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Progress of Hig_h_-S;ood Moving Pictures
or
Lever Brothers Company

July, 1933. First pictures of stearine dropying from a nozzle, end of
stearine spray at 500 pictures per second.
Milk-drop motion pictures (1500 piectures per second) . W g
Attempt to enalyze the motions of milk drops from pictures
accurately timed (1020 pictures per second). Pressure 3, 6,

end 12 lbs. No results of any value from this experiment.

New high-speed camera complsted.
Experimented with high-speed circuits for several weeks.

July 30, 1983. Took pictures at 3000 per second.
Devised method of enlerging smd reprinting small pictures
which was very useful in this study of particle formation.

Aug. 9, 1933. 6000 pictures per second.
Further work to inorease camera acceleration.
Experimented with stearine spray and tock high-speed closeup

movies.

Sept. 22, 1933. Showed preliminary reel on stearine-particle formation and
dilute-soap experiments to Messrs. Bodman, Maxwell, Squires,
Pease, Robinson, and Stevenson. lMore scenes were suggested
at this preliminery review.

Oct. 28, 1933. Further development of spark shedow epparatus which greatly
improved the quality of the high=speed motion pictures.
Pictures of Rinso liquid phese in pressure spray gun.
High-speed movies of Rinso from special heated pressure tank,

Nov. 5, 1933. Further work on Rinso and Rinso liquid phase.

Nov. 11, 1933. Rinso pictures.

Nov. 25, 1933. Neat kettle soap.

Dec. 1, 1933. Moved camera to Lever Brothers factory to photograph Rinso
in a production nozzle.

Repeated stearine pictures and re-edited the reel.
Attempt to photograph Lamont conditions.

Jan. 4, 1934. Showed two reels of motion pictures to Lever Brothers repre-
sentatives and to their attorneys.
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7:30 P.M. Rutland Roc

PROGR A M Address by Mr. Sol

NRA, broadecast
Broadcasting Cc

MONDAY, APRIL 23RD tertainment.
9:00 A. M. Viking Room: Registration. THUI
10:00 A. M. General Session. 9:30 A.M. (A) Labora
Society Business. “Continuous Optical .
: . York, N. Y.
Report of the Progress Committee; J. G. Frayne, Chairman.
“Technical Committees—Their Organization and Policies” ; “A Non-Slip Sound P
L. A. Jones, Engineering Vice-President. pany, Camden, N
Report of the Committee on Standards and Nomenclature; “An Optical Reducti
M. C. Batsel, Chairman. L. T. Sachtleben,
“History of Sound Pictures”; W. E. Theisen, Honorary Open Forum: “Sug;
Curator, Los Angeles Museum, Motion Picture Division, Picture Laborato
Los Angeles, Calif. Applications of t
“Some Early Experiments in Photographic and Motion Pic- .9:30 A.M. (B) General
ture Work” ; F. E. Ives, Philadelphia, Pa. “Properties of Piezoel
hone Laborator:
“QOscilloscope’” ; H. F. Mallina, Bell Telephone Laboratories, phens Lege
New York, N. Y. “The Keller-Dorian P:
11:30 A. M. Projectionists Meeting. “The English Dufaycc
Special meeting for Atlantic City projectionists, exhibitors, E York, N. ¥,
and managers; Addresses by Dr. Alfred N. Goldsmith, “A Year’s Practical E
President, Mr. F. H. Richardson, and Mr. William Reed, Camera”; H. T. L
of Atlantic City. Representatives of the local theatres New York, N. Y.
and of the Projectionists’ Local No. 310 will attend. pany, Rochester,
1:30 P. M. Benjamin West Room: Informal Luncheon. Apparatus Symposiun
Addresses by several prominent speakers, names to be an- “A Small Develop
nounced later. Debrie, Ine.,
3:00P.M. (A) Sound Session. “Camera for S%bl
“Some Recent Improvements in Equipment and Technique in Pasadena, Ca
the Production of Motion Pictures” ; E. A. Woleott, RKO “Ppiezoelectric Mic
Studios, Hollywood, Calif. velopment Co
“The Engineer’s Contribution to the Development and Mar- i
keting of RCA Victor Photophone Sound Equipment”; Theﬁtr?,'sf,at; %
J. Frank, Jr., RCA Victor Company, Camden, N. J. Ygik’ N Y.
“The Photographic Disc Recorder” ; E. D. Cook, RCA Victor f
Company, Camden, N. J. “Camera and Project

R. 8 Hopkins. E

“A Demonstration of the Properties of Wave Filters”; C. E. NY

Lane, Bell Telephone Laboratories, New York, N. Y.

(2]




3:00P. M. (B) Amateur and 16-Mm. Session.

