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ABSTRACT

This report describes a method of forming, charging, and electro-
statically deflecting a high-speed jet of small, fluid droplets, and the
application of this technique to a high-frequency oscillograph in which
the recorded trace is written directly by a jet of ink.

In a typical experimental model of the ink-jet oscillograph, a jet
of ink, 0,0035 cm in diameter, is divided into a regular succession of
droplets that are formed at a rate of 100,000/sec. The droplets are
electrically charged, as they form, in proportion to the amplitude of
the signal to be recorded. A record of the input signal is made by
intercepting the droplets on a moving strip of paper after they have
passed through a constant deflecting field. The mark made by each
droplet is an independent samplc of the input drop-charging signal, The
oscillograph combines 1) a frequency response that exceeds that obtain-
able with mirror-galvanometer systems employing expensive photo-sensitive
recording paper, with 2) the instant visibility, contrast, resolution,
permanence, and economical operation of moving-pen or =-stylus recorders,

We have constructed experimental oscillographs that produce traces
with amplitudes up to 2 cm peak-to-peak; this 2-cm span may be traversed
in as little as 10 usec. The amplitude accuracy of the record is typi-
cally *5 percent and is limited by spurious deflections of the ink
droplets during flight caused by aerodynamic drag and mutual electro-
static repulsion between adjacent charged droplets. A flow of air is
established in the space traversed by the ink droplets, decreasing the
variation in aerodynamic force on different droplets. An analysis of
distortion phenomena indicates that fidelity decreases as parameters of
the system are changed to give higher maximum trace amplitude or higher

drop-formation frequency.
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The rate at which ink is delivered to the paper may be reduced,

independent of the rate at which it issues from the nozzle, by inter-

cepting a fraction of the ink in transit, This feature extends the

usefulness of the recording technique to very low writing speeds, where

the record would otherwise be blurred by a surplus of ink.
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I. INTRODUCTION

This report describes and analyzes a method of forming, charging,
and electrostatically deflecting a high-speed jet of small fluid drops,
and descrihes the application of the technique to a high-frequency
oscillograph in which the recorded trace is written directly by a jet of
ink., The technique offers a method of extending direct-writing oscillo-
graphy well into the kilocycle frequency range, without the use of
light~sensitive recording paper or other expensive or inconvenient
writing materials.

The breakup of fluid jets into drops was studied in the 19th
century, and the fact that drops of uniform size could be formed by
applying small, regularly spaced disturbances to a cylindrical jet was
well known. Analyses of the phenomena involved were presented by
Lord Rayleigh in several classic papers; these are all contained in or
referred to in his "Theory of Sound" [Ref. 1].

The author became aware of these early studies through a popular
description of the mechanism by which a fluid jet breaks up into
discrete drops, given by C. V. Boys in 1890 and recently republished
{Ref. 2]. Boys demonstrated that vibration of the nozzle from which a
fluid jet issues results in synchronous division of the jet into drops
of uniform size and spacing; it is this phenomenon that is the basis
of the oscillograph described here.

The Stantord project was initiated after prcliminary experiments
verified our predictions that drop-formation frequencies of the systems
described by Boys could be increased by decreasing the jet diameter and
increasing the jet velocity; that the drops were uniform in siié and
could be accurately charged, independently, by electrostatic induction;
and that useful and precise deflections of the charged drops could be
obtained with realizable electrostatic fields.

The techniques described here may have applications in fields
other than oscillography. The capability of producing very small fluid

drops of precise size in synchronism with an electrical signal, and
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accurately controlling their trajectory on a "drop-by-drop" basis should
prove useful in many situations. Appropriate fluids would include any

moderately conductive, low-viscosity liquid or molten solid.
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II. DESCRIPTION OF OSCILLOGRAPH AND EXPERIMENTAL RESULTS

The configuration of the experimental oscillograph is illustrated
by Fig. 1. The parameter values given in the figure and in the
remainder of this chapter are for illustration and are typical for
systems that have been constructed.

A high-speed jet of ink is divided into a succession of droplets
that are electrically charged in proportion to the amplitude of the
signal to be recorded. An instantly visible and permanent record of the
input signal is made by intercepting the droplets, after they have
passed through a constant deflecting field, on a moving strip of paper.
A typical drop-formation frequency of 100 kc results in a transient
response time for full deflection of 10 usec. A deflection of 1 cm at
the record typically requires a signal-input potential of 350 v, Some
sample oscillograms made with experimental systems are reproduced in
Fig. 2,

The configuration resembles that of a cathode-ray tube with the
electrons replaced by a stream of ink drops. It is important, however,
to emphasize one essential difference: the transverse field through
which the ink stream passes is constant; the signal controls the charge
of the particles (drops) in the "beam". Since the charge on each drop
constitutes a distinct sample of the input signal, the frequency
response is determined by the rate at which charged particles are gener-
ated, and is not limited by transit time through the deflection system,

Associated with each projected drop is a turbulent wake of disturbed
air extending back along its line of flight., This wake affects the tra-
jectory of subsequent drops if they follow approximately the same path,
and results in distortion of the recorded waveform, This distortion
is substantially reduced by directing a stream of air, as shown in
Fig. 1, across the space traversed by the ink stream, The air flow
changes the direction of the drop wake so that interference with follow-
ing drops does not occur.

The ink flow may be rapidly interruptéd or modulated by deflecting
the stieam to a collector, interposed between nozzle and paper. The

collector is positioned so that a deflection greater than that
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NICKEL MAGNETOSTRICTIVE
TRANSDUCER CHANGES
LENGTH AT 100 ke RATE

100 ke INPUT )
TO VIBRATE {: INK AT 60 psi

NOZZLE

100 ke VBRATION INK DROPS

.0035 cm dia.
INK JET DIVIDES
INTO DROPS AT
100 kc RATE

SIGNAL INPUT
CHARGES

RECORDING

+8000 volts dc
~ PAPER

~8000 volts dc

INTERCEPTED

" SURPLUS INK

AR FLOW
800 cm/sec

ENCLOSURE (SHOWN RETRACTED)
DIRECTS AIR FROM BLOWER
ACROSS INK STREAM

FIG. 1. INK JET OSCILLOGRAPH .
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a. 2,.5-cps sine wave

////

b. 10-cps sawtooth

e. 1000-cps sine wave

f. 30-usec pulses, 2000 pps

g. 10,000~cps sine wave

FIG, 2. REPRESENTATIVE OSCILLOGRAMS,
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corresponding to the maximum recorded signal is required for intercep-
tion, By‘intercepting an appropriate fraction of the ink in transit,
good trace characteristics may be attained at very low writing speeds,

where the record would otherwise be blurred by excess ink.

A, INK-DROP FORMATION AND CHARGING

Drops are formed from a cylindrical jet, 0.0035 cm in diameter,
which emerges from a nozzle supplied with an electrically conducting ink
under pressure. The initial jet velocity is determined by the ink
pressure; a typical value of 2200 cm/sec corresponds to a pressure of
about 60 psi, Surface tension forces, which cause the jet to break up
into drops a few millimeters from the nozzle, are synchronized by
vibrating the nozzle along the jet axis at a frequency of 100 kc. The
resulting velocity modulation of the emerging jet synchronizes the drop
formation to the nozzle vibration, decreases and establishes exactly the
distance from the nozzle at which the drops form, and makes the drop
size and spacing precisely uniform. Each drop is charged, as it forms,
in proportion to the instantaneous input-signal voltage.

An analysis of the drop-forming and -charging processes is given in

Sections 1 and 2 of Appendix A.
1. Drop Formation

Typical drop formation is illustrated by the photograph of
Fig. 3, taken through a microscope with stroboscopic illumination
synchronized to a submultiple of the nozzle vibration frequency. The
stability of the process is evidenced by the sharpness of the picture,
which is the superposition of approximately 100_}mages exposed over a
total time interval of 1/5 sec.

At the instant of formation, each drop has a "tail" extending
to the point of jet separation., With proper operation, surface tension
causes the tail and body to coalesce and furm a single drop that ulti-
mately assumes a spherical form., Initially, the shape of the drop
vibrates about this equilibrium figure; the variation in shape of

successive drops in Fig. 3 is due to this phenomenon,
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1.0 mm

FIG. 3. INK-DROP FORMATION.

At certain amplitudes and frequencies of nozzle vibration, a

portion of the drop tail may separate and form an extra small "satellite"

drop (Plateau's spherule) for each nozzle vibration cycle. If the drop
is charged, this separatién process is aided by electrostatic forces
that act to oppose coalescence of the tail and body of the drop. Satel-
lite drops cannot be allowed during recorder operation; their formation
modifies the deflection sensitivity of the system and their high charge-
to-mass ratio, when a signal is applied, causes them to collect on the
charging electrode or deflection plates of the oscillograph.

Experimentally, we have found that drops of uniform size may be
formed at frequencies corresponding to jet division into intervals
equaling 3,5 to 10 jet diameters. The tendency for satellite drop for-
mation is most serious near the extremes of this range, and at maximum
drop charge. The relationship between nozzle vibration amplitude and
the other parameters involved in the drop formation process is very
critical with respect to satellite formation. The optimum vibration
amplitude is best determined by making the adjustment while carefully
observing the process with stroboscopic illumination.

It turns out that distortion is minimized by maximizing the
drop-to-drop spacing; the most satisfactory drop spacing for the experi-
mental systems is between six and eight jet diameters. It follows that

the drop formation frequency is directly proportional to the jet
velocity and inversely proportional to the jet diameter.

-7~ SEL-64~004
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2. Drop Charging
Ink drops are charged by electrostatic induction. The input-

signal voltage is applied between the nozzle and a charging electrode
which surrounds the jet at the point of drop formation. This induces

a charge proportional to the input signal on the continuous conducting
column of ink which extends from the nozzle to the point at which drops
are formed., As drops separate from this fluid column, they carry with
them a sample of this induced charge which is equal to the product of
the input voltage at the instant of drop detachment, and the capacitance
between the charging electrode and the separating drop. Because the
drops are of uniform size, the resulting charge-to-mass ratio is pro-
portional to the input signal,

The resistance of the column of ink extending from the nozzle
must be low enough so that the flow of induced charges (current) does
not produce appreciable voltage drop between the nozzle and drop sepa-
ration point. Ink volume resistivities of less than 5000 ohm-cm are

typically required.

3. Ink and Ink-Supply System

The best ink for the system is one that combines (in addition
to good marking qualities) high surface tension, low viscosity, and
high conductivity., We have tried a number of fountain-pen inks in
various colors, washable and permanent, and found them all satisfactory.
Schaeffer's* "Scrip'", washable black, has been used for most of the
experimental work; its fluid properties are similar to those of water
and its specific resistivity is 130 ohm-cm,.

In the experimental system, ink and rinse water are supplied
from reservoirs pressurized by a nitrogen cylinder and a two-stage
gas-pressure regulator, A filter capable of screening suspended
particles large enough to obstruct the nozzle is a necessity, and is
included between the fluid control valves and the nozzle. Figure 4

is a photograph of the main components of the ink-supply system.

* W. A. Schaeffer Pen Company, Fort Madison, Iowa.
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FIG. 4. INK~-SUPPLY SYSTEM.

4, Ink-Drop Gun
Figure 5 is a photograph of an experimental "ink-drop gun". The

The ink-drop
charging electrode (in the left foreground) surrounds the jet at the

main components are shown in the exploded view of Fig. 6.

drop-formation point with two parallel plates having a spacing of 0,050
cm. The charging electrode is pivoted so that it can be swung aside

and the drop-formation process can be viewed directly with a microscope
in conjunction with stroboscopic illumination.

The jet-forming nozzle is also located in the left foreground
of Fig. 5, just to the right of the charging electrode, and points to
the left. It consists of a tiny piece of glass tubing cemented into

the end of a length of stainless-steel, hypodermic-needle tubing.
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FIG. 5. INK-DROP GUN.

Nozzles are fabricated by drawing soft-glass capillary tubing down to an
inside diameter of approximately 0.012 cm. A second drawing operation
forms a pointed tip on a piece of this tubing. A short piece of tubing,
with pointed tip, is broken off and cemented into the stainless steel
tubing. Finally, the pointed tip is ground back until the desired exit
diameter is realized.

