and 1s not inconsistent with brush
wvear phenomens. .

4, fThere are no experimental results which preclude
the explanation of the,éliding contrect on the hiasls of
thermal fontzation acting in conjunétion with electrical
conducticn.

Thus the conduction of electrioclity across a sliding
eomtact 1s shown to he a thermael fonization phenomenon in

vhich electrical conduetion 1s & necessary faector but
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actually carries & very small percentage of the current.
There ie also a small pesitive ion flow which cerries very
little of the current but has a declded effect upon the

rate of wear and contact drop of metallie brushes.
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VI. APPENDICES

Appendix 1

In appendix 1 asre given the tabulations and curves of
all the brush wear and contact drop teats. It should be
noted thet the tabulstions give complete data, concerning
test conditions. The corresponding curves follow imme-
distely after the tabulatione. The duration of the run is
considered an important item of the tabulations since 1t
should aid the resder materially in interpreting the data.

The symbol ¢ ordinarily represents the positive brush
{(rotor sense), the symbol é the negative brush and the
symbol o indicates that the positive and negative points
coincide., The one exception to the sbove is the run with
alternating current in which all points are indicated with
the symbol o (Flgures 37-40).

A cémplete table of symbols 1s given on page 122,



Rate of Wear versus Current Density

Table 1

Test Conditions

Ambient Temperaturs - 456-559C

Relative Humidity - 45-55%

Brush Cireult Potential « BO volts 6~e
Drawn Copper Eings

34.40
23.00
28,33

40,76
22.50
19.482
48,60

46,50
42.70
22.26
£6.00

42.50
46,50
650.38

Ia

50
50
50

40
40
40
40

30
30
30
30

20
£0
20

Brush A
P We
11.4 1.89
11.3 1.30
10.6 1.71
2.82 1.2
5.78 «44
8,24 2.21
5.30 76
3.93 +00
5.850 68
5.03 +28
ﬁils 024
2.56 «47
3.16 52
3.71 .60

Brush B
Ve it 2
12.2 1.98
8.98 +91
P.43 «£21
8.08 87
7.566 - 27
5.56 1.13
8.75 +83
6.40
7,76
7.32 + 00
5.44 » 00
5.90 + 3B
6,44 52
4.92 «18

Ring 3peed - 34003700 feet per min.

Current Density - varied
Brush Pressureé « 48 oz. per sq, in.

Brushes not tracking

Brush C

W W
7.44 1.18
6.3 +00
7.38

3.93

4.09

Z.45 58
6.65 +26
3.83 +28
4.50 «O7
4.87 +18
3,88 « 36
Z.B3 «12
.16 «11
3.06 « 04

Brush D
Ve ¥4
4.13 « 08
4,47 .69
Z2.45 O3
2'49 .3?
3.91 « 38
.21 + 16
3.87 +28
3.34 + 54
Z.88 +0B
4,50 o485
.66 28
5.04 + 56
.44 00
B33 32

19



42,28
46,52
38,35
47.47

72.42
40,67
31.17
40,08

40,00
27.75
44.1%7

36,00
27.76
40.00
41.33
45.00
29.00

47.33
43.76

P

2.13
2.00
2.61
£2.50

«40
0B
» 38
38

4.6%7
4.36
5.48

S.64
4,61
4.60

13.1
14.%
15.0

54,1
34.0

Table 1 (cont,.)