“A Sixteen Millimeter Sound Camera”; G. L. Dimmick,
C. N. Batsel, and L. T. Sachtleben, RCA Victor Com-

pany, Camden, N. J.

“Qixteen Millimeter Sound Motion Pictures in Color”;
C. N. Batsel and L. T. Sachtleben, RCA Victor Company,
Camden, N. J.

Report of the Committee on Non-Theatrical Equipment;
R. F. Mitchell, Chairman. o

“Problems of the Amateur Motion Picture Maker”; R. C.
Holslag, Amateur Cinema League, New York, N. Y.

“Hand Synchronized 16-Mm. Sound Pictures”; H. Jones,
Buffalo, N. Y.

“Recent Examples of 16-Mm. Sound Pictures on Double
Sprocket Hole Film”; A. W. Carpenter, H. J. Has-
brouck, J. F. Nielsen, and E. R. Ross, United Research
Corporation, Long Island City, N. Y.

TUESDAY, APRIL 24TH

9:30 A. M. Projection Session.

“Factors Covering the Design of Projection Lamps, and
Their Application to Equipments”; F. E. Carlson, Gen-
eral Electric Company, Cleveland, Ohio.

“The Relationship of the High-Intensity A-C Arc to the
Light on the Projection Sereen”; D. B. Joy and E. R.
Geib, National Carbon Company, Cleveland, Ohio.

“Operating Characteristics of the High-Intensity A-C Arc

for Motion Picture Projection”; D. B. Joy and E. R.
Geib, National Carbon Company, Cleveland, Ohio.

“A-C Adapters for Low-Intensity Reflecting Arc Lamps” ;
R. Miehling, New York, N. Y.

Report of the Projection Practice Committee; H. Rubin,
Chairman.

“Effect of Aperture Lenses on the Illumination of Motion
Picture Screens” ; W. B. Rayton, Bausch & Lomb Optical
Company, Rochester, N. Y.

1:30 P. M. Exchange and Theatre Session.

“Simple Theory of Three-Element Vacuum Tubes” ; H. A.
Pidgeon, Bell Telephone Laboratories, New York N. Y.

Report of the Sub-Committee on Exchange Practice; T.
Faulkner, Chairman.

“Reel Problems in Exchange Practice”; T. Faulkner, S. M.
Chemical Company, New York, N. Y.

(3]
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“Technical Aspects of Theatre Operat
L. W. Conrow, Electrical Researq
York, N. Y.

“Cheapness Does Not Always Pay”; I
York, N. Y. g

“The Motion Picture Theatre Auditi
New York, N. Y.

Open Forum: “What is Wrong with t
Picture?” “How can the S. M. F
vice to the Industry ?”

WEDNESDAY, APRIL 2

9:30 A.M. (A) Sound Session.

“Some Considerations in the Design
Equipment”; F. C. Willis and G.
search Products, Inc., New York,

“An Improved Sound System for |
G. L. Dimmick and H. Belar, I
Camden, N. J.

“On the Realistic Reproduction of £
Reference to Sound Motion Piett
F. Massa, RCA Victor Company,

Report of the Sound Committee; L. W

“Recent Optical Improvements in W
Film Recording Equipment”; W
phone Laboratories, New York, N

“Care and Operation of Theatre Sounc
and P. T. Sheridan, Electrical R
New York, N. Y.

9:30 A. M. (.B_l Lighting Session. £

“Studio Lighting”; S. W. Woodside
Company, Bloomfield, N. J.
“The Application of the Bi-Plane Fi

Spotlighting Service”; G. T. ]
Company, Bloomfield, N. J.
“Developments in Spotlighting”; H.
Stagelighting Company, New Yol
“Theatre Lighting, Using Thyratro:
General Electric Company, Clevel
“Visual Accompaniment for Record
Audio Productions, Inc., New Y02

«Stroboscopic Light High-Speed Photo
ton and H. Germeshausen, Mass
Technology, Cambridge, Mass.

[4]



“Technical Aspects of Theatre Operation”; R. M. Wilcox and
% Wk gorgow, Electrical Research Products, Inc., New
ork, N. Y.

“Cheapness Does Not Always Pay”; F. H. Richardson, New
York, N. ¥.

“The Motion Picture Theatre Auditorium”; B. Schlanger,
New York, N. Y.

Open Forum: “What is Wrong with the Shape of the Motion
Picture?”’” “How can the S. M. P. E. Be of Better Ser-
vice to the Industry ?”

WEDNESDAY, APRIL 25TH

9:30 A. M. (A) Sound Session.

“Some Considerations in the Design of Sound Reproducing
Equipment”; F. C. Willis and G. Friedl, Electrical Re-
search Products, Inc., New York, N. Y.