Axial vibration of the nozzle is produced by magnetostrictive
action that changes the length of a strip of nickel brazed to the supply
tube. The nickel is magnetized at the desired vibration frequency by
the ferrite core and coil visible in Fig. 6. The amplitude of the
required vibration is so small that mechanical resonance of the system
is not required; adequate amplitude can be attained at most frequencies

between 20 and 200 kc with less than 2-w input into the transducer.
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FIG., 6. INK-DROP GUN, EXPLODED VIEW.

The nozzle and transducer are supported by the cylindrical
phenolic insulators visible in Fig. 6 just below the nickel transducer.
The nozzle is insulated from the ink supply (except for the high-
resistance path through the ink itself) by supplying the ink through a
length of small-diameter plastic tubing. The input-charging voltage
between nozzle and charging electrode may be single-ended (either side

grounded), or push-pull, balanced to ground.

B, INK~-DROP DEFLECTION

Ink is deflected by a dc electrostatic field, established perpen-
dicular to the jet axis. The field exerts a constant transverse force,
proportional to its charge, on each drop. If the field is assumed
constant in magpitude and direction throughout the space traversed by
the ink drops, and non-uniform forces due to other causes are neglected,

the trajectory of each drop is parabolic, with a curvature and ultimate
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deflection exactly proportional to the drop charge (deflection forces
neglected here are discussed in Section E). Since there is no component
of electrical force along the jet axis, perpendicular to the record sur-
face, the transit time is independent of deflection. The mark made by
each drop on the record surface is thus a permanent record of the magni-
tude and polarity of the input signal at the instant that drop was formed
and charged. Equations for drop deflection are derived in Section 3 of
Appendix A,

For a given trace amplitude, fidelity of the record increases as
the magnitude of the deflection field is increased. A field of 16 kv/cm
is typical for the experimental system; values much greater than this
result in corona or sparking.

Since each ink drop is independently charged, the time required for
a transition from zero to full deflection is determined only by the time
interval between the formation of successive drops. A transient
response time of 10 usec for a l-cm deflection (typical for this system)
corresponds to a minimum pen or stylus-tip acceleration of 4-1010 cm/sec
(4'107 g's) in a conventional direct-writing system. The actual acceler-
ation of the drops in the ink-jet system is much less than this; for a
typical charging point~to-paper transit time of 2 msec, the transverse
acceleration required for l-cm deflection is 5.10° cm/sec2 (500 g's).
The necessary acceleration is determined only by the deflection ampli-
tude and ink-drop flight time, and not by the required transient-
response time,

Figure 7 shows the portion of the experimental oscillograph that
includes the deflection plates and ink-drop gun. The deflection~plate
spacing, which is adjustable, is set at 1.0 cm; the potential for this
spacing is typically 16 kv between plates. The record paper (not shown)
passes beneath the plates and is spaced 0.5 cm from the bottom of the
plates, The distance from nozzle to record surface is adjustable; a
typical value is 3.5 cm. For the representative parameters given here,
the deflection sensitivity of the oscillograph with respect to the drop-
charging voltage is approximately 350 v/cm.
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FIG, 7. INK-DROP GUN AND DEFLECTION SYSTEM,

Deflection of the ink drops in flight is illustrated by the photo-
graphs of Fig. 8, taken with stroboscopic illumination. In Fig. 8a
the applied signal is a 3700-cps sine wave; in Fig. 8b it is a 150-usec
rectangular pulsc. The drop-formation frequency for these photographs
is 62 kec.

Proper operation of the oscillograph depends on the ink drops
being uniform in size and initial velocity. Figure 9 compares records
made with and without nozzle vibration. With no vibration, the random
variation in drop size results in a corresponding random variation in
deflection sensitivity. The 2000-cps input signal is the same for both

records,
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a. Sine wave signal b, Pulse signal

FIG. 9.

SEL-64-004

FIG. 8., INK DROPS IN FLIGHT.

a. Input signal: 2000-cps sine wave
No nozzel vibration

b. Input signal: 2000-cps sine wave
Nozzle vibration frequency: 80 kc

OSCILLOGRAMS SHOWING EFFECT OF NOZZLE VIBRATION.
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C. VAPER TRANSPORT AND INK INTERCEPTION

Figure 10 shows the paper transport, disassembled to show internal
details. Paper enters at the bottom, foreground, makes a 90-deg turn,
is engaged by the rubber-tired drive wheel and an idler (the idler is
not visible), makes a second 90-deg turn, and emerges at the top. For
slow chart speeds, power is not supplied to the motor in the photograph;
its shaft and drive wheel are turned by coupling it to a second low-
speed motor, which is not shown.

A test record is made by running the motor continuously at the
desired speed and feeding a short length of paper manually to the point
where it is picked up by the rubber-tired drive wheel and idler., Chart
speeds as high as 1500 cm/sec can be obtained with the transport for
paper lengths of about a foot; the length of paper that will feed

without tearing is limited by the high acceleration involved.

FIG, 10, PAPER TRANSPORT, DISASSEMBLED,

- 15 - SEL-64-004




Ink may be intercepted before striking the paper by deflecting it
into the glass tube visible in Fig. 10 overhanging the rear edge of the
chart. Ink collected in this fashion drains into the plastic dish in
the background. With no paper in the system, ink collects in the
reservoir below the position occupied by the paper and drains via the
plastic tubing in the foreground of the photograr .

The transport described here provides a simple and convenient means
for evaluating the experimental recording system. The poor speed
calibration aqgndifficulties involved in handling long records make it

less suitable for actual, continuous, data recording,

D. FREQUENCY AND TRANSIENT RESPONSE

The minimum transient-response time of the oscillograph is typically
10 usec; it is equal to the reciprocal of the drop-formation frequency.
The response to a step input exhibits an overshoot as analyzed in
Section 2 of Appendix A; it may be effectively eliminated by equalizing
the input signal with a simple RC network. The experimentally deter-
mined overshoot is typically 20 percent, with a decay time constant of
approximately 20 usec.

High frequencies are recorded as a regular sequence of samples of
the input signal, taken at the ink-drop-formation rate. According to
Shannon's sampling theorem for sampled-data systems [Ref. 3], the
frequency response of the oscillograph extends to one-half the sampling
frequency, provided the input signal is band-limited to this wvalue.

The discontinuous sampling process and presentation make the inter-
pretation of records difficult for high frequencies, and the usable
frequency response may be considerably lower than theory indicates. The
observer's visualization of the input waveform depends on the relative
time and amplitude scales, as illustrated by Fig. 11, which shows the
same record on different time scales. The S5-kc-sine wave input signal
for each of the three traces is identical, and each record contains 14
samples (ink drops) per cycle.

If a repetitive signal waveform is sampled once per period, at a
frequency differing slightly from the signal frequency, the resulting

record is a reproduction of the input on a greatly reduced time scale.

SEL-64-004 - 16 -
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a, Input signal: 5000-cps sine wave
Chart speed: 250 cm/sec

b. Input signal: 5000-cps sine wave
Chart speed: 520 cm/sec

c. Input signal: 5000-cps sine wave
Chart speed: 1300 cm/sec

FIG, 11, OSCILLOGRAMS SHOWING INFLUENCE OF CHART SPEED ON
RECORD READABILITY.

The concept is analogous to that involved in sampling oscilloscopes.
Figure 12 shows records made by sampling a 10l-kc sawtooth signal at a
100-kc rate, and records of sine waves that nearly equal the sampling
frequency or its submultiples.

From the foregoing, it may be concluded that the frequency response
of the recorder is best specified in terms of sampling frequency and
corresponding transient response times (typically 100 ke and 10 psec);
the maximum, usable, signal -input frequency is then determined by the
particular application. The response capability of the system is most
efficiently utilized in recording signals having frequency components
that decrease in amplitude with increasing frequency, in order to

limit the size of the gaps or discontinuities in the recorded trace.

E. DISTORTION

Record fidelity is limited by spurious deflections and transit-
time variations that result in distortion along both the time and
amplitude axes of the record. The distortion is caused by non-
uniformities in the deflecting field, and by aerodynamic and mutual
electrostatic forces acting on the drops during flight,
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a, Input signal: 16,03-kc sine wave
Ink-drop rate: 80 kc
Samples per signal period: §

- ’,f—‘—‘-\\ ’,/f““-\\\\\><: ”,,———~\\\\\\\‘<////,——
\\\\\N__,///// \\\“__,4’/ \\\“-_—’ =~
b. Input signal: 40,06-kc sine wave

Ink-drop rate: 80 kc
Samples per signal period: 2

AVAVAVAVAVAVAVAVAVAV

¢. Input signal: 80.3-kc sine wave
Ink-drop rate: 80 kc
Samples per signal period: 1

d. Input signal: 10l-kc sawtooth
Ink-drop rate: 100 ke
Samples per signal period: 1

FIG. 12, OSCILLOGRAMS WITH SMALL INTEGRAL NUMBER OF SAMPLES
PER SIGNAL PERIOD,

Nonuniformities in the deflection forces are due mainly to fringing
of the electric field at the exit end of the deflection system. For a
given deflection~plate spacing, distortion resulting from this effect
decreases with increasing nozzle-to-record spacing.,

Aerodynamic distortion is associated with the turbulent wake of dis~
turbed air extending back along the line of flight of each drop. This
wake affects the trajectory of subsequent drops following aéproximately
the same path, and results in a nonuniform deceleration of the drops
which is a function of their position in the waveform being recorded.
Distortion from this source increases with increasing nozzle-to-record

spacing.

SEL-64-004 - 18 -
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Mutual electrostatic forces vary as the square of the drop charge.
An increase in nozzle-to-record spacing decreases the distortion from-
this source, because less charge is then required for a given deflection.

An analysis of these phenomena is given in Section 4 of Appendix A.

1., Effect of Parameter Variation on Distortion

Figure 13 compares three records taken at different jet lengths
{drop-separation point-to-record spacing) and input voltages, for the
basic system {no air flowing across the jet). Other parameters were not
varied., At points of corresponding deflection amplitude, the traces

recorded with a 1.8-cm jet exhibit distortion that was due mainly to

,,,,,,,

......
..........

a, Input signal: 3570~cps damped sine wave
Jet length: 1.8 cm
Deflection sensitivity: 1200 v/cm

[
Ty,

A
”“"'HV\IW\N

.....
------

3

b. Input signal: 3570-cps damped sine wave
Jet length: 2.5 cm
Deflection sensitivity: 500 v/em

Ty iy,
IR ERTRIN, . EARRR RN

—_— ,,,M’\’WMWW\NV\AN
Capirrt?? ‘ gpasantt?

¢. Input signal: 3570-cps damped sine wave
Jet length: 3.7 cm
Deflection sensitivity: 180 v/cm

FIG. 13, OSCILLOGRAMS SHOWING EFFECT OF JET LENGTH ON RECORD
FIDELITY,

- 19 - SEL-64-004




mutual electrostatic repulsion; the longer, 3.8-cm jet resulted in dis-
tortion caused predominately by aerodynamic forces. The records illus-

trate the existence of an optimum jet length somewhere between these two
extremes.

If deflection field and drop charge are changed so as to keep
their product constant, the deflection sensitivity of the oscillograph
does not change. Distortion that is due to mutual electrostatic forces
increases, however, with increasing drop charge, as demonstrated by the

records reproduced in Fig, 14,

S \’/\ \/\/\/\/\/\/\/\

a. Input signal: 330-cps damped sine wave
Maximum peak-to-peak input amplitude: 300 v
Deflection field: 14,400 v/cm

b. Input signal: 330-cps damped sine wave
Maximum peak-to-peak input amplitude: 450 v
Deflection field: 9600 v/cm

U AAAAA A

c. Input signal: 330-cps damped sine wave
Maximum peak-to-peak input amplitude: 900 v
Deflection field: 4800 v/cm

FIG. 14. OSCILLOGRAMS SHOWING EFFECTS OF MUTUAL REPULSION
BETWEEN INK DROPS.
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Both the analysis in Appendix A and experimental results indicate
that, for the basic configuration with optimum parameters, the product
of maximum deflection and drop-formation frequency is approximately

constant for different systems having the same percentage distortion,

2, Reduction of Distortion Resulting from Aerodynamic Forces

The most promising method of improving the system fidelity
appears to be through some means of reducing the distorting effects of
air resistance. The effects of mutual electrostatic forces between
drops and deflection-field fringing may then also be reduced by using
a lower maximum drop charge and achieving the desired deflection by
increasing the jet length,

An obvious method of reducing aerodynamic distortion involves
modifying the fluid characteristics of the atmosphere through which the
drops travel. Unfortunately, the dielectric properties of the atmos-
phere must also be considered, since they determine the achievable
deflection field., A rough vacuum is not an appropriate solution, since
a high field cannot be established in low-pressure air; a good vacuum
is difficult to maintain, particularly if an ink with a volatile solvent
is used. The moderate performance improvement that could be obtained by
replacing the air with some other gas does not justify the resulting
increase in system complexity.

