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NDER THE sponsorA study of the fundamental properties of the
Finkelnburg,2 in which many
ship of the Olticc of
d-c arc ««*s undertaken starting with very lowimportant aspects of the carNaval Research, the Decurrents of 1 ampere or less and gradually inbon arc have been analyzed.
partment of Electrical Engicreasing the current. Simultaneous observaThe studies to be reported
neering of Johns Hopkins
tions of the variations in voltage, current, light,
here were made with solid
University has been conductand sound produced by the arc were correlated
projector-type carbons with
ing a study of the fundawith those controllable parameters in an attempt
anode and cathode of the same
mental properties of the d-c
to understand better the basic processes insize and mounted with their
arc. Particular attention has
volved.
axes in line. It was felt that
ijcen given to arcs of higher
this arrangement, while in
current values (10 to 200
some respects more difficult to
amperes) at atmospheric pressure, such as occur in weld- work with, would lend itself more readily to analysis. The
plan of research was to start at %'cry low currents (1 ampere
ing, searchlights, circuit breakers, and so forth.
It long has been known that the voltage across such arcs or less) and gradually increase the current to the hissing
is not always a steady d-c value. In many cases, particularly stage and beyond. At the same time, it was planned to
in welding operations, it is subject to wide random varia- make simultaneous observations of the variations (heretions even though the voltage of the source supplying power after referred to as "oscillations") in voltage, current, light,
to the arc remains perfectly steady. In the case of the car- and sound produced by the arc and correlate the results
bon arc, the familiar "'hissinu arc" has been the subject of with those controllable parameters which might lead to a
better understanding of the basic processes involved.
wide controversy and its mechanism is still in doubt.
In view of the importance of this behavior on the stability
EXPERIMENTAL APPARATUS
and utility of the arc, it was felt that a careful investiga\ Du MONT type 279 dual-beam oscilloscope was used
tion of its nature was warranted. It was felt, also, that an
understanding of the variations .night lead to a better A~\- to view simultaneously any two waveforms. The
understanding of the basic arc processes for all types of arcs. voltage waveforms were projected directly on the oscilloscope and a specially designed noninductive shunt was used
PLAN OF THE RESEARCH
to produce the voltage drops corresponding to the current
THE PRIMARY PORTION of the studv was devoted to the waveforms. Light oscillations were detected by means of
carbon arc, since variations in voltage and current a Radio Corporation of America 931-A phototube and
occasioned by material transfer, such as occur in metallic sound oscillations were detected by means of a crystal
arcs, would not IK; present with carbon electrodes. A microphone.
A 24-inch Navy Searchlight Chamber wa3 used to ensearch of the literature disclosed that one of the first thorough studies of the carbon air was made by Ayrton1 close the arc for the studies in air. Average values of voltage and current were recorded win Esieiline Angus recording
before 1900. More recent studies have been reported b\
meters.
A General Radio sound analyzer type 700-A, with range
extender as described by Cobine and Curry,* was used to
CRYSTAL
RECORDING [
1 MICROPHONE
measure the frequency of the oscillations up to about 1
VOLTMETER I
megacycle. The measurement of the high-frequency oscil,931 A
[PHOTOlations covering the range above 1 megacycle was made
usiiiL,' HallicrafuY superheterodyne radio receivers.
VARIABLE
RESISTANCEA
I
,)',
X
The measurement of aic length was made on an image
RECORDING
*MMET|g_ _IJJAMPLIFIER: j AMPLIFIER!!
.if the arc magnified optically eight times and projected on a
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Figure 1. Diagram of apparatus for study of oscillations
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calibrated scale. The arc length was defined as the
minimum distance between the anode and cathode.
Power was supplied from a bank of Exide storage batteries capable of supplying 150 amperes at i 00 volts for 8
hours. A schematic diagram of the apparatus arrangement
is shown in Figure 1.
EXPERIMENTAL RESULTS
it was found that if
the current was increased slowly from very low values,
by varying the external resistance of the circuit, there occurred a critical value of current at which oscillations of
voltage, current, light, and sound wire produced bv the arc.
These oscillations occurred at current values just below the
hissing point and were of a low frequency, 50-400 cycles.
They occurred over a very narrow current range under
certain conditions of electrode shape. Since these lowfrequency oscillations occurred in the quiet statt of the
arc, as contrasted with the hissing-state characteristic of
higher currents, they were designated as "quiet oscillations,"
and will be referred to as such hereafter in this article.
When the current was increased, the frequency of the quiet
oscillations increased until a current was reached at which
the arc began to hiss. The low-frequency oscillations then
were displaced by the higher-frequency higher-amplitude
random fluctuations which are characteristic of the hissing
arc.
It was felt that a careful study of the quiet oscillations
should be made since an understanding of their mechanism
would provide a good groundwork foi an analysis of oscillations in the hissing stage and beyond. Consequendy, the
remainder of this article will present the results of an analysis of the quiet oscillations; the results of studies made on
the hissing arc and the high-frequency oscillations associated therewith are scheduled to appear in a subsequent
issue.
The quiet oscillations were found to be superimposed on
the steady d-c waveforms of current and voltage. The
oscillations were of nearly sinusoidal waveform and were
smooth and continuous as contrasted to the waveforms of
voltage extinctions described by Finkclnburg*. The first
point of study was to determine if the frequency or occurrence of the oscillations wa; connected in any way with the
inductance or capacitance associated with the external circuits supplying power to the arc. Various values of inductance and capacitance were connected both singly and in
combination across the arc, and inductance was connected
in series with the arc. None of these reactances affected the
oscillations either in frequency, waveform, or any other
characteristic.
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Figure 2. Correlation between measured and calculated valuei of frequency of quiet
oicillationa for 3/8inch electrodes