“An Improved Sound System for Noiseless Recording”;
G. L. Dimmick and H. Belar, RCA Victor Company,
Camden, N. J.

“On the Realistic Reproduction of Sound, with Particular

Reference to Sound Motion Pictures”; H. F. Olson and
F. Massa, RCA Victor Company, Camden, N. J.

Report of the Sound Committee; L. W. Davee, Chairman.

“Recent Optical Improvements in Western Electric Sound
Film Recording Equipment”; W. Herriott, Bell Tele-
phone Laboratories, New York, N. Y.

“Care and Operation of Theatre Sound Systems”; J. S. Ward
and P. T. Sheridan, Electrical Research Products, Inc.,
New York, N. Y.

9:30 A.M. (B) Lighting Session. =

“Studio Lighting”; S. W. Woodside, Westinghouse Lamp
Company, Bloomfield, N. J.

“The Application of the Bi-Plane Filament Light Source to
Spotlighting Service”; G. T. Mili, Westinghouse Lamp
Company, Bloomfield, N. J.

“Developments in Spotlighting”; H. Kliegl, Kliegl Bros.
Stagelighting Company, New York, N. Y.

“Theatre Lighting, Using Thyratrons”; C. F. Bateholtz,
General Electric Company, Cleveland, Ohio.

“Visual Accompaniment for Recorded Music”; G. Lane,
Audio Productions, Inc., New York, N. Y.

“Stroboscopie Light High-Speed Photography” ; H. E. Edger-
ton and H. Germeshausen, Massachusetts Institute of

Technology, Cambridge, Mass.

(4]
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7:30 P.M. Rutland Room : Semi-Annual Banquet.

Address by Mr. Sol A. Rosenblatt, Division Administrator,
NRA, broadcast over the red network of the National
Broadcasting Company. Dancing, Motion Pictures, En-
tertainment.

THURSDAY, APRIL 26TH
9:30 A.M. (A) Laboratory Session.

“Continuous Optical Reduction Printing” ; A. F. Victor, New
York, N. Y.

“A Non-Slip Sound Printer”; C. N. Batsel, RCA Victor Com-
pany, Camden, N. J.

“An Optical Reduction Sound Printer”; C. N. Batsel and
L. T. Sachtleben, RCA Victor Company, Camden, N. J.

Open Forum: “Suggestions for Improvements in Motion
Picture Laboratory Practice.” “Possible Motion Picture
Applications of the Principle of Auditory Perspective.”

.9:30 A.M. (B) General Session.
“Properties of Piezoelectric Crystals”; F. R. Lack, Bell Tele-
phone Laboratories, New York, N. Y.

“The Keller-Dorian Process”; P. D. Brewster, Newark, N. J.

“The English Dufaycolor Film Process” ; W. H. Carson, New
York, N. Y.

“A Year’s Practical Experience with a High-Speed Timing
Camera”; H. T. Day, Electrical Research Produets, Inc.,
New York, N. Y., and F. Tuttle, Eastman Kodak Com-
pany, Rochester, N, Y.

Apparatus Symposium:

“A Small Developing Machine”; H. R. Kossman, Andre
Debrie, Inc., New York, N. Y.

“Camera for Submarine Photography”; L. F. Douglas,
Pasadena, Calif. ,

“Piezoelectric Microphones”; A. L. Williams, Brush De-
velopment Company, New York, N. Y.

“Theatre Seats Designed for Correct Sight and Acous-
ties”; P. F, Masucci, International Seat Corp., New
York, N. Y.

“Camera and Projector for Newspaper Library Work”;

R. S. Hopkins, Eastman Kodak Company, Rochester,
N. Y.

[5]




l 1:30 P. M. Photographic Session. '

“Some Properties of New Agfa 35-Mm. Film'; P. Arnold,
Agfa Ansco Corporation, Binghamton, N. Y.
“The Failure of the Reciprocity Law in Photographic Expo-
?ure’ﬁ; .{{ H. Webb, Eastman Kodak Company, Roches-
er, N. Y.

L
i - -4 . »”
The Microdensitometer as a Laboratory Measuring Tool”; {
*T—'.
il
|
R
|
‘T'—
v

i

g. % Goehner, Bell Telephone Laboratories, New York,
“A Sweep Oscillator Method of Securing Wide Band Fre-

quency Response Spectra on Short Lengths of Motion
Picture Film” ; J. Crabtree, Bell Telephone Laboratories,

New York, N. Y.

L “Problems Involved in Talking Pictures from the Air”;
Fairchild Camera Corporation, New York, N. Y.

——— - ——

ADJOURNMENT OF THE CONVENTION

Note: The Society of Motion Picture Engineers will not be responsible for
statements made by authors.
{! Convention Committee, Papers Committee,
W. C. Kunzmann, Chairman. J. 0. Baker, Chairman.