Aerodynamic interaction between drops in flight may be reduced
by providing a relative motion between the jet-forming nozzle and the
air through which the drops travel. Several approaches have been
applied to actual experimental systems; the most satisfactory is
described here. It incorporates a stream of air that is directed across
the space traversed by the ink drops, in a direction perpendicular to
the jet axis. A system utilizing air flowing collinearly with the jet,
and a system incorporating a nozzle rotating in still air have been
constructed, and are briefly described in Appendixes B and C.

The principle of the system utilizing air flowing across the
jet is illustrated in Fig. 15a, The air flows in a direction that is
mutually perpendicular to the jet and deflection axes, and parallel to

the movement of the record paper. As shown in Fig. 15b, the drop wake

- 21 - SEL-64-004




P

is displaced toward the downstream direction of the air flow, where it
does not interfere with the following drops. This method does not reduce
the maximum aerodynamic drag force; its effectiveness is due to equali~
zation of the drag force on all drops, regardless of trajectory. The

air flow deflects the drops in a direction parallel to the record move-
ment, as shown in Fig. 15; this deflecting force is constant for all

drops and does not result in distortion.

The effectiveness of this system depends on the establishment of
an air flow of sufficient velocity that does not vary along the deflec~
tion axis, and that is nonturbulent. A turbulent flow exerts nonuniform
forces on the drops and results in random deflections at the record sur-
face. The minimum effective air velocity depends somewhat on the ratio
of drop diameter to drop spacing; a value equal to one-third the initial
jet velocity is typically required.

Figure 16 is a photograph of the experimental air-supply system.
Air is supplied at the left, through a vacuum-cleaner hose, by a vacuum
cleaner connected as a blower. The wooden box is a settling chamber that
contains transverse silk screens to smooth the air flow, The air then
accelerates in the convergent section, which has a smooth, polished, inner
surface, to the required exit velocity. An essentially nonturbulent flow

can be obtained across the 2,5-by-5.0-cm rectangular output for air

DEFLECTION
PLATE /

DROP \o -—
~—— L AR FLOW WAKE N
e AIR FLOW
o § —
H ~—— \\b —
necono/] RN 1
a, Oscillograph with air flow
established perpendicular
to ink stream. Curvature
of ink drop stream in this b. Displacement of ink-drop
view is caused by air flow. wake by air flow perpen-
Signal deflection is perpen- dicular to line of flight

dicular to plane of figure.

FIG, 15, EFFECT OF AIR FLOW ON INK-DROP WAKE.

SEL-64-004 - 22 -




st Sik b o

FIG., 16, AIR-FLOW SUPPLY SYSTEM.

velocities up to about 1100 cm/sec. The close-up view of Fig. 17 shows
the relative configuration of the air outlet and the other oscillograph
components, No attempt was made to minimize the size of the air-supply
system, and considerable reduction in its dimensions is almost certainly
feasible,

The effectiveness of the system in reducing distortion is
evidenced by the two recordings, made with and without air flow, repro-

duced in Fig. 18, The input signal was the same for both records.

F. CONTROL OF INK DELIVERY RATE

For good trace characteristics over a wide range of writing speeds,

some method of varying the rate of ink delivery to the paper is required.

Variation by modification of the jet velocity and diameter is possible

- 23 - SEL-~84-004
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FIG. 17, EXPERIMENTAL OSCILLOGRAPH WITH AIR-FLOW SYSTEM,

Fr ¥ ¥ PEN AN AP B A A A A A )

a, Input signal: 2000-cps sine wave
Initial jet velocity: 2200 cm/sec
No air flow

b. Input signal: 2000-cps sine wave
Initial jet velocity: 2200 cm/sec
Air velocity transverse to ink stream: 650 cm/sec

FIG. 18. OSCILLOGRAMS SHOWING EFFECT OF AIR FLOW ACROSS
INK STREAM.
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but is inconvenient, and it can provide control of flow rates over only
a limited range. A more versatile method, described here, maintains a
constant nozzle flow rate and controls the amount of ink used in the
actual recording by intercepting the surplus ink during its transit from

nozzle to paper,

1. Interception of Surplus Ink

By applying to the charging electrode a voltage that exceeds the
maximum signal voltage, the ink drops may be deflected into a collector
that prevents them from reaching the paper. The quantity of ink forming
the recorded trace may thus be reduced by charging the ink drops with a
pulse train that is amplitude-modulated by the signal to be recorded.
The width of each pulse is just sufficient to charge one ink drop; the
frequency of the pulse train is made proportional to the desired ink
delivery rate. Ink drops charged by the pulse peaks strike the paper,
forming the record trace; ink drops having a charge corresponding to
the pulse baseline voltage have a trajectory lying beyond the limits of
the signal-drop trajectories, and these are intercepted by a collector
interposed between charging point and paper. Figure 19 illustrates the
ink-drop trajectories associated with a sinusoidal-signal input, for a
record using one-third of the ink issuing from the nozzle Corresponding
signal and drop-charging waveforms are also shown.

In order to avoid deflections corresponding to the rising and
falling portions of the pulses, signal sampling (drop separation) must
not occur during the transition intervals. The pulses are therefore
synchronized with the drop-forming signal (nozzle-vibration-transducer
input) and phased so that drop separation does not occur during the
transitions between pulse peak and bhaseline.

Records made with various fixed ink-drop rates, using this tech-

nique, are illustrated in Fig. 20,

2, Proportioning Ink Flow to Instantaneous Writing Speed

Ideally, the ink delivery rate should be proportional to the
instantaneous writing speed, as determined by the chart velocity and the
derivative of the input signal, Experimental circuits have been con-

structed that approximate this condition by electronically controlling
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a, Signal waveform

—={|~- ONE DROP REPETITION PERIOD

MWVVAWVWWWWAAWAMMAWWWWWAWAMWMWAMWWWWAWY

b. Nozzle-vibrator input

SIGNAL LiMiTS}

—'I-l-vons DROP REPETITION PER1OD
_-.{ les— TWO DROP REPETITION PERIODS

c. Drop-charging voltage waveform
for interception of two-thirds of ink

./ﬁ
./
"’m"—-—-—-—--——"-"”."—r(‘/.'
q—'—' """“"”w‘ul'ﬁtl_' . .
OOQQW‘ .
NOZZLE e .".\{ s @
INTERCEPTED INK

d. "Snapshot" showing ink-drop trajectories

FIG. 19. INTERCEPTION OF SURPLUS INK,
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a, Ink-drop rate at record: 100 kc

e Ao

b. Ink-drop rate at record: 50 kc

*
'

". - ' ' , ' . .uM ".‘x A lﬂ\ ," . ¢! N
Jw,\.v,““’W" '~-.f*' t‘\/\ﬂ ‘ ‘er e f\‘ '«\M” ' /‘/N\ \"W \) V w"«f%
' L} ' 1 v
c. Ink-drop rate at record: 20 kc
. W' N /\\ ' N L ’v ) N ~ A ~ v‘.” \ . g . R }," "

d. Ink~-drop rate at record: 10 kc

e. Ink-drop rate at record: 4.2 ke

FIG, 20, OSCILLOGRAMS MADE WITH VARIOUS FIXED INK-DROP RATES.

For all records:
Input signal: white noise, band limited,
20 - 500 cps
Drop-formation
frequency at nozzle: 100 kc
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the frequency of the drop-charging pulse train. A minimum pulse-
repetition frequency is provided, proportional to the chart speed; this
basic frequency is increased, as the signal is recorded, by an amount
proportional to the instantaneous signal derivative. Figure 21 compares
a record made by this technique with records made at fixed ink-drop rates.

This method of controlling the ink-drop rate is described in more detail

in Appendix D,

a. Input signal: 1000-cps damped sine wave
Ink-drop rate at record: 50 ke

b. Input signal: 1000-cps damped sine wave
Ink-drop rate at record: 4.2 kc

c. Input signal: 1000-cps damped sine wave
Ink-drop rate at record controlled by
instantaneous signal derivative:

Maximum drop rate: 50 kc
Minimum drop rate: 4.2 kc

FIG, 21, COMPARISON OF OSCILLOGRAMS MADE WITH FIXED AND SIGNAL-
CONTROLLED INK-DROP RATES. ’

G. EXPERIMENTAL TEST SETUP

Figure 22 is a block diagram for a typical, complete recording
system. Included in the block diagram are means for illuminating the
drop stream with a stroboscope in synchronism with the drop formation
and for applying an input signal synchronized with this illumination.
Operation of the system may then be monitored by direct observation of

the drop stream.
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Many of the electronic functions are provided with available labora-
tory test equipment. The signal-drop-rate control circuits and fhe test-
signal generator were constructed specifically for this application,

Figure 23 is a photograph showing an overall view of the experimental
setup. Visible from left to right are the gas cylinder and regulator for
supplying the ink pressure, ink and rinse-water reservoirs, ink and water
valves, air-supply hose (the source of air is a vacuum cleaner connected
as a blower, under the bench), air-flow smoothing system, stroboscope for
illuminating the ink stream, and the basic ink-jet recording system,
Light from the stroboscope shines through a window in the side of the
convergent section of the air-flow system and is reflected from a small

mirror inside to backlight the drop strecam for observation.

FIG, 23. EXPERIMENTAL RECORDING SYSTEM,
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H, RECORD CHARACTERISTICS

1, Trace Characteristics

Excellent traces may be made on a wide variety of surfaces., A
smooth, relatively nonabsorbent surface results in maximum contrast and
resolution, and minimum spreading, except for records having an excess
quantity of ink per unit length of trace. The records reproduced in this
report were made on paper having a hard, smooth coating that was somewhat
water repellent .* The following comments are for records made on this
paper with fountain-pen ink (Schaeffer's "Scrip").

At high writing speeds, each ink drop produces a distinct circu-
lar dot on the recording paper. As the writing speed is decreased, the
dots overlap, and a continuous trace results. A further decrease in
writing speed, at the same ink-flow rate, results in a broadening of the
trace, with a consequent loss of detail, and finally, at very low speeds,
the ink forms puddles on the paper.

The size of individual dots is determined by the drop size and
the ink and paper characteristics. Typically, a 0,0075-cm-diameter drop,
striking at normal incidence, results in a nearly perfect, circular dot
of 0,020-cm diameter. The line of flight for a drop deflected from the
jet axis is not perpendicular to the paper at impact, and the drop may
"skid" when it hits, resulting in a mark that is somewhat egg-shaped.
This effect does not significantly reduce the resolution of the record,

If the marks made by individual drops overlap, the impact of
drops arriving at the record surface on the wet ink on the paper may
result in splashing. The effect is most serious at high jet velocities
and is evidenced by a broadening of the trace and subsidiary small marks
made at short distances from the primary impact point.

If the ink dots do not overlap on the record, traces dry in a
few seconds. Denser traces, made at slower speeds, take proportionally
longer to dry, unless blotted.

Quantitative data relating to the effects just discussed has not
been taken; some idea of their importance may be obtained by examining

the record reproductions which accompany the following paragraphs.

* Gubelman Charts, Newark, N.J.; Paper type GCK-5.
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2. Fidelity

Typical fidelity of the basic configuration (no air flowing
across the jet) is illustrated by the records of Fig. 24. The jet length
for these records is 2.5 cm and the drop-formation frequency is 125 kc.