We

+b2
77
.68
57

+£8
«£20
218

12

.98
+ B0
.66

«42
w.he
1.26

+49

» 93

1,20
«98

W

3.5
3,69
4.41
4,36

1.13
«81
48
« 860

8.84
7.92
B.44

1.61
7.68
6.40

7.54
7.40
B.82

8.36
8.0b

Ve

«38
21
+42
38

» 56
29
+ 29
+0b

+15
79
» 3E

47
+43
«43

70
.61
+bb

«00
+10

3.17
3.07
£.06
l.92

l.42
.88
70
67

7.78
8.38
8.31

65.75
7.74
4.83
6.60

7.8
8.00

8.34
11.4

L2 2

31
+09

19
04

15
o 20

.25
.34
.25
.48
17
.36
.28
.24

« S0
«41

3.31
1.68
2.01
1.10

«756
»29
+b4
«32

11.3
14.1
10.8

6.47
8.36
8.56

10.56
9.33
8.93

9,02
12.7

re

«00
34
223
.19

23
«12
+00
«17

12
« 38
34

«17
«00
+16

«44
«13
«10

«40
07

29















Table 2
Rate of ¥ear versus Current Density
Test Conditione

Ambient Temperature - 45°C Ring Speed - 3500 feet per min.

Relative Humidity - 50% Current Density - varied

Brush Circuit Potential -~ 80 volts d-e Brush Pressure - 48 oz. per sq. in,

Drawn Copper Rings Brushes not tracking

‘ Brush A Brush B Brush C Brush D

t I4 Ve We Ve Vi W W Ve w4
25.00 0 +00 +00 +00 «40 «00 « 00 «48 .56
02.66 0 .49 23 00 «13 22 .11 «93 1.01
45.75 30 1,46 .44 3.89 + 35 1.98 .66  3.48 -39
47,80 30 1.54 .29 £.76 + 36 5.6 13 2.76 ' 36
43,00 30 1.51 1.14 £.63 «£26 4.40 o33 2.38. 23
47.41 80 4.01 .70 6.83 .69 3.88 00 2,70 .00
48.66 50 2.24 47 3.49 43 4,81 20 2.32 .64
44 .50 50 £.76 O 2.72 .81 2.85 09 1.68 27
21.26 50 3.29 1.08 3.76 «38 3,76 .76 1.41 «38
21069 70 4046 1.86 7.‘22 .25 1.?? a84 '7.'72
£0.00 70 5.0b 1.90 6.80 1.456 3.60 +.656 5.40 2.90
26,83 70 5.15 1.54 6.36 +7T1 £2.54 «11  §.04 .82
40,00 70 8,46 +65 6.00 68 1.98 «30 2.8b «45
29.26 70 6.50 .58 4,41 .98 2.46 44 3.62 3.21

49
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Table 3
Rate of Wear versus Ring Speed
Test Conditions

Ambient Temperature - 45°C Ring Speed -~ varied
Relative Humidity - 50% Current Density -~ 50 amp. per sq. in.
Brush Cirecuilt Potential - 80 volts d-¢  Brush Pressure -~ 48 oz. per sq. in.
Brush € Brush C
Drawn Ring . Cast Ring
Brushes tracking Brusghes not tracking
8 Ve Te Ve W
18,00 . 2550 1,35 1.66 2.44 1.39
50.16 2550 1.81 .42 2.43 .08 P
28,33 2560 2.46 1.16 1.03 .08
44.00 1278 1.54 + 36 2.71 36
54,00 1276 1.13 «91 : 2.50
44,33 426 77 «+ 65 1.31 «29
25.42 426 .91 «28 1.10 .20

47.786 3828 3.08 2.18 2.77 .31









‘Table 4
Rate of Vear versus Brush Pressure

Test Conditions

Ambient Temperature - 459C Ring Speed - 3760 feet per min,
Relative Humidity - 50% Current Density - 50 amp. per sq. in.
" Brush Circuit Potential « 80 volts d-c Brush Pressure - varied
Brushes not trecking
Brush C Brush C
Drawn Ring Cast Ring
t P We P W Vg

31.00 24 6.13 74 4,00 3.29

38,33 24 6.52 «00 2.77 +896

52.50 24 B.74 .82 4,12 1.00 >
40,50 24 11.3 296 £2.80 42

45.00 24 11.6 +»18 3.98 «86

47 .50 48 2.88 +06 3.68 «27

44,75 48 £.,56 «00 £.69 +45

£2.76 48 2.11 44 2.24 L2

45.00 7e 2.87 «64 3.31 «11

£3.00 e 2.61 30 3,62 «22

41.00 Te £.68 +46 .90 27



61.26
44.00
26.50
£3.00
23.560
£22.00

21.786
£22.50
21.00
25,78

45.5
46.75
48,00

Table 4 (cont.)