WITH SOLID CARBON ELECTRODES,

VOLTAGE OSCILLATIONS

that, for ..• given size electrode and i»iven arc
length, the frequency of ihe voltage oscillations increased
as the current way increased up to the point .it which the
arc began to hiss. Then the quiet oscillation? were no
longer observed The relations between the frequency of
the voltage oscillations and the value of are current for several values of arc length are shown in Figure 2 for electrodes
of 9-millimeter (3/8-inch) diameter. Figure 3 shows the
IT WAS FOUND

Figure 3. Measured variation of
frequency of quiet
ofillationa
with
current for 3/40inch arc length
t
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relation between oscillation frequency and arc current for
an arc length of 3/40 inch and for three different diameter
electrodes. It is seen that both electrode size and arc
length have an effect on the frequency of the oscillations.
The arc was started in each case with the anode flat as
shown in Figure 4/!. After the arc had burned about 5
minutes at the arc length and current at which measurements were to be made, the electrodes assumed the shape
shown in Figure AB. Until the anode had reached the
form shown in Figure 4B, no oscillations of a stable nature
could be obtained. However, after the electrodes reached
that shape, the oscillations were relatively stable and the
electrodes maintained this shape. The frequency increases as the arc current i« inrtv»«-d as shown in Fi«rure 3.
but the rate of increase becomes less as the diameter of the
electrodes increases. The amplitude of the oscillations increases as the current is increased up to a value of about 3
volts, at which point the arc l>cgins to hiss.
CURRENT OSCILLATIONS
/^NIIRBFNT OSCILLATIONS of the same frequency and wavcV->< form, but 180 degrees out of phase with the voltage
oscillations, were found to be present. A series of photographs of voltage and current oscillations, taken with a
Lcica 3S-millimetcr camera from the Du Mont dual-beam
oscilloscope, is shown in Figure 5. These oscillations occurred in an arc with 9-millinietcr-diametcr electrodes,
3/40-inch arc length, and currents ranging from 9 to 12
amperes. The photographs show clearly that there is a
180-dcgrce phase shift between the vc'tage and current
oscillations. This 180-degrce phase difference between
current and voltage oscillations is to be expected, since the
quiet oscillations take place on the negative resistance portion of »he voltage-current characteristic of the arc.
Figure 6 shows the approximate variation of arc voltage
with arc current for 9-millimeter electrodes and various
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Figure 4. Sketch of ;noJr
and cathode showing current flow in anode