By increasing the jet length and directing a stream of air across
the jet, the fidelity may be improved, as shown by the records of Fig. 23,
The jet length for these records is 3.8 cm, and air flows across the jet
at a velocity of 840 cm/sec. As before, the drop-formation rate is
125 ke,

Peak-to-peak amplitude for these records is plotted against
input voltage in Fig. 26, Maximum deviation from a linear characteristic
is about *5 percent of full-scale amplitude, which sets a corresponding
limit on the amplitude accuracy obtainable from the record. Full-scale
amplitude is taken as 1.0 cm (peak-to-peak) for the basic system, and
2,0 cm for the system with air flowing across the jet.

Variations in drop transit time from charging point to paper
result in errors along the time axis of the record. For the maximum
peak~-to-peak amplitudes in the examples just given, spﬁrious displace-
ments along the time axis are approximately 140 usec for the basic systen,

and 25 .sec for the system with air flowing across the jet.
3. Accuracy

The accuracy with which an oscillogram represents the input
signal depends on the distortion (just discussed) inherent in the
recording process, trace definition, and stability of the deflection
sensitivity with time,

Under most conditions, the trace definition is such that its
position may be determined with an accuracy limited only by the resolu-
tion of the observer's eye. If the eye is capable of determining a
trace displacement of 0.02 cm, this sets a typical accuracy limit of
2 percent for a l-cm deflection (2 cm peak-to-peak). Since percentage
distortion increases with deflection amplitude, there is an optimum,
maximum, trace amplitude for best accuracy.

The stability of the deflection sensitivity of the laboratory

system has not been evaluated. There is no evident limit to the
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100 200 300 400
Input amplitude, peak-to-peak (v)

VaVaYaVaSVAVA

500 600 700
Input amplitude, peak-to-peak (v)

a, Input signal: 300-cps sine wave

A Fllllll\!k!ll!l!bnu!"""'lllvlllllkln
APAAAAAAAAAAAAAAAN WAWVWWVAWAMNANWWV L L ‘

AR AR AR AR A N AR AR A R R AR R R

100 200 300 400
Input amplitude, peak-to-peak (v)

500 600 700
Input amplitude, peak-t o-peak ( v)

b. Input signal: 3000-cps sine wave

For all records:
Drop rate: 125 ke
Jet length: 2.5 cm
Initial jet velocity: 2300 cm/sec
Air velocity: =zero

FIG. 24, OSCILLOGRAMS FOR EVALUATING FIDELITY OF BASIC SYSTEM.
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50 100 150 200
Input amplitude, peak-to-peak (v)

VaVaaVAVVAVALVAY/

250 300 350 400
Input amplitude, peak-to-peak (v)

£ et 5B 6305 X e e RN

a. Input signal: 300-cps sine wave

AA A K AR RN L] L]
ARAAARAPAASARAARARARAA * * 4
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VAWV i v
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50 100 150 200
Input amplitude, peak-to-peak (v)

......................
......................

......................
......................

.....................

250 300 350 400
Input amplitude, peak-to-peak (v)

b. Input signal: 3000-cps sine wave

For all records:
Drop rate: 125 kc
Jet length: 3.7 cm
Initial jet velocity: 2300 cm/sec
Air velocity: 840 cm/sec

FIG. 25. OSCILLOGRAMS FOR EVALUATING FIDELITY OF SYSTEM WITH
AIR FLOWING ACROSS INK STREAM,
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stability that can be maintained, but a large number of parameters enter
into the deflection equation, and all must be controlled. Particularly
critical are the ink fluid properties (viscosity and surface tension),
which are temperature-sensitive. Since there are no friction or wear
processes involved in the basic system, drift in characteristics as a

result of aging is not a problem.

4. Representative Oscillograms

Oscillograms for a wide variety of signals are reproduced in
Figs. 27, 28, and 29. The illustrations are full size, as are all other
records reproduced in this report. Typical deflection sensifivity is
350 v/cm; this varies somewhat from record to record since the same
configuration was not used for all recordings. The deflection field
was approximately 16 kv/cm. All records were made with air blown across

the ink stream,

For the oscillograms reproduced in Fig. 27, the rate at which ink

is delivered to the record surface is controlled by the instantaneous-
input-signal derivative. The excellent definition of these relatively
low-frequency recordings results from the diversion and interception
of excess ink which would otherwise blur the recorded trace, Chart
speed is 2.5 cm/sec for the 1.0- and 5.0-cps records, and is 54 cm/sec
for the remaining traces,

Oscillograms made at higher chart speeds, with no ink diversion,
are reproduced in Fig. 28, The records demonstrate the high-frequency
performance of the oscillograph. Chart speed may be determined from
the given signal data. Ink-drop repetition rates between 62 and 125 kc¢
are represented, Initial jet diameters lie between 0,0024 and 0.0038 cm.

If records of smaller amplitude are acceptable, the frequency
response may be increased by increasing the ink~-drop-formation frequency.
Oscillograms made with a 174-kc ink-drop rate are reproduced in Fig. 29
and demonstrate the highest frequency response attained with the experi-

mental system. Chart speed for these records is 1Q00 cm/sec.
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f. 1000~cps damped sine wave

FIG, 27, REPRESENTATIVE LOW-FREQUENCY OSCILLOGRAMS .
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g. 10-cps sawtooth

/1T

h. 100-cps sawtooth

i. 30-cps square wave

__________________________________________________________

k., 500-cps square wave

FIG. 27. (continued)
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p. Voice recording of the word "frequency"

FIG. 27. (continued)
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b. 2000-cps sine wave
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f, 3570-cps damped sine wave, 20-msec period
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FIG. 28. REPRESENTATIVE HIGH-FREQUENCY OSCILLOGRAMS,
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g. 3570-cps damped sine wave

h. 8750-cps damped sine wave
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i. 90-cps staircase, 500 psec/step
Jj. 100-usec pulses, 2000 pps

k. 30-usec pulses, 2000 prs

1, 12-usec pulses, 2000 pps
FIG. 28. (continued)
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a, 2000-cps sawtooth

b, 5000-cps sine wave

c. 10,000~cps sine wave

d. 19,300~-cps sine wave
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e. 50-usec pulses, 2000 pps

f. 7-usec pulses, 5000 pps

FIG. 29. OSCILLOGRAMS DEMONSTRATING MAXIMUM HIGH-FREQUENCY
PERFORMANCE,
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III. EVALUATION OF OSCILLOGRAPH AND COMPARISON WITH OTHER TECHNIQUES

This chapter briefly describes the characteristics of other oscillo-
graph techniques, so that they may be compared with the ink-jet system
described in this report. The advantages and shortcomings of the ink-jet

system are also discussed.

A, COMPARISON WITH CONVENTIONAL SYSTEMS

The conventional pen-and-ink or stylus recorders have the advantage
of producing high-contrast, permanent traces on a recording medium that
is low in cost. However, these recorders are limited in frequency
response to, at best, several hundred cycles. The ultimate in mechani-
cal systems is obtained only by using optical techniques so that the
mass of the moving parts may be reduced to an absolute minimum. The
writing in this instance is done by an intense spot of light directed
onto a photosensitive material from a tiny mirror, which rotates in
response to the input signal. Oscillographs using this principle are
presently manufactured by a number of concerns in a wide variety of
configurations, including some very sophisticated systems with large
numbers of independent channels., With natural frequencies as high as
8000 cps, these mirror-galvanometer systems are capable of reasonably
flat response to 5000 cps with several-inches deflection. Even though
spot velocities are over 100,000 cm/sec, readable traces are produced
on print-out papers, papers that require no chemical processing.A These
papers are satisfactory for many appiications, but under severe condi-
tions they still lack the high contrast and permanence of image that
are obtained with ink traces. The traces do not appear instantly,
requiring from a fraction of a second to several seconds to appear with
"latensification". Also, the inherent cost of all photosensitive papers
is considerably higher than papers that can accept ink traces. Permanent,
high-contrast records are possible with photographic materials that
require processing; however, this type of operation necessitates
inevitable delays and uncertainties,

An ideal solution would be a system that would produce traces on

inexpensive paper at frequencies not limited by a mechanically resonant
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device that causes the deflection. The oscillograph described in this
report has demonstrated, on a laboratory scale, an approach to this
ideal. The experimental system is inferior to conventional recorders
only in the characteristics of accuracy and maximum achievable deflec-
tion amplitude. Although considefable further development is required
to produce a manufacturable system suitable for field service, having
the reliability and convenience of oscillographs now in use, we believe

that this definitely can be done,

B. OTHER FLUID-JET SYSTEMS AND RELATED TECHNIQUES

Surface~tension effects in liquid cylinders and jets were studied
in the 19th century, and the fact that drops of uniform size could be
formed by applying small, regularly spaced disturbances to a cylindrical
jet was well known [Refs, 1, 2]. At least one early experimenter,

C. V. Boys, electrostatically deflected liquid drops formed this way,
using a piece of electrified sealing wax [Ref. 2]. A laboratory demon-
stration model of a cathode-~ray oscillograph, developed by H. M. Waage,
utilizes water drops as "electrons" [Ref, 4]. Laboratory studies of the
mechanisms involved in cloud and rain formation have prompted an inter-
est in methods of producing small water drops having controllable diam-
eter and electrostatic charge. Some of the techniques that have been
used in these investigations [Refs, 5, 6] are quite similar to those
employed in the oscillograph,

A number of direct writing oscillographic techniques utilizing
electrostatic and magnetic deflection of fluid streams, drops, or mists
have been patented [Refs. 7 - 11]. 1In all of these systems, the con-
figuration is such that the frequency response is limited by the transit
time required for the fluid to traverse the deflecting field. To the
author's knowledge none of these systems have been produced commercially.

Liquid-jet oscillographs in which the jet is mechanically deflected
are manufactured commercially in Europe [Refs. 9, 12]. 1In these systems,
developed by Dr. Rune Elmqvist of Sweden, a 0,00l1-cm diameter jet is
formed by a small nozzle mounted in a galvanometer movement similar to
that used in mirror-galvanometer oscillographs. The galvanometer coil

and attached nozzle rotate to produce an angular deflection of the jet
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proportional to the input signal. Ink is intercepted on a moving chart
spaced a few centimeters from the nozzle, Frequency response of these

systems extends to 1.0 kc for a peak-~to-peak deflection of 1.8 cm.

C. MULTIPLE-CHANNEL POTENTIAL

The technique described in this report is particularly appropriate
to multiple-channel systems. Fidelity is highest for relatively low
deflections, and the excellent trace resolution makes possible good
readout accuracies with peak-to-peak deflection amplitudes of as little
as 1 or 2 cm, In view of this, a multiplicity of records is easily
accomodated on a strip of record paper of reasonable size. The number
of separate traces may be increased by allowing overlap of adjacent
traces, or even using superimposed traces. This is possible, since the
Jets may be arranged to cross each other without interference., Colored
inks may be used for trace identification.

The small size and simplicity of the portion of the system that
launches and charges the ink drops results in attractive configurations
for multiple-channel systems., For superimposed channels using a common
deflection system, the transducer for synchronizing ink-drop formation
may be common to several channels. Systems with channels placed side
by side may use a common electrical source for the transducer power and
for the dc deflection potential., If ink of the same color is used for

each channel, the ink-supply system may be common to all channels.

D. ENVIRONMENTAL CONSIDERATIONS

'he tollowing environmental factors have not been evaluated in the

experimental system, which has been tested only in laboratory environ-
ments. The discussion therefore gives only a qualitative idea of their

effect on system operation and calibration.

1, Temperature

Temperature affects the important ink properties of viscosity

P 2 MBS SR RO i v < £B

and surface tension and thus the critical process of drop formation,
Viscosity also affects the jet velocity and hence the drop size and

deflection sensitivity. Storage temperature may be limited by the
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freezing temperature of the ink. It should be possible to provide
automatic compensation for the effects of temperature variation on drop
formation and deflection sensitivity, or to stabilize the ink charac-
teristics by warming the ink to some controlled temperature that is

higher than any ambient temperature at which operation is contemplated.

2, Pressure and Humidity

The maximum deflection field that may be established is deter-
mined by barometric pressure and humidity., Recorded amplitude, for a
given percentage distortion, is approximately proportional to the
deflection field attainable. Performance of the system is thus reduced

at high altitudes.