[6]
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Preprinted, not published, for the meeting of the American Inatitute of Chemical
Engineers, New ¥York, N. Y., May 1}-16, 1935, This paper ig the literary property of
the Institute and is not to be reprinted in whole or abstract until after the meeling and
then only with permission and with due credit. Written discussion is invited and may be
#ent to the Executive Secretary, Frederic J. LeMnistre. 808 Rellerue Court Building,
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THE STROBOSCOPE AND HIGH-SPEED MOTION-
PICTURE CAMERA AS RESEARCH INSTRUMENTS

By HAROLD E. EDGERTON * and KENNETH J. GERMESHAUSEN

I. Introduction

Time is an important element in engineering processes and projects
as well as in the normal routine happenings of the day. Production
processes, new developments, and experiments of all kinds are sched-
uled, judged, and recorded as functions of time in units of years,
months, weeks, days, hours, minutes, or seconds. For instance, the
construction of a large building may require a year, and during this
time charts showing the daily progress of the work are carefully
recorded and studied by the constructors to guide them in finishing the
work within the scheduled time interval, As another example, the
motions of the hands of a girl assembling the elements of a radio tube
are carefully studied in order to reduce lost motion and the time
required for the construction of the tube. Since the hands move so
quickly that some of the actions are lost to the eve of the observer, it
has been common practice to use slow-motion pictures for the pur-
pose of motion study. Such pictures taken, say, at 64 frames per
second and projected at 16 per secand, show the action slowed down
by a factor of four, and make it possible to see motions normally lost
to the eye. Furthermore, a study of the individual pictures them-
selves, frame by frame, often brings out obscure but important details
Similar motion studies of fast machinery are difficult because equip-
ment is not commonly available for recording the information in a
similar fashion,

The stroboscope and the stroboscopic-light, high-speed motion-
picture camera are instruments of use especially in studying rapidly-
moving objects, and the purpose of this paper is to discuss the ability
and limitations of each in their application to engineering problems.
The mercury-arc stroboscope lamps used in the particular type of
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stroboscopic apparatus described, were developed at the Massachusetts
Institute of Technology in the Electrical Engineering Department, and
successfully applied to the measurement of the oscillations of syn-
chronous machines during transient conditions. Since then they have
been applied to many other problems, a few of which will be described
in this paper.

1. The Stroboscope

The stroboscope is applicable to the study of problems wherein

the motions are periodic and of high enough frequency to utilize the

Fic. 1. A photograph showing a mercury-arc stroboscope illuminating an
electric fan, The blades of the fan are visible in the photograph, although the
continuous light shows a blur between the blades. A small piece of cloth satu-
rated with titanium tetrachloride is used to produce smoke in order to investigate
the flow of air through the fan blades.

persistence of vision. Since it is easy to use, it should be employed
wherever possible in preference to photographic methods.
Stroboscopic effects have been observed for at least a century,
The first experiments involved mechanical interruption of a beam of
light, either before striking a rotating object or after heing reflected
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towards the eye. Studies of the conduction of electricity in gases led
to the development of more efficient types of stroboscopes wherein the
light itself was not continuous but intermittent. Many of these utilize
a neon-flled tube. The stroboscope described in this paper uses a
mercury-arc lamp which has many useful characteristics in common
with the neon tube, and in addition has a quality of light more useful
for taking photographs.

The stroboscope depends upon the persistence of vision of the eye.
The periodic flashes of light produced by the stroboscope are arranged
to be at a frequency of approximately that of the object under obser-
vation. Consider, I'm'-t-:x;unph‘. a wheel rotating at a speed of 3600
revolutions per minute. Should the stroboscope be adjusted to 3600
flashes a minute, the wheel would appear absolutely stationary. With
a flashing frequency of 3590 per minute the wheel would appear to
rotate forward at a speed which is the difference of the actual speed
and the flashing speed, which in this case is 10 per minute

a speed
which may be easily counted. Likewise, should the flashing speed of
the light be greater than the rotation speed, then the wheel will appear
to rotate backwards at a speed which again’is the difference. Small
irregularities in the speed of the wheel are very evident, since they are
directly observable instead of being superimposed upon the actual
speed of rotation.

Other motions than those of rotation are observable with the strob-
oscope. In this classification are springs, wires, braces, beams, liquids,
the flow of air through fan blades and compressors, the vibration of
crank shafts, and innumerable other moving parts. The requirements
are that the motion shall be both (1) periodic, and (2) of sufficiently
high frequency to use the persistence of vision. Speeds below about
960 per minute are difficult to observe with a stroboscope, because
the eye fails to hold over the images and is bothered by the flicker.
A bright stroboscopic light source in a very dark room makes it pos-
sible to see even down to as low as 100 revolutions per minute,
although the result may be far from satisfactory. The high-speed
motion pictures are useful for cases involving these low speeds, and
will be taken up later.