Figure 5. Voltage
and current oscillation waveforms
for 3/8-inch electrode*, 3/40-inch
arc length

values of arc length. The curves show thai ai low currents, the voltage decreases as the current is increased;
that is, that the arc behaves like a negative resistance until
a dcsuiitc current is reached} at vvlucli point the ate l>cgius
to hiss and the arc voltage abruptly drops 10 volts. A comparison of Figures 2 and 6 shows that the quiet oscillations
occur in the current range just below the point at which the
arc begins to hiss.
LIGHT OSCILLATIONS
7 .snows typical photographs of the voltage trace
A (top) and the light trace (bottom) for 9-miHimctcr electrodes, 3/40-inch ;. ; length, and current about 12 amperes.
The three photographs were taken with the same current
and arc length, the only difference being the region of the
anode from which the light was taken. Figure 7.1 was
taken with the phototube aperture focused on the edge of
the anode crater at the top looking at the cross section of
the arc (point A in FigureAB). Figure IB was taken with
the aperture focused on the edge of the crater in the
TTVOIKE

middle (point H of Figure AB). Figure 1C was taken with
the aperture focused on the edge of the crater of the bottom
(point Cin Figure AB)
In Figure 7/1, the voltage and light
oscillations are almost exactly in phase. In Figure IB, the
ligh' lags the voltage about 90 degrees, and in Figure 1C
the light is 18!) degrees out of phase with the voltage. This
variation of 180 degrees in phase between the light and the
voltage oscillations was observed at all times when the arc
was in the quiet-oscillation region, and the light was observed from the bottom of the anode. The reason for this
phase shift will be explained later. Figure 8 shows a series
of photographs taken at the bottom of the anode crater for
the same conditions of electrode size and arc length, but
with increasing v.dues of current. Figure 8/) was taken at
a current just below the hissing point. Both the voltage
and light waveforms have changed from periodic waves to
random variation
At a slightly higher current, the arc
begins to hiss, Figure 8E. The voltage waveform now appears as a high-frequency hash on the scope while the light
oscillations appear as random fluctuations. The amplitude of the hissing voltage measured on the scope wai' about
10 volts and was independent oi the current.
HIGH-SPEED MOTION PICTURES
PICTURES, 3,000 frames per second,
were taken to determine what effects were taking
place in the arc during the quiet oscillations. An Eastman
Kodak high-speed camera was used with Super A'A' film
with an aperture of fS and a red filter, Corning number
2418. The red filter was used to accentuate the effects at
'he anode surface and suppress the light from the column,
which is predominantly blue The film showed clearly the
rotation of a bright spot of light around the outer circumferencc of the anode crater A neon timing light built into
the high-speed camera was used to provide a 1 120-second
timing pulse on the film
The frequency of rotation of the
spot thus could be determined. The frequency of rotation
was found to be exactly equal to the frequency of the quiet
oscillation observed on the oscilloscope at the time the
motion pictures were taken.
HIGH-SPEED MOTION

MECHANISM OF QUIET OSCILLATIONS
Explanation of Observed Results. The high-speed motion
pictures show conclusively that there is a connection between the oscillations of voltage, current, light, and sound,
ind the rotation ot the anode spot. A possible cause of the
variation in arc voltage would be a variation in arc length
as the spot rot.ttes around the anode crater. An analysis
of Figure AB shows that such a variation in arc length
exists, and that the difference in an. length between top and
bottom is the order of 1 64 inch. Tu determine whether
variations in arc length can account for the variations in
arc voltage, it is necessary to determine the potential gradient of the column. The potential gradient of the arc
column can be determined from the data of Figure 6, and is
approximately 160 volts per inch. A variation of 1 64 inch
in arc length, therefore, would produce a change of 2.5
volts in arc voltage. This is of the same order of magnitude
as obtained from measurements of the voltage oscillations
on the dual-beam oscilloscope. Thus, the voltage oscitla-