3. Shock and Vibration

The portion of the system that launches and deflects the ink
drops may be quite rugged. Electrostatic drop-deflection forces for
full deflection are typically several hundred g's; vibration and shock
amplitudes, which are small compared with this, can be tolerated during
operation, The configuration chosen for the present experimental system
is poor in terms of susceptibility of vibration; the nozzle, which is
located on the end of a long, unsupported tube, is easily shaken suf-
fic.ently at low frequencies to produce spurious deflections. Although
the mounting must be flexible at the drop-formation frequency, it should
be stiff at lower frequencies, where externally introduced vibration is

more likely to be encountered.

E. PROBLEM AREAS

This section discusses those areas of most concern in applying this

technique to a practical recording instrument.

1. Stability of Drop-Formation Process

Operation of systems in which a portion of the ink is deflected
from the record depends on maintaining a precise phase relationship
between the drop-charging pulses and the time of separation of the ink
drops from the conducting ink column that extends from the nozzle., The

stability of the experimental systems that have been tested, while
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adequate for laboratory evaluation, should be improved for a system
appropriate for field use., Parameters affecting this stability should
be determined and appropriately controlled so that aging or changes in
the environment can be accomodated without the requirement for frequent
realignment of the system.

The phenomena involved in the formation of "satellite" drops
(a small drop in addition to the main drop produced for each vibration
cycle) requirs further investigation. This has been one of the most
serious problems encountered in the experimental systems, and was

discussed in Section A of Chapter II,

2, Air-Flow-System Size

The undistorted deflection amplitude that can be attained
depends on the uniformity with which a flow of air can be maintained
across the ink stream. The performance of the experimental air-supply
system is adequate, but a great reduction in size is desirable for a
practical, portable system. No experimental work has been done to

determine the reduction in size that might be attained,

3. Nozzle Clogging

This problem has occasionally caused some difficulty in experi-
mental systems. Clogging due to dirt may be prevented by observing
suitable precautions in cleaning components before assembly and
including an appropriate final filter. Clogging caused by ink drying in
the tip may be prevented by a suitable rinsing system. It should be
uoted that ink-jet recording systems using the Elmqvist system are
presently manufactured by companies in Germany and Sweden and that
nozzle stoppage in these systems is not a problgm, despite the very

small nozzle diameter of 0,001 cm.

4. Stability of Deflection Sensitivity

The stability of the deflection sensitivity is determined by the
stability of all the factors entering into the expression for deflection
amplitude. No attempt to control all these quantities precisely has been
made in the experimental work., Although no fundamental limitations are
evident, the large number of interrelated factors that must be controlled

may result in a practical limitation to system accuracy.
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IV, CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

This chapter summarizes the characteristics of the oscillograph
described in this paper, and discusses its potential as a practical
recording method that can compete with established techniques. The
techniques resulting from this project may have application to other

fields, which are briefly discussed,

A, SUMMARY OF OSCILLOGRAPH CHARACTERISTICS

The oscillograph described in this report uses an ink jet to form
rectilinear records of input signals having frequency components
extending to 10 ke or more. The oscillograms reproduced in Figs, 27 to
29 of Chapter II demonstrate the performance obtained with an experi-
mental system, For instantaneous writing speeds up to about 2500 cm/sec
the trace is continuous and equivalent, in definition and contrast, to
the best traces made with conventional, low-speed, pen or stylus tech-
niques. At higher writing speeds, the trace is a discontinuous series
of dots, each representing an independent sample of the input waveform.
The spacing between successive dots represents time intervals of 10 usec
for the typical drop-repetition frequency of 100 kc.

The deflection sensitivity of the basic system, without amplifiers,
is typically 350 v/cm. The input impedance may be several megohms or
more, in parallel with a few picofarads,.

The deflection characteristic of the oscillograph is not quite
linear; the deviation from linearity is a function of the input-signal
waveform and results in a limit to the amplitude accuracy obtainable.
Records may also have phase or time errors that are waveform-dependent,
The experimental system has a deflection characteristic that departs from
linearity by less than %5 percent of maximum amplitude and has a timing
accuracy of the order of 25 usec, These figures are for a system
capable of a peak-to-peak deflection of 2.0 em and an ink-drop-formation
frequency of 125 ke. Better accuracy may be attained in a system having
either a lower drop~repetition frequency or a lower maximum trace ampli-

tude. Conversely, percentage error increases as the system parameters
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are varied to increase either the drop-repetition frequency or the
maximum trace amplitude.

The physical size of the system is determined mainly by the size of
the air-flow enclosure required to direct a nonturbulent flow of air
across the ink jet, The experimental air enclosure and blower occupy
about 2 cu ft, but this volume is unnecessarily bulky. No attempt has
been made to determine the size reduction possible, The remainder of
the system may be quite compact and rugged; the basic components for
producing and deflecting the ink jet typically occupy about a 2-in. cube,

exclusive of ink supply, power supplies, and amplifiers.

B, POTENTIAL OF INK-JET TECHNIQUE AS A PRACTICAL RECORDING METHOD

A requirement exists for a high-frequency recorder having the con-
venience and operating economy of conventional low~frequency, direct-
writing systems, The experimental system has demonstrated a performance
capability that would fill this need and be valuable in a wide variety
of practical applications.

The experimental system requires frequent critical adjustments, is
inconvenient to operate, and is sensitive to changes in environment,
Straightforward engineering solutions to these problems are evident,
and it seems probable that a reasonably compact system, having a number
of separate channels, could be economically produced and would be suita-
ble for ficld use,

Additional investigation or development is needed in order to:

1, Increase the stability of the drop-formation process

2., Increase the stability of the factors affecting deflection
sensitivity

3. Decrease the size of the air-flow system

4. Design a suitable ink supply and a nozzle~-rinsing system

5. Fabricate nozzles of precise size efficiently.
The development effort required is considerable, because of the many
diverse problems involved. It should be noted, however, that a different
type of ink-jet oscillograph has been successfully commercialized in
Europe by manufacturers of the Elmqvist system [Refs. 7 and 10}, and
that many of the problems involved in the application of tiny,high-speed

ink jets to recording systems have been solved in these instruments.
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A practical system must have characteristics acceptable to those
who use oscillographs. It is evident that the record amplitude and
accuracy obtainable with the ink-jet system are appropriate to a wide
range of recording problems; hoWever, these characteristics are some-
what inferior to those of other currently available systems, The
acceptance of this unconventional technique will thus depend to some
extent on the willingness of users to reduce their requirements for
trace amplitude and accuracy in order to obtain the frequency response,

economy, resolution, and convenience inherent in the ink-jet system.

C. APPLICATIONS TO OTHER FIELDS

The techniques described in this report may be used to form, charge,
and deflect drops of any low-viscosity conducting fluid. The following
paragraphs summarize the significant properties of drop streams produced
in this way, and list some possible areas of application.

-The drop stream is formed by dividing a cylindrical fluid jet into
equal sections which then form a series of drops. Initially, each drop
has a velocity equal to the jet velocity. The sections into which the
jet is divided are restricted to lengths of approximately three to ten
jet diameters, It follows that high drop-formation frequencies require
small jets and high jet velocities. Drop-repetition frequencies up to
at least 250,000 per second can be achieved, using a jet velocity on the
order of 2500 cm/sec, and a jet diameter of 0,002 cm. The resulting
drops are about 0,004 cm in diameter. Larger drops can be produced at
lower rates. The drop size is precisely determined by the fluid flow
rate and the drop-repetition frequency,

The initial size, velocity, and spacing of the drops in the stream
are stable and uniform, and the charge of each drop is precisely propor-
tional to the charging potential at the instant of drop formation, An
electrical signal is easily derived that is synchronous with the instant
of drop formation and charging. The trajectories of drops thus formed
and projected through a constant electrostatic field are a precise

function of the drop charge., Since the deflection field is constant,

arrays of jets may be used with a common deflection field, and the

drops agsociated with each jet may have charges and trajectories
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determined by separate, independent, electrical inputs. Streams of
drops may be turned "on" or "off" by catching them with a "collector"
arranged to intercept drops having specific trajectories,

This report is concerned only with the application of these concepts
to high-speed oscillography, and no attempt is made here to ascertain
the value of the technique to other fields. It seems likely, however,
that extensions of the technique could be applied to high-speed printing
and facsimile systems; and to printing or labeling on rough or irregular
surfaces,

More general applications include the precise high-speed control of
any kind of low-volume fluid flow. The technique can be used to accu-
rately dispense or deposit any solid substance that can be dissolved in
a conducting~-fluid vehicle, or that is sufficiently fluid and conductive
when molten, It should also be of value in studies or applications

involving mists, sprays, or fluid-atomization processes.
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APPENDIX A. ANALYSIS OF INK-DROP FORMATION AND DEFLECTION

This appendix presents theoretical relations for the processes of
drop formation, evaporation, and charging; and drop deflection by both ¢
electrostatic and aerodynamic forces. The derivations involve a number
of simplifying approximations, but a rough agreement with experimental
results is obtained. The relations may be used to predict approximate
performance; they are particularly useful in determining the effects
of varying system parameters.

Rational cgs wunits are employed in the analysis. Electrical
quantities are expressed as volts, amperes, and coulombs. Symbols used
in the analysis are listed at the end of this appendix, together with
appropriate units and conversion factors. A numerical example is given
in Section 6 to illustrate the use of the relations and to give an idea

of typical magnitudes of the quantities involved.

1, Ink-Drop-Stream Formation

The production of a uniform stream of drops involves the formation
cf a cylindrical jet and the impression of regularly spaced disturbances
upon the jet as it forms. Division of the jet at regular intervals,
through growth of the disturbances, results in the formation of a series
of uniform, spherical drops.

a, Jet Formation

A free jet, initially cylindrical in form, is produced by
supplying ink, under precsure, to a nozzle with a circular cross section,

The required ink pressure is given by
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where Pi is the pressure on the ink in the supply reservoir
vJO is the Iree-jet velocity
dJo is the free-jet diameter
dn is the inside diameter of the nozzle or supply tubing
y is length along the nozzle or supply tubing
ui is the ink viscosity
oy is the ink surface tension
Pi is the ink density

The pressure loss due to friction Pf in the nozzle and supply
tubing is given by the first term of Eq. (1), which is a consequence of

the Hagen-Poiseuille law for laminar flow,

32u.v 4
N , (2)

oy
[~ S

d

This expression applies to uniform pipe flow, with fluid velocity vp,
for Reynolds numbers not exceeding 2000, which is the case in this
application. The first term of Eq. (1) shows that, for a given flow
rate, the pressure drop across an incremental distance along the direc-
tion of flow is inversely proportional to the fourth power of the
diameter. Usually most of the friction loss occurs near the nozzle
exit, where the diameter is small and the fluid velocity is high.

The internal pressure of the free cylindrical jet resulting
from surface tension is given by the second term of Eq. (1). The third
term gives the pressure required to provide the kinetic energy of the

jet and is the predominate term if the nozzle is efficient.
b. Drop Formation

A free cylindrical jet is in unstable equilibrium, because of
surface-tension forces, and must break up into drops. This breakup
normally occurs through the growth of minute, random variations in the
diameter and results in a random variation in drop size. If regularly
spaced varicosities are introduced in a cylindrical jet at suitable
intervals, these will grow and "pinch off" the stream at regularly

spaced intervals, resulting in drops of uniform size and spacing.
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The instability of a fluid cylinder was studied by Rayleigh
[Ref. 1], who showed that a small sinusoidal variation of diameter
(varicosity) impressed along the length of the cylinder grows exponen-
tially with time according to
ad, = ad, exp[ I(8g, /p a3 }l/zt] =ad, exp(t/T)) (3a)
J Jo i'Fi17jo Jo J
where Adj = peak variation in jet diameter, resulting from the

growing sinusoidal disturbance

Adjo = initial peak variation in jet diameter, resulting
from the impressed disturbance

1 = "instability factor," which is a function of the
ratio of the wavelength of the disturbance to the
jet diameter

Tj = time constant for the growing disturbance; this

is the time iequired for the amplitude of the

disturbance to increase by the factor e, or

TJ = (1/1)(‘)1(1?0/80-1)1/2 (Sb)

The relations (3) may be clarified by referring to Fig. 30, Distance is
expressed as the product of initial jet velocity and time vjot' and
is measured from the initial disturbance point at which Adjo is given,
The relationship between the jet instability factor I and
A/djo, as derived by Rayleigh, is plotted in Fig. 31. It is evident
that the wavelength A of the disturbance measured along the jet axis
must exceed ndjo for growth of the disturbance to occur. The maximum
rate of growth occurs for A = 4'5djo' The relationship between the

frequency of drop formation and disturbance wavelength is given by

t, = vjo/K (4)

where fd is the drop-formation rate. The system frequency response is

proportional to f since the minimum A is equal to ndjo, £ can-

a’ d

not exceed v, /ad. .
J/ Jo
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The drop mass my equals the mass of the cylindrical gection

of jet which forms one drop:

2 3
pindjoA pyndy
"yT T4 T e (5)

where dd is the drop diameter. Additional useful relationships
between dd' djo' and A are given in Fig. 32.