W
£2.87
2,82
2.61
3.36
2.86

16.9

%

27
1]
« 35
.68
+21
+ 50

30,3

Ve

5.43
6.18
4,12
4,74
4.21
3.82

2.53
4.83
65.11
6.68
7.85

10.44
11.60
14.46

We

«41
«39
«12
«36
38
«18

«00
«00
«13
+768
«70

77
«37
+63

FA









_ ~ Table §
Rate of Wear versus Relative Humidity
Test Conditions

Ambient Temperature 46°C Ring 8peed -~ 3400 feet per min,
Relative Humidity - varied Current Density - B0 amp, per sg. in,
Brush Circuit Potential - 90 volts de¢ Brush Pressure - 48 oz. per sq. in,
Drawn GCopper Rings Brushes not tracking
Brush A Brush B Brush C Brush D
1 H Ve LiL W W W Y Y- W
£4 .60 £3 4.24 1.76 2.33 +86 1.06 « 37 1,83 45
59,17 23 4.95 43 3.4 .67 1,63 .00  1.826 .00
26.76 26 5.04 2.64  4.11  1.85  2£.62 .52 3,40 .34
69.00 50 9.68 «36 10.9 +£26  10.3 09 14,00 28
48,00 B0 10.8 «36 11.5 36 11.3 «12 13,3 26

27.28 76 10.8 .40 12.0 -11  16.1 «22 12,6 +00

08















Table 6
Rate of Wear versus Relative Humidity
Teat Conditions

Ambient Temperature = 45°C Ring Speed - 3760 feet per min,
Brush Circuit Potential ~ 80 volts d-¢ Current Density « BO amp., per sq. in,.
Felative Humidity - varied Brush Pressure - 48 oz. per s8q. in.
Brush C Brush ¢ .
Drawn Ring Cast Ring
Brushes tracking Brushes not tracking
t H 'Hr W‘f' Wu- W«’t-
45,786 68 £.10 1.40 3.58 .00
25,09 69 218 1.1 4.47 +00
44,68 69 3.50 1,77 .92 »00 &
24.00 89 2.92 952 «46 «00
48,00 36 2.38 1.04 1.086 54
B0.66 38 2,78 l.282 ' 1.78 «54
414,00 386 10.0 .68 1.80 + 54
2R.00 35 - B.64 2.18 1.82 «58
16,32 4.5 15.4 4.41 4,71 +00
717 4,5 ‘18.3 10.8 4.61 + 14
7.50 4.5 18.7 9.74 2.63 +00
15.06 4.5 1004 4140 1.4{) QOO









Table 7
Rate of Wear versus Current Density

Test Conditions

Ambient Temperature - 459C Ring Speed - 3760 feet per min.
Relative Bumidity - 50% Current Density - varied
Brush Circuit Potential -~ 90 veclts d~¢  Brush Pressure - 48 oz, per sq. in.
brawn Copper EKings Brushes not tracking
Brush F Brush G Brush H Brush I
t Ig VP Y+ Ve W W Y+ Vi we /
3.60 0 1?.7 27.1 6,28 6,87 14.6 14.3 1.14 1.7
B.83 20 6.19 26,3 75 11.6 11.3 13.1 97.2 48,8 @
3.00 40 1447 120, 13.7 18.3 46.3 31.3 £36. 78,3
3.00 60 10.0  304. 1,006 23.7 4,66 36.3 321. 100,
3.00 80 13.3 482, 10.7 33.7 13.7 68,3 484. 118,
2.50 100 16.0 P32, B.C0 41.8 8.8 132, 432, 134,
£.33 120 27.5 1199, 14.6 73.8 16.56 146. 437. 1561.
2.00 140 2.00 1208, 4,00 132. 16.0 307. 402, 198,
£.00 160 16.0 2000. 14,0 166, 10.6 463, 485. 183.