A great many times in engineering work it becomes important to
read the speed of an inaccessible part or a light delicate member
which would be very appreciably slowed down by a tachometer. The
stroboscope is an ideal instrument for reading speed in either of these
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cases and many others, the only requirement being that the object can
be seen. All that is necessary is to adjust the frequency of the strobo-
scopic light until the object appears stationary, since when this is true,
the speeds of the two are identical. .\ determination of the speed of

Fic. 2. Three enlarged frames from a 35-mm.
motion picture showing a close-up view of the
smoke (see Fig. 1) as it forms vortices on the ends
of the blades. Taken with a standard 35-mm.
camera, £3.5 lens, supersensitive panchromatic film,

the commutator immediately results in a determination of the speed of
the object. One word of caution is necessary. The speed of the
object may be a multiple of the speed of the commutator, since the
object may rotate two times, three times, etc., between flashes and yet
appear the same to the eve. It is impossible to get a fundamental
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stationary pattern with flashing speeds greater than the actual speed.
Therefore, il the speed of the stroboscope is continuously raised, the
highest speed which will give a stationary fundamental pattern is that
which corresponds to the speed of the object. Usually the approxi-
mate speed 1s known; for instance, a spindle in a textile plant goes
approximately 10,000 revolutions per mmute.

A symmetrical radial pattern such as is given by a wheel with a
number of evenly spaced spokes, may sometimes give erroneous
results, since the spokes may be sufficiently identical to be confusing
to the eve because of their similarity. Confusion of this sort is easily
avoided by painting or marking with chalk one of the spokes or making
a mark on the rim. Oftentimes these symmetrical patterns give useful
relationships, since the number of identical ¢lements around the circle,
k, the speed of rotation, R, and the frequency of flash, F, are related
by a simple equation for the case giving an apparently stationary
pattern.

Rk = Fn where R = speed m r.p.m.
I© = flashes per minute.
k = number of elements.
n = any integer suchas 1, 2, 3, 4, etc.

A more detailed explanation of this equation and its application is
given in one of the references.®

A few of the outstanding examples of uses of stroboscopic light
are listed below :

(1) The study of wibrations. By means of the stroboscope it is
possible to study in detail the nature of vibrations, to measure their
irequency, to determine the time-phase relationship to the disturbing
force, and to measure the amplitude.

(2) Tachometer. As has been described, one of the most obvious
uses of the stroboscope is to measure speeds.

(3) Meter calibration. A standard watthour meter® is employed
to time the interval between the flashes of light. The stroboscopic
light shining upon the meter to be calibrated enables the tester to
immediately adjust the setting until the dial appears to be stationary,
at which time the two meters are running at identical speeds.

(4) Waich adjustment. A constant frequency may be used to trip
a stroboscope lamp for quickly adjusting the regulation of a watch.
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The development of a scheme of this tvpe' was recently announced.

(5) Observation and adjustment of periodic production opera-
tions. In this classification are envelope folders, bread slicers, packag-
ing machinery, paper cutters—where registration of the cutter with a
clesign is important—and multicolor printing on paper and cloth.

(6) A high-speed elock hand. The General Radio Company uses
a stroboscopic lamp so arranged as to be flashed by the time signals
from Arlington. A hand on the clock, rotating ten times per second,
permits comparison of times to be made to an accuracy of 1/5000th

of a second.

Ill. High-Speed Motion Pictures

There are many events in this life that happen too quickly to be
seen by the unaided eye. Either too much information is presented in
too short a time for the brain to record, or the motion of a particular
object is too rapid for the eye to follow.

It has been seen that the stroboscope is useful in slowing down
repetitive or periodic events, but for those events that do not repeat
at regular intervals with a frequency of greater than about 16 a second,
the high speed camera is the only tool at present available to enable
the eye to see what is happening.

Motion pictures of this type are taken with the camera driven at
a rate greater than normal, and are then projected at the usual rate.
The projected picture shows the motion of the subject slowed down
by that ratio by which the camera was speeded up.

Further than allowing one to see the event at a reduced speed,
high-speed photography enables one to make accurate measurements
of velocities, accelerations, and displacements. If motion pictures of
an event are taken and the time between successive pictures is accu-
rately known, displacements between successive pictures can be meas-
ured, and, since the time is known, it is possible to compute the accel-
eration and velocity.

A short exposure time is important for measurements of the type
described above, since a short exposure reduces the blur of the image
of the moving object on the film. Stroboscopic photography with its
exposures of less than one one-hundred-thousandth of a second is
particularly useful in measurements of the motions of high-speed
objects. For instance, the golf ball velocity study which is given later
as an example would be very difficult if the exposures were even as
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long as one ten-thousandth of a second, since the ball would move
about 1/4 of an inch (about 1/6 of the diameter of the ball) during
the exposure time.