tions appear to be caused by the rotation of the anode spot
with a corresponding periodic change in arc length. The
current oscillation would follow as a natural result of the
changes in voltage and the negative resistance characteristic of the arc.
The 180-degrce phase shift of the lisrht oscillations with
respect to the voltage across the anode crater now can t>e
explained. Figure 4B shows a scale drawing of the electrodes as they appear when the arc is in the quiet-oscillation
range. The arc length may be either DA when the spot is
at the top of the crater, DC when it is at the bottom, or any
length between these values. As shown in the diagram,
DC is less than DA. Suppose the voltage oscillations arc
impressed upon one section of the dual-beam oscilloscope
and the light oscillations on the other section, and the aperture of the phototube is focused on poi;it .1 of the crater:
the voltage then will be a maximum when (he anode spot
is at point A. One-half cycle later, the anode spot will be
at point C. The voltage and light will be a minimum,
since the phototube is still focused on point .!. while the
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Figure 6. Voltagecurrent characteristics of carbon arc
in air, 3/8-inch
electrode!
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A Light From Too of Anode

Figure 7. Voltage
and light oscillation waveforms for
3/8-inch
electrodes, 3/40-inch
arc length, 12
amperes
B Light From Middle of Anode
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Figure 8.

e IUI
Voltage and light oscillation waveforms, 3/8-inch electrodes, 3/40- inch arc length

bright spot of light has moved. Hence, the voltage and
light oscillations will be in phase. If the phototube aperture is focused on point C, the voltage will be a minimum
when the spot is at C, but the light will be a maximum.
One-half cycle later, when the spot is at A, the voltage will
lie a maximum, and the light will be a minimum. Thus,
•he voltage and light will be 180 degrees out of phase when
the phototube is focused on the bottom of the anode crater
and they will be in phase when the phototube is focused on
the top of the crater. When the phototube aperture is
focused on the middle of the crater, the phase difference
will be ")0 electrical degrees. This explanation is consistent
with Figure 7 which shows the voltage and light in phase
at the top of the crater, 00 degrees out of phase in the middle
of the crater, and 180 degrees out of phase at the bottom of
the crater. The quiet oscillations, therefore, are the result
of the rotation of the anode spot around the anode crater.
Cause of Rotation. The cause of the rotation is now to be
determined. It is known that a beam of electrons in a
transverse magnetic field will be acted on by a force which
will tend to move it in a direction (icrpcndicular to both the
direction of the field and the direction of the beam. Such
a motion will be circular. The arc current can l>e considered to be a concentrated beam of electrons and ions,
out mosiii electrons. inc cotaCt-niration wi ^H^UVMU »*
particularly large near the anode. When the current
enters the anode spot which is small in comparsion with the
anode crater, the current will tend to spread out to form
How lines as shown in Figure 4. Such a distribution of current as in Figure 4 will produce a transverse component of
magnetic field at the crater surface. Thus, ihcie will be a
tendency for the ire column to rotate. The strength, of
the magnetic field will depend upon the value of the current
and the degree of dissymmetry present at the anode crater.
With an electrode which was cut with a perfecriy flat face
perpendicular to the electrode axis, there would be no
transverse component of magnetic field, as in Figure 4.4.
This fact explains why there are no quiet oscillations when
the arc is first started with flat eiectrodes, and why the
oscillations become more and more firmlv established as the

desired. Such a determination can be made by making
several assumptions which have been fairly well established
in the arc field. Considering that the arc column is essentially a concentrated beam of electrons, such that it can be
thought of as a cylinder rotating through the arc atmosphere, the following equation was developed:

/-cr-y/w,
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Figure 9. Correlation
between
measured and calculated valuet of
frequency of quiet
oscillation!. Solid
linei—experimental; dotted linei—
calculated.
A—1/4-inch tttctrodts
B—3/8-inch etectroda
C—112-inch rite trades
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electrodes burn so as to attain the final shape. The shape
of the anode is the critical factor, and the shape of the
cathode tip seems to mrke no difference. The oscillations
will occur with a flat cathode and an anode which has
burned to the shape shown in Figure 4*9. The anode attains this shape as a result of the fact that the heat rises by
convection and causes more rapid burning at the top of the
electrode.

where C and n are constants depending upon the electrode
diameter; / is the arc current in amperes; R is the radius
of the arc column; r is the radius of rotation of the anode
spot; and /» is the arc length.
The comparison between the measured values of the frequencies of the quiet oscillations and the calculated values
from this empirical equation are shown in Figure 9, for
three sizes of electrodes.
Tests With Other Types of Electrodes. Attempts were made
to obtain quiet oscillations with electrodes other than the
National Carbon Company solid projector carbons used in
all the work thus far reported. No other electrode produced oscillations as stable as those with carbon. Graphite electrodes produced hissing with no noticeable region
of quiet oscillation before hissing began. Copper, aluminum, and tungsten electrodes showed a region of voltage
fluctuation Ix'fore hissing i>egan. but there were no stable
oscillations that could be studied as in the case of carbon.
CONCLUSIONS
THE RESULTS

of this research may be summarized as

follows:

Effects of External Fields. In order to determine the effects
of various types of magnetic fields on the oscillations, several experiments were conducted. The arc was burned in
the presence of an external radial magnetic field. When
the external field was in such a direction as to add to the
arc's magnetic field, quiet oscillations and hissing occurred
at a lower cuncnt than without the field. If the magnetic
field were reversed so as to oppose the arc's field, quiet oscillations and hissing occurred at a higher current than without the field.
The effect of an axial magnetic field was to increase the
amplitude of the quiet oscillations without affecting their
frequency. The amplitude of the quiet oscillations increased linearly with magnetic-field strength.
The effect of a transverse magnetic, field was to increase
the frequency of the quiet oscillations with no efTect on the
amplitude if the external field were in such a direction as
to aid the transverse component of magnetic field produced by the arc. If the external transverse field were reversed, so as to oppose the field produced by the arc, the
frequency of oscillation decreased as the field was increased.
These studies show clearly that a magnetic field has significant effect on the quiet oscillations and actually can
cause them to occur at currents below which they would
occur normally. This serves to substantiate the explanation of the cause of the oscillations given previously.

!. A study of the d-c arc in air at normal temperatures
and pressures l>ctwecn solid carbon electrodes has disclosed
the presence of symmetrical, uniform oscillations of current,
voltage, light, and sound occurring at current values just
l>clow the hissing stage.
2. The oscillations are of low frequency in the range
50 to 400 cycles.
3. The oscillations occur with high uniformity only
after the anode tip has attained its characteristic shape.
4. The frequency of the oscillations is affected by the
material, diameter, and separation of the electrodes and by
the arc current, but not by reactance present in the power
supply.
5. The oscillations are caused by rotation of the anode
spot about the periphery of the anode due to the presence
of an unsymmetrical magnetic field caused by the arc current itself at the anode surface.
6. An empirical equation has been developed to express
the frequency of the oscillations as a function of current
and electrode parameters.
7. Ii is believed that the behavior of the anode spot and
the influence of the arc's own magnetic field as reported
here have a direct bearing on the initiation of the "hissing"
arc and on its characteristics.
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Dear 8ir:
one (1)
Enclosed herewith are tsjocCBj copies of Technical Kepoart
Bo. 3 "A Study of Fundansntal Processes Causing Instability la D-C Ares"
la oonneetloa with our work on Contract Bear 246(09). This report complates our studies of the oscillations In direct current arcs which were
found to be caused oy notion of the anode spot in the arcs osn magnetic
field, fhese oscillations are believed, to be one of the major causes of
instability in the operation of the high current arc.
Our studies of arc stability have resulted in the publication of three papers by the American Institute of Electrical Engineers
and the work has been presented orally at two Bational Technical Conferences. A reprint of one of these papers forns a part'of the enclosed
Technical report. Zt is felt that the results have provided a contribution to the knowledge of the fundamental processes taking place in electric arcs and as such should be of help to those who are designing appare.
tus and procedures in which the arc is es^loyed.
As acted in our 1-jst Status report* our program of basic
are research is being continued with emphasis on the effects of various
conbiatticas of electrode* sa.teria.to and of fixtures of the inert gases
on the behavior of th» liigh current arc, A pnpCi- ^eribiss eons of the
results of this work has been submitted /or publication to the American
Institute of Electrical Engineers.
Copies a? the enclosed report arc being sailed in sccerdance with tba attached Distribution ULst.
Very truly yours,
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r«««.-jch Contitic^ Director
TBj/ls
sac*