1.33 180 £7.8 8230, 20,3 120. 24.8 483, 1030, 283.















Ambient Temperature - 459C

Table 8

Rate of Wear versus Current Denalty

Test Conditions

Reletive Humidity -~ 50%

Brush Cirecult Potential -~ 10 volts deo

Drawn Copper Rings

£.00
1.66
1.560
1.50
1.50
1.83
1.76

Iﬁ
40
80
120

160

£00
240
£80

Brush G

Ve e
22.0 £23.0
12.1 39,7
4,00 68,0
8.00 1085,

1.33 120,

9.84 69,4
34,3 144,

King Speed ~ 3760 feet per min.

Current Density - varied

Brush Pressure ~ 48 oz. per sg. in.
Brushee not tracking

Brush K
W Ve
12.5 31.0
S.04 94.0
» 00 88.2
14.0 273,
11.3 226,
16.4 110.
24.6 1400,

Brush I
We we
19.5 114.
42.8 84.5
_ ©
61.4 113, o
101. 136,
159, 127,
220, 142,
296, 267,
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Table 9
Fate of Wear versus Current Density

Test Gonditions

tmblent Tempersture - 4500 Ring Speed - 2560 feet per =min.

Felative Humidity - 50% ' Current Denaity - varied

Brush Circult Potentlial -« BO voltas d-¢ Brush Pressure - 48 ox. per sq. in,

Drawn Copper Eings Brushes not tracking

Brush P Brush G Brush H Brush I

% Ic We W4 W e Ve Weé V- e
4,26 0 £0.5 9.41 00 2.82 14.6 11.3 3,08 1.18
£.86 10.0 11.7 6.26 1565.0 13.9 9.4 10.9 3.39 + 38
3,76 20,0 4.26 8,80 89.3 156.8 3.2 8.06 17.1 l.07
2.50 60,0 8,80 Q.20 216. £0.6 12.4 16.2 73.6 18.8
2.00 100, 7.00 15.0 101, 30.0 00 39.5 117, 21.0
£.00 140, £20.5 £0.0 17.0 47,0  19.56 106, 118, 74.0
‘2400 180, 4.50 21.8 8.00 128, 3.00 181, 81.5 90,0
2;5@‘- 220, 13,0 0,6 28,6 108, 10,0 213, 144. 64.5

1.00 280, 19,0 2812, 1781, 16b. 5.0 2B0. 472. 62,0

L6
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Teble 10
Rate of Vear versus Current Density

Test Conditions

Ambilent Temperature -~ 46%C Fing Speed - 3760 feet per min.
Relative Fumidity - 50% Current Density - varied
Brush Cirecuit Potential « 110 volts a-t Brush Pressure - 48 oz. per ag. in.
Dravn Copper Rings Brushes not tracking
Brush F Brush G Brush H Brush I
t Ig W W ¥ w w w w W
4.00 0 0.0 £5 B 0.0 8.0 11,7 2,76  4.86
ﬁ.@ﬁ 20 Qt@ ?‘50 1305 19.9 8;0 114@ 56;0 4405 et
o
2.00 40 £1.6 16.6 22,0  11.0 £5.0 £1.0 78.5 86,1
£.00 80 24,0 82.0 26.0 18.6 £3.0 41,5 180, 160,
2400 80 19,5 1386, 38.5 €.5 10, 116. 228, 160,
2.76 100 17.1 73.5 29.4 16,7 690.8 1456. 306, 188,
£.00 120 26.0 360. 30.5 £9.0 69,0 533. 372, 211,
1.50 140 14,7 664,  105. 333,  65.3 945, 566.  279.

l.42 160 1681, 2366, a874. 1014. 80.6 386, 641. 363.
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Table 11
Rate of Wear versus Ring Speed
Test Conditions