[t seems to be impractical to speed up the ordinary intermittent
motion-picture mechanism to speeds much greater than ten times
normal because of inherent mechanical difficulties. Thus, in general,
it may be said that all types of high-speed cameras for speeds greater
than about 160 pictures per second must utilize continuously-moving
film instead of intermittently-moving film. There are two types of
continuously-moving-film cameras :

(1) Those employing a moving optical system to keep the image
stationary with respect to the film during the exposure time.

(2) Those employing an intermittent source of stroboscopic light
whose flashes are of sufficiently brief duration to give a sharp image
on the moving film.

Each of these two types of camera has its advantages and dis-
advantages which need to be carefully considered with respect to the
particular problem at hand. The first type of camera®™8 is especially
adapted to the study of subjects which produce their own light, com-
mon examples of which are the burning of vapors, the action of
explosives, the motions of an electric arc, the reactions in a photoflash
bulb, and the behavior of the cathode spot in a mercury arc. The
stroboscopic-light type of camera is of very limited use in the study
of problems such as these.

The principal advantage of the stroboscopic-light type of camera
over the moving-optical-system type is the short exposure time which
effectively stops the motion of rapidly-moving objects during expo-
sure. The stroboscopic light gives an exposure time of a few mil-
lionths of a second, which is considerably shorter than is feasible by
the moving-optical-system method, especially since as long an exposure
as possible is usually desired in the moving-optical-system type in
order to get sufficient density on the film. In high-speed cameras
employing stroboscopic light the film is moved past the lens at a con-
stant speed, and each time the film has moved the distance occupied
by one picture, the subject is illuminated by a short brilliant pulse of
hght. The time at which the flash occurs is controlled by a commu-
tator rigidly attached to the film-driving mechanism, and the duration
of the flash is so short that no appreciable blurring of the picture

occurs. The particular type of stroboscopic-light, high-speed motion-
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picture camera developed at the Massachusetts Institute of Tech-
nology will now be described.

IV. The Source of Stroboscopic Light and the Camera

Condenser discharges into mercury-arc lamps have proved to be a
very useful manner of obtaining stroboscopic light for photographic
work. The light is actinic, the discharge time is short, the timing is
susceptible to accurate control by means of pulse amplifiers, the con-

Fic. 3. A photograph of a continuously-moving-film, high-speed, motion-
picture camera which takes 35-mm, pictures at speeds up to 1200 per second, and
a bank of four mercury-arc lamps for providing the illumination.

struction of the tubes is relatively simple, and as many tubes may be
connected in parallel as desired, since they all flash at the same instant.

Fig. 3 shows one bank of mercury-arc stroboscope tubes with four
lamps, and the high-speed camera.

The wiring diagram of the apparatus in Fig. 3 for taking high-
speed motion pictures is shown in Fig. 4. A six-phase, 10-kw. recti-
fier unit supplies 1000 volts d-c. to charge the condensers. Resistors
in series with each condenser limit the flow of current to the lamp in
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case of holdover, but still allow the condensers to become effectively
charged during the interval between flashes.

The lower part of the circuit shows the diagram of the pulse ampli-
fier, which makes it possible for a small impulse from the brush to
snap on the large mercury-arc lamps. Connecting the two wires
which go to the commutator trips the thyratron and it permits the
discharge of the energy stored in the condenser C into the step-up
transformer T. The external starting bands of several of the tubes
may be connected in parallel, as shown, or separate transformers may
be used for starting each tube or bank of tubes.

The camera shown in Fig 3 was purposely designed to eliminate
any sliding motion of the film against a gate or other parts, since
scratches, heat generation, and electrostatic voltages are caused by
friction. The disadvantage of the tvpe shown is that the pictures
are taken upon the film while it is on a curved surface. Whether
or not there 15 any appreciable distortion depends upon the diameter
of the sprocket and the size of the frame. A compromise is made
also between a very large clumsy sprocket (and incidentally, a large
camera with its difficulties of acceleration) and a small sprocket with
its distortion. A consideration of these factors gave the main sprocket
a diameter of approximately five inches with twenty standard 35-mm.
frames of film around its periphery. For this sprocket the center
of the picture is 0.0295 inch closer to the lens plane than the extreme
upper and lower edges of the frame. This distance is naturally
smaller for pictures shorter than the full 35-mm.-frame height. Twao
square holes exactly the size of a 35-mm. frame are diametrically
placed in the sprocket for the purpose of alignment of the camera
and for critical focusing of the lens, which is accomplished by the
aid of a telescope located in the back of the camera. This method
has been found to be very effective, since the focus and line-up may
be easily and accurately checked just before the camera is started.
Many subjects are very close to the camera, and for this reason the
depth of focus is small.