The value of surface tension appropriate to Eq. (3) may be quite
different from that determined from static measurements, unless the
liquid is pure [Ref. 13]. A surface-active agent in dilute solution will
affect the static surface tension, but time is required for the solute
to migrate and form a concentration at a freshly formed surface. The
migration time is typically many milliseconds; this is a long time
compared to the jet surface lifetime between nozzle tip and the drop
separation point. Rayleigh, for example, found that small jets formed
with a soapy solution behaved no differently from those of pure water,.

However, surface active agents will effect the marking characteristics

of an ink.
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Rayleigh's original analysis assumes that surface-tension forces
are opposed by fluid inertia only, and that the effects of viscosity can
Je neglected. As long as inertial reactions predominate, the only effect
of viscosity is to reduce the rate of growth of the disturbance; the
wavelength for maximum instability remains the same. If viscous forces
predominate, division of a liquid thread tends to occur at points sepa-~
rated by distances very large compared to the stream diameter, as in the
case of honey, or molten glass. A tendency for a liquid cylinder to
separate into closely spaced drops may thus be taken as evidence that
viscosity etfects are small,

Equation (3) assumes a sinusoidal disturbance that is small
compared with the stream diameter; the equation is not valid near the
point of drop separation. Experimentally, drops separate near the
computed point, but each drop is sometimes accompanied by an extra,

small satellite drop.
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The equation neglects electrostatic forces due to surface charges
on the jet produced by the signal-input potential. These forces oppose
those of surface tension and, if high enough, may delay or even change
entirely the jet breakup mechanism [Ref. 14]. For maximum signal-voltage
inputs that can be used in the oscillograph, surface charge does not
appreciably affect the jet disturbance growth up to the drop-separation
point, but the formation of satellites may be encouraged, to a serious
extent, by elecctrostatic forces in the vicinity of the drop-separation
point .

Equation (3) also assumes that the jet cross section is circular,
and that the flow is laminar, parallel, and uniform across this cross
section, Aerodynamic forces are neglected. The characteristics of
actual jets are affected by the convergence angle of the nozzle, sharp-
ness of the edge at the nozzle exit, capillary attraction between the
fluid and the nozzle material, and any disturbance of streamlined flow

upstream from the nozzle.

c. Synchronization of Drop Formation

The initial synchronizing disturbance of the jet may be produced
by mechanically vibrating the nozzle along the jet axis, or by varying
the pressure of the ink at the synchronization frequency. The resulting
velocity modulation of the jet causes a periodic downstream "bunching”
of the fluid, as in a klystron microwave amplifier tube. In this case,
the "beam'"-density modulation manifests itself as a variation in cross-
sectional area, since the fluid is not compressible.

The instantaneous jet velocity Vj at the nozzle may be expressed
by

Vi Vit vnsin(znfdt) . (6)

where Vi is the peak amplitude of the alternating component of jet
velocity resulting from the synchronizing vibraiion or pressure varia-
tion. For a vibrating nozzle, Vo is related to the peak vibration

amplitude z, by

v, =2nfz . (7)
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The bunching process may be visualized by considering the fluid
issuing from a vibrating nozzle. At the peaks of nozzle displacement,
the nozzle velocity is zero, and the jet-fluid velocity is equal to the
average (pressure-induced) velocity vjo. A section of fluid that issues
at the instant of negative peak displacement of the nozzle (maximum dig~-
placement opposite to jet-flow direction) is preceded by fluid going
slower than average, and followed by fluid going faster than average.
Downstream, the fluid "piles up" about these sections of the jet that
issue once each vibration cycle.

If Va << vjo, an analysis analogous to that applied to beam
bunching in a klystron [Ref. 15] shows that sinusoidal velocity modula-
tion of the stream produces a sinusoidal, growing variation in cross-
sectional area that increases linearly with time, and with distance from

the nozzle, according to

AAJ Vo
A C (r)znfdt , (8)
jo jo
where AAJ is the peak variation in jet cross-sectional area, Ajo is

the unperturbed cross-sectional area at the nozzle, and AAJ/AJo << 1 [in
Ref, 15, AAJ/AJO corresponds to the ratio of peak klystron funda-

mental current to the dc current, II/IO; 2nfdt to the unperturbed

transit angle ° ; and (vn/vJO)andt to the "bunching parameter," Kk]J.

Equation (8) is a suitable approximation for AAJ < O'SAjo' Substituting

the approximation given by

AA {(d. +ad )2- a2 24d
i _lJo jo J (9)
o 42 d.
3 jo J
into Eq. (8) yields
Voo .
/.\dj = djo(v—) nf gt (10)

Jo
where Anj is the peak variation in jet diameter,
The rate of disturbance growth due to velocity modulation is

constant, while the rate due to surface-tension forces, given by the
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exponential relation of Eq. (3), is proportional to disturbance amplitude,
The result is a disturbance wave that initially grows linearly, according
to Eq. (10), until a critical amplitude is reached; the exponential
process expressed by Eq. (3) then "takes over," as illustrated in Fig. 33,
This is an approximate analysis, since both surface-tension forces and
velocity-modulation effects should be considered simultaneously near the

transition point.

-
3q ’
28 s
22 id
23 s
2% 4
ax ,/

a4y,

v,
. LA
Yio
a4,
e
1. DISTANCE FROM
v o'}
’ NOZILE, v, t

jo

FIG. 33. ENVELOPE OF JET PROFILE SHOWING
TRANSITION FROM LINEAR GROWTH TO EXPONEN-
TIAL GROWTH OF DISTURBANCE.

The transition point may be found by equating the derivatives
(rates of disturbance growth) of Egs. (3) and (10) and solving for the
time and disturbance amplitude. The results show that the transition
occurs at time t = TJ and the disturbance amplitude Adjo at this

point is given by

C v
n
= —_— 1
Adjo djo(vjo)n dTJ ) (11)

where TJ is the same time constant (associated with disturbance growth

due to surface-tension forces) that was defined for Eq. (3).The distance
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zt from the nozzle to the transition point is then equal to

z, =v, T, . (12)

This value also equals the length of jet, beyond the transition point,
in which the disturbance grows by the factor e, Figure 33 shows that
growth beyond the transition point (i.e., for t > Tj) follows the
exponential relation given by Eq. (3) with Adjo/e suﬁstituted for

Ad .,
Jo Ad

_ _Jo N _ o
Adj = — exp(}i> = Adjo exp(Tj 1) . (13)

The total time to drop separation t = TS is the time required for the

disturbance to sever the jet. This may be found by setting Adj = djo
in Eq. (13) and solving for t, yielding

T =T 12/d3°> (14)
s = ittt n&sdjo :

The distance zs to the drop-separation point then equals

z =v_ T . (15)

d. Evaporation of Drops

Langmuir {Ref. 16] has shown that the evaporation of a small
spherical drop in still air may be expressed as a constant rate of change

of the surface area A

dv

independent of drop size, according to

p
—2 - 40 LX (16)

where Dv is the diffusion constant of the ink-solvent vapor in air,

and Py is the partial density of the ink-solvent saturated vapor. If
the ink solvent is water, the evaporation rate is decreased by the factor
(1-H), where H is the relative humidity expressed as a fraction. For

5

water, the evaporation rate in dry air at 20 °C is 5.2.10° cmz/sec.
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The drop velocity, relative to the air, modifies the evaporation
rate during transit, The correct value is obtained by multiplying
Eq. (16) by an empirically determined correction factor kr given by

[Ref. 17] 1/3

, m

_ a 1/2

k, =1+ 0.276 (Dp ) Ry (17)
via

where Rd = ddvjopa/pa is the Reynolds number associated with the drop
flight, g is the air viscosity, and Pa is the air density. For
water drops in air at 20 °C, k. = 1 + 0.24Rz/2,

The fluid loss during flight turns out to be negligible for the
parameter magnitudes of interest here, but Eq,. (16) is useful in approxi-
mating the required record drying time for a record made on a non-
absorbent surface at a writing speed high enough so that the individual
drops do not merge. The time given by Eq. (16) will be somewhat less
than the true value, because evaporation does not take place from the

under side of the drop, where it contacts the paper,

2. Electrostatic Charging of Ink Drops

The signal voltage is applied between an electrode, capacitively
coupled to the ink jet at the point of drop formation, and the continuous
conducting jet that extends from the nozzle to this point. Each drop,
after it separates from the jet, carries a charge exactly proportional
to the signal voltage at the instant of detachment, provided the fluid
conductivity is sufficiently high and the capacitance between the

separating drop and previously charged drops can be neglected.

a, Calculation of Drop Charge

!

Figure 34 shows the drop-charging configuration used in the
experimental systems. The charging electrode is physically close to
the jet, in order to maximize the coupling capacitance, and is arranged
so as to shield the jet between the nozzle and drop-formation point
from external fields, Electrical contact to the jet is made through

the metal nozzle-supply tubing.
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FIG, 34. DROP-CHARGING CONFIGURATION.

The stream of drops extending downstream from the charging point
is equivalent to a lumped transmission line with series and shunt

impedances that are pure capacitances, as shown schematically in Fig. 35,

ANAR AR, AR AR AR AR AR
/ / AV} A \ \/ \
¢ d ¢

4

- FIG, 35. REPRESENTATION OF DROP

4--{I--0-

%--11--0

[] ]
1L AL L
T i ] STREAM AS A TRANSMISSION LINE,
- Y Y ¥ L 2

Because of the capacitive coupling between drops, the charge on
the drop about to separate is influenced by the charge on the just previ-
ously released drop. Charges on drops farther downstream also influence
the charge on the separating drop to an extent that decreases rapidly
with distance from the charging point,

The drop-to-drop coupling results in a transient-step response
having an overshoot, as illustrated in Fig. 36. The overshoot charac-
teristics can be computed if all the capacitances of the equivalent

circuit of Fig. 35 are known., This has not been attempted for the
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systems described here. The amplitude and time duration of the overs‘hoot

are determined experimentally; overshoot amplitude is typically 20 per- .
cent, and has a decay time constant of about two drop-repetition periods.

Both the magnitude and time duration of the overshoot decrease with :
decreasing ratio of drop-to-drop capacitance to drop-to-ground capaci-

tance.

I

1.0

—t |

a. Step input signal voltage

fe— T
L

b. Uncompensated recorder response

R =V
e VWA , Tp——e
SIGNAL IN ik T Lo CHARGING
¢=_T _  voLTAGE

I - ¥ T
c. Normalized equalizing network

Ty —ed

d. Charging voltage for equalized response

FIG, 36, COMPENSATION FOR TRANSIENT
OVERSHOOT.

Figure 36 also shows the required signal predistortion for an '
equalized recorder response and the corresponding equalizing network.
Since the charging process is linear, this is the correct equalizing

network for any input waveform,
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The approximate value of the charge q 1induced on the drop about
to separate is obtained by neglecting the influence of nearby previously

charged drops, giving

q=2C\V, , (18)

where Vi is the potential between charging electrode and nozzle, and
Ci is the capacitance between the charging electrode and the drop being
charged.