DI8TRIBUTI0H LIST
Technical and Suwaary Reports

Contract lonr - 2**6<09),

Task Ordar I

Chief of Saval Research
Departaetnt of the Nary
Washington 25, D. C.
Attn: Code ^23

(2)

CoMandlna Officer
Office of Haral Research
Branch Office
1*95 Sxaeaer Street
Boo ton 10, Massachusetts

(1)

Coaaandiag Officer
Offl:;.-.- of SBT&I Research
Branch Office
50 Church Street
Rev York
Nev York

(1)

Co—adiag Officer
Office of Baval Research
Branch Office
Bhh N. Rush Street
Chicago 11, Illinois

(1)

Cosaaaadiag Office.
Office of Naral Research
Branch Office
801 Donahue Straat

San Francisco 2^, California

(1)

C'c*aaadlng OfficerOffice of Ne/rsJ. Research
Branch Office
1030 Grecc Street
Paofcdcua, Califorcia

(1)

Assistant
»f

V •

a

<J «

WHYI'JI

Attache for P.sas&rcU, Londcs

*fm.•o-.r

MQ1J

APO 100
Nev York, lev York
Office of Gars! Research
Resident Repr«o»ct&tive
Jahau Hopkiac University
Institute for Cooperative
1315 St. Paul Streot
Bait lucre- 2, Marylaftd

(5)

'i'uoarcn

(I)

Director, Bayal Research Laboratory
Washington 25, D. C.
Attn: Technical lafomatioa
Officer
(O)

Technical » 8uneary Reports

'Contract Boor - 2W5(09), T.O.I.

(Contd.)

Project 91 O3I-303
HAVY

SAVT

Chief, Bureau of lards and Dock*
navy Departaeant
Washington 25, D. C.
Code 2020, Technical Librory (l) Attn: Research & Standardo D1T.

Director of Htevel Research laboratory
Washington 25, D. C
Attn: Cod* 3500, Metallurgy Div. (l)

Post Graduate School
Monterey, Californla
attn: Dspartjseat of Metallurgy

Bureau of Aeronautics
Kavy Departswnt
Washington 25.- D. C.
Atta: H.Z.Proalsel, AE-41

(1)

(3)

Technical Ubrary, IS-VL (l)
Co—tnding Officer
Naval Air Material Center
Havel Ba*?» Station
Philadelphia, Pa.
Atta: Aeronautical Materials Lab.
Bureau of Ordain"*'
Navy Deportaent
Washington 25, D. C
Attn: ?.«x
Technical Library,Ad3

ARMY

Chief of Staff, Ceparteent of the Arzsy
The Pentagon
Washington 25, D. C.
Attn: Director of Research a DeveloEB»at(l)

(1)

(3)
(l)

Superiatandsat, !Javsl Gun factory
Weshlr^tca 20, D. C.
Atta: Metallurgical Lat., la 910 (l)
Co—aading Officer
U.8. Beval Ordnance Laboratory
White Oaks, Mary lard