Considerable care is required in the construction of the commu-
tator, since the uniformity of framing depends on the perfection of
the commutator and brush rigging. As shown in the photograph of
the camera, the commutator is on the same shaft as the sprocket and
is located outside the box in order to be readily inspected. Brush
construction is important, since any vibration or bouncing will cause
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a non-uniform spacing of the irames. This camera has small stranded
copper brushes about 1/16 inch in diameter. They are pressed against
the commutator by springs. Adjustment is possible so that the loca-
tion of the frame with respect to the sprocket holes may be deter-
mined. Since there is an inappreciable time lag in the electrical
circuit after the segment hits the brushes, the brush adjustment is
made with the camera at rest.

The driving motors have been selected to give rapid acceleration
and to hold fairly constant speed after the film has been accelerated.
A series motor is directly connected to the take-up reel at the bottom
of the camera. It is operated on overvoltage in order to increase its
accelerating torque so that it always tends to overdrive the film.
The series motor contributes considerable acceleration to the main
sprocket and to the supply reel, besides performing its function of
reeling up the film as it comes through the camera. A three-phase,
14-H.P. induction motor is belted to the camera shaft with a V belt.
A belt is used because of the ease of changing speed by using different
pulleys. The motor is started with overvoltage in order to increase
the acceleration torque. The speed-torque characteristics of the in-
duction motor are such that the motor tends to run at a constant
speed corresponding to the speed of the rotating field set up by the
current in the armature windings. Since the load is small after the
acceleration period, the motor will run fairly close to synchronous
speed, and the rate of taking the pictures is thereby fairly constant
and known. The film reaches a speed of 75 ft. per second in about
10 ft. of film.

V. Uses of the High-Speed Camera

The most obvious use of the high-speed camera is for taking mo-
tion pictures of fast or complicated motions in order that that motion
may be slowed down, when projected on the screen, to such a speed
that the eye is able to see and the mind to comprehend. Such motion
pictures may of course be projected repeatedly, and often subsequent
showings bring out details which were not noticed in preceding

projections.

The best speed of taking the pictures depends upon several fac-
tors, but in many cases pictures taken at several speeds also prove
useful. A slow. picture shows the slow part of an action in detail,
while a faster one shows more clearly the faster part of an action.
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Take, for instance, a picture showing the action of a sewing-machine
needle. Relatively slow pictures are used to show the general motion
of the needle, while pictures of much higher speed are needed to show
details of the stitching, since it occurs during a short portion of the
cycle. A rough but helpful calculation may usually be made when
deciding upon a speed for taking the pictures, if the approximate
speed of the motion is known, since the desired time for the final
projected action should be from three to eight seconds.

Another equally important use of the high-speed motion-picture
camera is for obtaining engineering data and measurements. The
individual frames on the moving-picture film record as a function of
time the instantaneous positions and the fornv of the object being
photographed. In this respect the high-speed motion-picture camera
is for a mechanical engineer an instrument analogous to the oscillo-
graph for the electrical engineer, since the oscillograph furnishes
curves of current, volfage, and power as functions of time.

The velocity of a moving object may be measured from a motion-
picture film by measuring the difference in the position of the image
between two successive pictures and dividing by the time interval
between the pictures. The accuracy of the final result is influenced
both by the accuracy of measuremrent of the displacement and the
accuracy of determination of the time interval. Usually the former
introduces the larger inaccuracy because of the difficulty of measuring
the displacement due to the small size of the pictures, the blur if the
exposure is long, and the size of the silver grains. The film shrinks
as it becomes dry, and so the photographs should have a distance
reference upon them in order that the result of the measurement may
be independent of the state of the film. The accuracy of velocity
determination is improved by taking close-up pictures giving larger
displacentents between images. The short exposure time of the stro-
boscopic light is especially advantageous for velocity measurements,
since the pictures are not blurred by motion of the object during
exposure.

Acceleration measurements follow from the velocity determina-
tions, since the acceleration is the change of the velocity with time.
The slope of the velocity-time curve is therefore the acceleration, and
the accuracy of measurement is dependent upon the accuracy of the
measurement of velocity and time, with the additional difficulty of
measuring the slope of a curve.
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n

A very good example to illustrate the method of measuring veloci-
ties is the analysis of a golf stroke. Fig. 5 is a series of instantaneous
pictures taken at a rate of 960 per second. The velocities of the ball
and club are obtained by measuring the displacement between pictures
and then multiplying by 960. Measurements of displacements by
means of a comparator permit the determination of the velocities of
the club and ball, both before and after impact, with an accuracy of
about 2 per cent. An analysis of the photograph shown as Fig. 5
resulted in the following data:

Initial club veloeity just before impact .. 151 ft./sec.
Final club velocity just after impact .... 114 fit./sec.
BallSVElaeIEy oy ot o s e vial wimrea i e 186 ft./sec.
Spintiof the Ball .oelin v vomieata s v 5000 r.p.m.