The charging capacitance Ci is determined by the geometry of
the jet and charging electrode. In the configuration of Fig. 34, Ci
may be approximated by assuming that the jet is the cylindrical center
conductor of a transmission line with an outer conductor consisting of
two, infinite, parallel plates with spacing dx' The capacitance per
unit length [Ref. 18] of this configuration is multiplied by A, the
length of the fluid cylinder that forms one ink drop,to obtain an approxi-
mate value for the charging capacitance:

27k A
G (19)

C., = ————
1 ~
Zn( x)
ad,
jo

where ko is the permittivity of free space.

The charging electrode must be symmetrical about any plane
through the jet axis, If the system is asymmetric, transverse forces
are exerted on the jet which are proportional to the square of the

charging voltage, and any resulting deflection produces record distortion,
b. Maximum Drop Charge

The maximum achievable drop charge corresponds to the maximum
charging voltage for which corona discharge or sparking does not occur
in the gap between jet and charging electrode. The surface charge
density induced on a separating drop is proportional to the electric
field at the drop surface. Because of the small dimensions of a typical
charging configuration, electric fields may greatly exceed the usual
value determined from data on breakdown of air gaps with spacings on the

order of a centimeter.
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Similarly, the field at the surface of a very small free drop
may be quite high without causing air breakdown. The charge on a free
drop remote from neighboring objects is distributed uniformly over the
surface, and the resulting radial electric field decreases inversely as
the square of the distance from the center of the drop. The field thus
drops to one-quarter of its maximum value at one drop radius from the
drop surface; although the field lines terminate at points distant from
the drop, the air gap over which appreciable field exists is on the order
of a drop radius,

The dielectric strength of air is p. ;tted against air gap length
in Fig. 37 [Ref. 19]. The data are for parallel electrodes but may be
used to estimate maximum fields for the geometries discussed here.

The relation between electric field Ed at a surface (air
dielectric) is a direct consequence of Gauss's law for electrostatics

and is given by

_ .4
By =%xa (20)
o d
where Ad in this case is the surface area of the ink drop, ndi
150
125 \
T 100 \\
\U
75
frf
: \ ) |
= \\ ‘
25 }
i
i
o M
0.001 0.0l 0.1 1.0 :
AIR GAP (cm) ;
FIG, 37. BREAKDOWN GRADIENT FOR AIR
BETWEEN PLANE-PARALLEL ELECTRODES. .
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The forces due to surface charge on a drop oppose those of sur-
face tension and tend to cause the drop to disintegrate. Rayleigh
[Ref. 1] analyzed the situation and determined that the maximum charge,

determined by this limitation, is given by

2 -
q = 8-10 7n2k d

max 0%d% ¢ (21)

1

2 W

In systems described here, drops are charged as they form, before
they attain their final spherical shape., The limiting drop charge must
therefore be less than that given by Eq. (21).

¢. Drop Charging Time

The continuous column of ink extending from the nozzle to the
drop separation point is equivalent to a section of RC transmission

line with open-circuit termination, Figure 38 shows the response at the

Ry 7 total series resistance

INPUT  O=—\AAAAA—C OUTPUT
N _ €, ~ total shunt capacitance

-
0.8 ////
/,
ad
<9
-
S 0.6
2
= /
=
-
(=
2
o /
0.4

-

2.0

1.0
t/RsC‘

FIG. 38. OPEN-CIRCUIT RESPONSE OF DISTRIBUTED RC
TRANSMISSION LINE TO UNIT-STEP INPUT VOLTAGE.
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open-circuited end of such a line to a step input. The line is assumed
to have uniformly distributed series and shunt impedances that are purely
resistive and capacitive, respectively,

The capacitance and resistance of the jet between nozzle and
drop-separation point may be computed if the modulation of diameter is
neglected and the jet is approximated as a uniform cylinder between two
parallel plates. The capacitance of the jet, for the charging configura-
tion of Fig, 34, is then approximately

2nk°z
C = —258_ | (22)

s 4dx
ﬂn(ﬂd. )
jo

_ where CS is the total capacitance between the continuous portion of the

jet and the charging electrode, and zS is the jet length from nozzle
tip to drop-separation point, given by Eq. (15).

Neglecting the resistance of the ink inside the nozzle, the
series resistance is expressed by

2
R = 4Rz /ndl (23)

where Rs is the total jet resistance between nozzle tip and drop-
separation point, and Ri is the volume resistivity of the ink.
The time Tr required to charge a drop with a step input from

10 to 90 percent of the final value is, from Fig, 38,
T =09RC_ . (24)
r s's

If the full, transient, recording capability of the system is to be .

achieved without equalization, this time should be short compared with

the drop repetition period 1/fd.

3. Deflection of Drops by Electrostatic Field

The trajectories of the charged ink drops between the drop-separation
point and the record surface are determined by the initial velocity and
by the forces acting on the drops during flight., Ideally, the only
appreciable force is that due to a constant electrostatic deflecting

field normal to the jet axis. If the field is uniform over the entire
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flight path, the trajectories are parabolic and the drop deflection is
given by

where: ax is the transverse acceleration of the drop due to the

deflecting field

%

is the deflection amplitude at the record surface
q is the drop charge, given by Eqs. (18) and (19)

E is the value of the deflection field
t

: is the transit time from drop-separation point to record
surface
md is the drop mass
z, is the axial distance from drop-separation point to record
surface,

For this ideal case, transit time is independent of deflection, since no
acceleration of the drops takes place in the direction normal to the
record surface., The increased velocity ot deflected drops is entirely
due to acceleration by the electric field in a direction normal to the
jet axis,

The configuration of the actual experimental system is shown in
Fig. 39. A high dc potential is established between two parallel deflec-
tion plates on opposite sides of the ink stream. It will be shown in
Sectiun 5 that fidelity increcases with increasing deflection field. The
deflection system should, therefore, be designed to establish the maxi-
mum field possible across the path traversed by the ink drops. The
attainable field is limited to something less than the dielectric
strength of air {which is about 30 kv/cm at 1 or 2 centimeters spacing)
and the deflection plates are therefore parallel, rather than divergent
as in a cathode-ray tube, in order to allow the maximum field to be
established through nearly the full length of the system. The minimum
clearance between the ends of each deflection plate and the record

surface is limited by short circuiting of the field at the record
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surface, which may occur through the conducting, recorded trace. The

minimum spacing between plates is determined by the requirement that the *
plates not intercept ink at maximum deflection., For a given deflecting

field, the required deflection voltage is proportional to the plate

spacing.

SOV N——

FIG, 39. DEFLECTION-SYSTEM
GEOMETRY.

Because the deflection plates do not extend to the record surface,
the field is not uniform over the entire flight path, Assuming the
field to be uniform between the plates and zero beyond them--that is,
neglecting fringing of the field between the ends of the plates and the

record surface--Eq. (25) becomes

107quzz )
x = | —g— | kg(2-k,) | (26)

S T S S N S Y

where kf is the fraction of total flight path from drop-charging point
to record surface in the electric field. The maximum peak-to-peak

deflection 2x°, without interception by the deflection system then
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exceeds the plate spacing, and is given by

2-kf
2x, =D, (—kf—) , (27)
where Dx is the deflection-plate spacing.

The continuous free jet between the nozzle tip and the drop-
separation point should be shielded from the deflection field to avoid
transverse deflection of the jet at the drop-separation point. Such
deflection changes the charging geometry and thus introduces nonlinear
distortion. Of even more importance is the dependency of this deflec-
tion on signal frequency because of the transit time from nozzle tip to
drop-separation point; the high-frequency response of the recorder may
be appreciably modified if the deflecting field acts on this portion of
the jet.

4, Distortion Causes

Additional forces, not considered in the section on deflection, act
on the ink drops to produce spurious deflections, or distortion. These
forces include mutual electrostatic forces between charged drops and
nonuniform aerodynamic forces. Distortion also results from non-
uniformities in the deflection field, resulting from fringing effects,

A steady force, which acts equally on all drops, does not produce dis-
tortion but results in a constant deflcction or time delay that can be
accommodated in the calibration.

Distortion is analyzed here by first deriving equations for the peak
change in drop transit time and deflection resulting from a small per-
turbing force. The force is assumed to be constant vver Lhe flight path
taken by a particular drop, but to vary unpredictably in magnitude and
direction from drop to drop.

Drop~to~-drop variations in aerodynamic and mutual electrostatic
forces cannot exceed limils established by the system parameters. Using
these maximum force values, limiting expressions are found for the peak
spurious deflection.

The effect of deflection-field fringing is discussed, but no ana-
lytical treatment is a;tempted. Finally, in Section 5, the limiting
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expressions for spurious deflection are organized so that the effect of
system~parameter variation on distortion is evident, and the resulting

constraints on system design are discussed,

a, General Small Perturbing Force

\

Distorting forces on ink drops are assumed to act only in the
plane defined by the jet and the deflection axes. Any distorting force
may then be resolved into two orthogonal components, which are direc;ed
along the jet or 2z axis, and along the deflection or x axis,

The transit time of an ink drop subjected to a constant axial

retarding force along the 2z axis is given implicitly by

F
z =v, - z.2 (28)
o} jo o 2 m o
d
where zo is the distance from drop~separation point to paper
vjo is the initial drop velocity
to is the transit time from drop-separation point to paper
my is the drop mass
FZ is a retarding force acting along the jet axis, and is
constant over the flight path taken by a particular drop,
but varies from drop to drop.
Differentiation of Eq. (28) with respect to transit time yields
Ft ti an
v, - - = =0, (29)
j 2 )}
jo my my to
Replacing the differentials by small incremental values yields, for
Fz - 0, the approximation
e2aF,
A= —— (30)
o
:.mdvjo

where Amo represents a small change in total transit time, For small

F, z and substitution in Eq. (30) ylelds the desired expres-

=v, t ,
z o Jjo o
sion for the change in transit time caused by changing the axial
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retarding force from zero to a small constant value AFZ:

OAF
Ato = —_—, (31)

The deflection of an ink drop subjected to a constant transverse

force is given by

1
X —'2- y (32)
where x 1is the unperturbed transverse deflection at the record and
Fx is a constant force acting along the deflection axis., Differentia-~

tion of Fq. (32) with respect to transit time yields

F t t2 OF
% _ xo "o _x (33)
St m 2m, ot °
o d d o

Replacing the differentials by small incremental values yields, for

At < to, the approximation

Ax = + , - (34)
d

where OAx represents a small perturbation in deflection due to a change
in transit time Ato and an incremental transverse force AFX. Combin-
ing Egqs. (31), (32), (34), and the relation z =~ vjoto yields the
desired expression for the change in trace deflection caused by small

constant axial and transverse forces AFZ and AE;

z
o
bx = ——5 (2xAFz+z°AFx) . (35)
2m v,
d jo
Equations (31) and (35) are valid only if the deflecting and perturbing
forces are constant during the drop transit time from drop-separation
point to paper., Forces that vary during drop flight are not considered
here, except that the change in deflection or transit time caused by a

small impulsive force is noted to be proportional to the product of
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impulse amplitude and flight time after application, It follows that a
force acting during the early part of the drop flight causes more deflec-

tion than an equivalent force acting near the finish line.
b. Mutual Electrostatic Forces between Drops

Distortion results from mutual square-law attractive or repul-
sive forces existing between neighboring charged drops. Because of the
square-law relationship, mutual forces decrease rapidly with increased
drop spacing, and the force on any particular drop may be satisfactorily
approximated by considering charges on adjacent drops only,

Maximum distortion occurs when adjacent drops have nearly equal
charges. The trajectories of the drops are then similar, and they
remain neighbors during the entire journey to the record surface. The
smallest spacing between any two drops is equal to A, the initial
drop-to-drop spacing. The maximum force Fq between two drops is then
given by

7 2

F = —19—35 . (36)
a 4nkok

Equation (36) follows from the force equation for point charges and is
an appropriate approximation for spherical drops if the center-to-center
spacing exceeds about 1,5 drop diameters, For adjacent drop geometries
that are realizable in the oscillograph, Eq. (36) suitably approximates
the maximum possible force on a drop.