Ambient Temperature - 45°C Ring Speed - varied
Relative Humidity ~ 50%  Current Density - 120 amp. per sq. in.
Brush Cireult Potential ~ 90 volts d«g  Brush Pressure - 48 oz. per sq. in.
Drawn Copper Rings Brushes not tracking
Brush F Brush G Brush B Brush I
& 8 We we Ve W+ We W+ We v+
3.00 3700 300 1378, 7.0 45.3 l?g@ﬁ 134, 441. 162.
2,00 3188 6.50 647, 8,50 101, 6.60 162, 265, 185, =
A 3
2100 256860 14,6 299, 4.60 3€.0 8;@9 80.5 179, 166,
\Ey L
1.80 1913 30.0 8l.4 16.9 31.3 16.8 44.0 T7.4 120.
1.65 1276 3.87 4.51 .00 22,6 W00 14,2 41,9  68.4
1.60 638 20,0  18.0  8.67 31.3  13.8 22,0 8.67 36,7

2000 4465 10.5 1708. 700 1884 GQQ 222. 329' 2570
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Table

12

Rate of Wear versus Brush Pressure

Teat Condltions

Ambient Temperature « 4500
- 60%

Relstive Bumidity
Brush Circult Potential - 8O voltas deo¢

2.00
£33
1.80
£.00
2.17
2,00
2,00

48
K¢

120
144
188

24

Ring Speed ~ 3760 feet per min.

Current Density - 120 eamp. per 8q. in.

Brush Pressure -~

Brushes not tracking

Brush H
Drawn Ring

w- we
44,5 60.5
13.7 50.2
32.0 34,7
33.6 71.0
85.8 145.
243, £62.
1765, 131,

Brush G
Cast Ring
We
19.5
£27.9
38,0
76.0
230,
430.
+0

W
7.6
48,1
64.6
140.
585,
434,
458.

a1lt
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" Table 13
Rate of Wear versus Relative Humidity
Test Conditions

smbient Tempersture =~ 45°C Ring Speed - 3760 feet per min,

Relative Humidity - varied Current Density - 120 amp. per sq. In.

Brush Circuit Potential « 90 volta d-¢ Brush Pressure - 48 oz. per sq. in.

Drawn Copper Fings ' Brushes not tracking

Brush G Spush H Brush I"

t H L2 W4 L v W we
£.00 13 . 24,0 . ,00 . = 35.0 100. 43.0 56.5
2.00 17.5 8.60  28.0 18,0 124. 160. 94.0

[
1.59 22 17.3 27.3 12.0 129. 353, 114, @
1.50 £8,.5 16.3 29.3 20.0 168. 283, 140,
2.00 35 8,00 ‘37,5 5.00 108, 2786, 14%7.
£.00 42 + B0 45,0 11.0 187, 400, 182,
2.00 &g 0.00 100. 8,80 148, 439. 185,
£.00 60 $.00 121, 10.5 164, 601. 2C0.
£.00 &6 10.0 198, 10.0 155, 546. 210.
£2.00 80 <00 166. 9.00 168, 765, £2456.

* fhe increase in wear is largely due to change in the ring c¢ondition.
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Appendix 2

In Appendix 2 are given a table of symbols which

are used consistently throughout the text and several

charts to ald in interpreting the data.

Symbois

H ~ Relative humidity in per cent.

Absolute humidity in gralns per cu., ft.
Current density in amperes per sq. in. -
Brush pressure in ounces per 3q. in.
Ring speed in feet per min.

Time in hours.

Dry buldb or air temperature in deg. Cent.

Wet bulb temperature in deg. Cent,
{forced circulation).

Total brush circuit potegtial.

Total brush contact drop.

Positive brush contaet drop (motor sense).
Negative brush contact drop (motor sense).
Positive brush wesr in in. per 100,000 hra.
Negative brush wear in in. per 100,000 hrs.
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