(1)

a

(•)

Coananding Officer
U.S. Naval Ordnacoa Teat Station
Inyokern, California

(1)

Bureau of 3hip«

Office of Chief of '.^rdanance
RfiBCurcli and DsvelOfaent Service
Departaent of the Aray
The Peatagoa
Washington 25, D. C.
Attn: OBDTB-P.osearch Coordination
Branch

(3)

Ccssoanding Officer
Watertovn Arsenal
Watcrxovn, tfasca^hucetto
Attn: Laboratory Division

(1)

CcoBftnding Officer
frackford Arosnal
Philadelphia, Fa.
Attn; Laboratory Division

(l)

Offiac of the Chief of Engineers
Dsparttvsnt of the Ar:3y
Tr-e Pentagon

Washington S5> D.C

Washington 25, D.C.
Attn: Code 3*0

(3)
Code 337L, Technical Library (1

Atta: Research arid LoYelOi5££rit Branch

(l)

AIR FORCES

U. S. Naval Engineering Expsriaeat
Station
Annapolic, Maryland
Attn: Metale laboratory

(l)

U. 6. Aii- Fores9
Raocarca cad Dsvelopsasnt Division
Che Pentagon

Washington 25, D.C,
Director, Met^riala laboratory
'iding 291
r<*v York Hnval Shipyard
Brooklyn 1, New York
Atta; Cod* 907

i'l)

(1)

AIR FORCES
Air Material Ccsmand
Wrlght-Petteraon Air Force Base
Dayton, Ohio
Attn: Materials Laboratory
MCREXM

(l)

National Bureau of Standards
Washington 25, D.C.
Attn: Physical Metallurgy Division (l)
national Advisory Cceaaittee for
Aeronautics
1721+ F Street, N.W.
Washington 25, D.C.

(1)

Research and Development Board
Ccaaittee on Basic Physical Sciences
The Pentagon
Washington 25, D.C.
Attn: Metallurgy Panel
(1)
Chief of Bureau of Ships
Navy Department
Washington 25, D.C.
Attn- Code 6$/2

(1)

Wastiughouse esearch Laboratories
East Pittsburgh, Pennsylvania
Attn: Dr. J. Slepian

(1)

Professor W. F. ECBS
Liepart.sient of Sietallurgy
Rentsaelaer Polytochnic Institute
Troy., New York

(i)

Generr.l Electric Company
Research Laboratories
Schenr-tady, Rev York
Attu: J. D. Cobine

( -»-/

Professor G. II. Fett
D^partjsent ci Electrical Engineerin:
University of Illinois
Urhojia, lilinoia

(i)

Ilagizicoring ReEearch Laboratories
Engineer Center
Fort Bel^oir, Virginia

(D

Dr. R. F. Hehl
C'.'.rc2gi8 Institute of Technology
Pittsburgh, Pennsylvania

(1)

Dr. L- B. Loeb
Uuivareity o" California
Pbysic* n»pfl.rtmpnt
Berkcly, California

(D

(2)

OTHER OOVERyKEKT AGENCIES
U. S. Atonic Energy Ccaaiocio^
Division of Research
Metallurgical Branch
Washington 23, D.C.

hi?. James F. Lincoln
Lincoln Electric Company
Colt Road
Cleveland, Ohio

(1)

Operations Evaluation Grc/ui'.
Chief of Naval Operation!*
Mary Department
Washington 25, D.C.
Attn.: E.S.Leaar

U)

W. Spraragec, Director
Welding Reesarcn Ccvncil
29 w- 39th Street
Nev York 18, Sev York

{•>•;

Armour Research Foundation
Metals Research Laboratcvy
Technology Canter
Chicago 16, Illlaoia
Attn: Dr. J. H. Parko

(1)

Dr. A. C-. Guy
Office of Ordwince Research
Duke University
2127 Kyrtle Avenue