Since the mass of the ball and the club are known, there is sufficient
information to calculate the energy lost by the club-head and the
energy gained by the ball, as well as to calculate the energy stored
in rotation. The pictures show definitely that the ball and club are
in actual contact for less than 1/1000th of a second since the impact
occurs during the interval between pictures.

VI. The Application of High-Speed Photography
to Chemical Engineering

The applications of the stroboscope and the high-speed camera
are probably not as extensive in chemical as they are in certain other
fields of engineering, but there are cases where these instruments
should be useful. A few possibilities are enumerated below, which
are the outcome of suggestions by chemical engineers, and other appli-
cations may occur to the reader. Many of these problems are mechani-
cal in nature, but they are intimately tied up with chemical-engineering
processes.

In chemical engineering there are some cases of very high-speed
machines. The first type to consider are those depending on centrif-
ugal force. High-speed photography should enable one to study
the travel and behavior of crystals and other materials in the basket
of a rapidly-rotating centrifuge. This study should help in solving
problems of centrifuge design. Similarly, the breaking of emulsions
by centrifugal means could be studied. Lines of flow, dead spaces,
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etc, in centrifugal pumps also could be studied in this way and should
help in designing better pumps.

Vibration problems are another type where high-speed photo-
graphy is valuable. These fall into two groups: first, where vibration
is desirable and is to be utilized to the greatest possible extent ; second,
where vibration is undesirable and should be prevented as far as
possible. In the first group there are many examples, such as motion
and formation of fibers on a vibrating wire of a paper machine,
motion of ground particles on a vibrating screen for sifting, motion
of particles on a vibrating table for ore classification, behavior of
liquids subjected to sonic or ultrasonic vibration, etc. In the second
tvpe the information obtained by photographs should help in eliminat-
ing undesirable vibrations.

Colloid mills are a tvpe of very-high-speed equipment. Here
special mills would have to be built with transparent plates and
housing. High-speed photographs of materials passing through such
mills should give very valuable information concerning the action
of such mills.

Vane pumps are slower-acting, but a study of such pumps, built
with transparent sides, would give valuable data on how the vane
follows the wall. Such data would be very useful in designing pumps.

One very common problem in chemical engineering which lends
itself particularly to high-speed photography is that of getting intimate
contact between a liquid and a gas. This problem arises in many places
and in many forms, such as in sprays which are used to obtain inti-
mate mixtures of fuels and air for combustion ; for obtaining intimate
mixtures of water with air for cooling, washing, or humidification ;
for obtaining intimate nrixtures of a liquid and a gas which are to
react. Foams, bubbles, and froths such as are used in fractionating
towers to obtain intimate mixtures of ascending vapors and descend-
ing reflux liquid, in absorbers to obtain intimate contact between the
gas and the washing liquid, etc., present similar problems. The for-
mation, travel, and bursting of the gas bubbles and the travel of the
liquid could be studied by means of high-speed photography. While
considering the question of bubbles, foams, and froths, it is desirable
to consider the study of their formation and utilization in the floata-
tion of ores, in firefighting, and in beverages.

The problem of rupture is of great importance to chemical engi-
neers, particularly brittle rupture. This again comes under two heads :

* Assistant Professor of Electrical Engineering, Massachusetts Institute of
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first, where rupture is desired, as in crushing and grinding; second,
where resistance to rupture is desired, as in the case of most manu-
factured materials. In the case of brittle materials rupture comes
very suddenly with but little previous deformation. Exactly what
happens at the instant of rupture can be determined only by high-
speed photography. This photographic study would enable one to
tell the amount of deformation taking place just before rupture;
directions of rupture, cleavage planes, etc.; general behavior of body
at rupture. This knowledge should enable one more intelligently to
design mills and crushers to get the maximum rupture for the energy
expended, to design brittle equipment (glass, ceramic materials,
quartz, enamels) so as to get the maximuum resistance to rupture, and
to study various materials to see which would best withstand different
types of strain or impact.

The problem of elastic and plastic deformation under impact of
resilient materials is similar to that of rupture. The manufacture
of such materials is constantly becoming more important, rubber and
its compounds, synthetic resins, and other molded plastics, gutta
percha, and others. A photographic study of these materials under
impact would no doubt give a valuable check on their fitness for
various purposes.
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An instantemeous photograph shows white clouds.
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