Assuming that Eq. (36) represents maximum values for simultaneous
transverse and axial drop force components Fx and Fz, substitution
into Eqs. (31) and (35) yields the following limiting values for peak

spurious time error and deflection:

107z<2)q2
- bt = (37)
°4 " gak m A'v?
od jo
107zoq2(2x+z°)
AX = (38)
b 8gk m szz
T od jo
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where the subscript q indicates effects caused by mutual electrostatic
forces. Typical values for these quantities are given in the numerical
example in Section 6.

The time and amplitude errors given by Eqs. (37) and (38) are
limits that cannot be exceeded. Since the drop displacements resulting
from repulsion forces are in a direction to reduce the force, the maxi-
mum forces used in deriving the equations are not maintained during the
entire transit time. The actual errors are thus considerably less than
indicated; they also depend on the geometric relation between the drops
during transit, and hence on the signal waveform. The primary value of
Eqs. (37) and (38) is their usefulness in relating relative distortion
amplitude with variation in system parameters.

Oppositely charged drops attract each other, but this force is
opposed by the deflecting field, which acts to separate them. If the
deflecting force predominates, the attractive force is appreciable for
only a brief interval and the resulting distortion is small, If the
attractive force predominates, the drops merge and then follow a tra-
jectory determined by the total resulting charge. Usually, the maximum
drop charge is limited to values giving moderate distortion resulting
from repulsion effects between drops with like charges. Attractive
forces for drops with opposite charges of this magnitude are, in general,
then insufficient to produce merging and may be neglected.

Drops should enter the deflecting field immediately after charg-
ing, to minimize the merging tendency. For this reason, the charging
electrode (see Fig. 34) should not extend appreciably beyond the drop-

separation point,
c. Aerodynamic Forces

Aerodynamic drag causes an axial deceleration of the ink drops
during flight. Because the decelerating force varies from drop to drop,
the drop transit time is nonuniform and distortion results. The analy-

sis that follows pertains to the basic system, with no relative motion

between the nozzle and ambient air; no analysis is attempted for systems

that reduce aerodynamic distortion by utilizing a moving air stream or
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rotating nozzle. Qualitative discussions of these distortion-reducing
configurations are contained in Section E of Chapter II, and in Appen- .
dixes B and C.

For a sphere travelling in still air, the drag force Fa due to
air resistance is given by [Ref. 20]

1 2
F, =8 %aPaVjo"% (39)

where p_ is the air density and cq 1is the "drag coefficient," a
dimensionless quantity that depends only on the Reynolds number Rd,

given by
Rd = ddvjopa/“a ’ (40)

where My is the air viscosity. Figure 40 is a plot of the empirically
determined drag coefficient for spheres over the range of Reynolds
numbers of interest in our application [Ref. 20].
In a stream of drops, travelling in single file, deceleration due
to air resistance is reduced because each drop follows in the wake of the
preceding drop. In recording a fast waveform, the drops in flight at any )
instant are travelling along appreciably different trajectories. The air

resistance on any particular drop is then a function of its position in

10.0
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& 2.0 N
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=
: \
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0.2 .
FIG. 40. AERODYNAMIC DRAG 3
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1
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the waveform being recorded., For example, in recording a sine wave, the
drops near the zero crossings are travelling side by side and are decel-
erated more than the drops at the peaks, which are travelling in single
file. Furthermore, drops just forward of the peaks of the sine wave are
more exposed to air drag than those just following the peaks, The result
is a bunching of the drops at the peaks, which may eventually result in
the touching and coalescence of two or more drops. Figure 41 illustrates

the situation,

Ly

DROP WAKE: ..X

IRl

Cory

/ * 'E& FIG., 41. DROPS IN FLIGHT FOR SINE-WAVE
v 1 RECORD, SHOWING REDUCTION IN AERODYNAMIC
oo’ \ DRAG NEAR PEAKS.

The difference in force on different drops cannot exceed the
value given by Eq. (39)u Since this variable force is unidirectional,
it represents a peak-to-peak variation; the peak variation from the
mean equals one-half of this value and is given by
a 1 2 2
, 3 " 18 cdpavjondd . (41)
This force acts along the line of flight. For our analysis the situation
is approximated by assuming that the axial component of force AFZ pre-
dominates and that the transverse component AFx can be neglected.
Substitution ot Eq. (41) into Eqs. (31) and (35) then yields the follow-

ing limiting peak values for spurious time-delay variations and spurious

deflections:

[« ftdzz2
‘aPa™q%0
Atoa = T3zm.v (42)
d jo
2
c.p nd xz
d"a " d o
Xy 16md ' (43)
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where the subscript a indicates effects caused by aerodynamic forces.
Typical values for these quantities are given in the numerical example
of Section 6.

Equations (42) and (43) give distortion amplitudes that are much
too high because of the drastic assumptions made. They assume that some
drops are completely shielded from air resistance and undergo no deceler-
ation, and that others experience the maximum possible aerodynamic drag
throughout their entire flight,

Actually, all drops are initially travelling in single file and
experience the same minimum (but not zero) aerodynamic force. As signal
deflection displaces the drops from the jet axis, some drops become more
exposed to aerodynamic drag, and the decelerating force may actually
approach the value given by Eq. (40), but only during the latter part of
the drop flight., The primary value of Eqs. (42) and (43) is their use-
fulness in relating the way distortion changes with variation in system
parameters. As with mutual repulsion forces, the maximum errors depend

on the signal waveform.
d, Fringing of Deflection Field

The field in the space between the ends of the deflection plates
and the record is nonuniform because of fringing beyond the plate ends.
The resulting record distortion is determined entirely by the geometry
of the deflection system and the ink-stream trajectory; it is inde-
pendent of the particular combination of jet velocity, deflection-field
magnitude, drop charge, and drop mass, which establishes the trajectory.
The field lines intersecting the drop trajectories corresponding to large
deflections are concentrated near the plate ends, as illustrated in
Fig. 42, and have an axial component which acts to decelerate the drops.
The transit time and deflection sensitivity thus increase with deflec-
tion amplitude, resulting in both time and amplitude distortion,

For a given deflection-plate contiguration and record amplitude,
increasing the nozzle to record distance increases the length of uniform
field traversed by the drops and hence decreases the distortion from

this source.
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5. System Design and Prediction of Performance

Design of an oscillograph involves trade-offs between the desirable
characteristics of high-frequency response, high maximum-trace amplitude,
low distortion, and small physical size. This section discusses the
relations between these characteristics, and presents a rational design

approach.
a. Specification of System Parameters

In specifying parameters for a recording system, one attempts
to pick values that provide minimum distortion at the required maximum
deflection, a drop-repetition rate sufficient to resolve the maximum
input frequency, and an ink-drop size and ink-flow rate that result in a
reasonable compromise between trace visibility and resolution at the
desired writing speed.

The effect of paramctcr variation on performance may be clari-
fied by rearranging the limiting distortion equations that were derived
in the preceding section. Terms in q, vjo’ and md can be eliminated
by combining Eq. (25) for deflection (the deflection field is assumed
constant over the entire drop path), Eq. (4) for drop-formation frequcncy,
and Eq. (5) for drop mass, with distortion Eqs. (37), (38), (42), and

(43), giving
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In these equations the peak time errors are expressed as frac-

tions of the drop-repetition period T and the peak amplitude errors

are expressed as fractions of the signgl-record amplitude x. The aero-
dynamic distortion is for the basic configuration, without relative
motion between nozzle and ambient air. As previously explained, actual
distortion will be considerably less than indicated by the equations,
because of the assumptions made in their derivation.

It is evident from the equations that Ex and ?\/dd should be
as large as possible. The deflection field Ex is limited by the
dielectric strength of air to something less than 30, 000 v/cm. The drop-
spacing to drop-diameter ratio ?\/dd is limited to values for which
drops can be satisfactorily formed; the section on experimental results
indicatecs that the maximum ratio corresponds to a 7\/dJ ratio of about
8.0, resulting in a maximum 7\/dd of 3.5 (from Fig. 32). 1In the
following discussion, Ex and ?\/dd may therefore be considered as
constants in the distortion equations.

Values for deflection and drop rate, x and f are chosen on

)
the basis of desired system performance. Since fractio:al distortion
increases as the product of these quantities increases, their magnitude
is limited by the required system fidelity.

The best jet length zo involves balancing the distortion due

to the term, (1+z°/2x) in Eq. (47), which increases as z  increases,
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with the distortion due to deflection-field fringing, which decreases
with increasiﬁg z,.

Distortion due to mutual electrostatic drop repulsion increases
as the remaining unspecified term dd/z° increases; distortion due to
aerodynamic forces decreases as dd/zo increases. Thus, since all
parameters except d have been specified, there exists a unique value

d
of d for minimum time or amplitude distortion,

‘ So far, the effect of drop size on trace characteristics has
been ignored. Usually, what is wanted is a drop just big enough to
produce a distinctly visible dot on the record surface. If the procedure
given does not result in a drop near this size, values for zo/2x° and
dd/zo will have to be changed somewhat from the previously determined
optimum values,

The approximations involved in.the distortion equations limit
their usefulness to order-of-magnitude estimates in directly determining
system performance. The relations are most useful in predicting the
effect of changes in a system with experimentally determinedvperformance.
If the experimentally determined distortion in a prototype can be cor-
rectly divided into electrostatically caused and aerodynamically caused
components, and if the contemplated changes are not too large, the per-
formance change caused by a modification of the system should be quite
accurately predictable, using Eqs. (44) to (47).

Equations (44) and (46) are not appropriate for making even rough
estimates of distortion resulting from aerodynamic effects in systems
employing a relative motion between nozzle and ambient air. They may be
of some use, however, in predicting the result of parameter changes on

aerodynamic effects in these systems.
b. Scaling

Any system (including those employing a relative air-nozzle
velocity) may be scaled to a larger or smaller size, and the drop tra-
jectories may be predictea exactly on the basis of the prototype per-
formance, if dynamic similarity is maintained. This requires that ratios
between air or drop inertia forces Fi (tendency of mass to resist

acceleration), forces due to air viscosity F“, and electrostatic forces
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Fe, not be changed in the scaling process. Gravitational forces may
be neglected. It is not necessary to scale fluid-viscosity and surface-
tension forces, which affect only the drop-formation process, and not
the subsequent drop trajectories. The forces of interest may be general-

ized by the following fundamental proportionalities:

3 g_ - 2V2
P, ~ ma~ (pf )(t2> ol (48)
Fovu A~ a(f) £~ v (49)
P~ By~ (POV) ~ (PUV) ~ VP, (50)

where £/ or y, m, and t refer to length, mass, and time; A, v,
and a refer to area, velocity, and acceleration; u and p are gas
viscosity and gas or drop density. In the proportionality for Fe' C
is the capacitance of some element of the system, which is proportional
to linear dimension; V 1is potential; and E 1is electric field. If
the ratios of these forces are to remain constant, the following rela-

tions must be satisfied:

@EQ = Reynolds number = constant (51)
and
E;E = constant. (52)

These relations must hold for any two corresponding points in the scaled
system and its prototype, if the systems are to be dynamically similar.

If o and p are not changed, scaling a system by 2 factor r
involves multiplying all linear dimensions by r; jet velocity, air
velocity (if an air-flow system is used), and chart velocity by 1/r;
and drop frequency and signal input frequency by 1/r2. The signal-
input voltage and deflection voltage are not changed.

The drop trajectories and recorded traces in the scaled system
and its prototype will then be identical, except for scale factor,

including perturbations resulting from air drag, mutual electrostatic
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drop repulsion, and deflection-field fringing. Frequency responses of
the two systems are in the ratio of 1:1/r2. Scaled electric fields
vary as l/r; if the deflection field in the prototype is air-breakdown-
limited, the deflection field in the scaled system will be less than
optimum for r > 1 and will not be realizable for r < 1,

The scaling concept is particularly valuable in predicting the
performance obtainable by reducing the size of an existing system. This
is done by measuring the performance of the prototype at reduced fields
and voltages appropriate to the contemplated smaller model, and scaling

the results.

6. Numerical Example

This section applies the relations derived in this appendix to a
typical experimental oscillograph. The basic configuration, which does
not provide a relative motion between the nozzle and the ambient air,

is used.
a, System Specification

The ink (Schaeffer's "Scrip", washable black) is assumed to be
a dilute solution in water, with corresponding values of viscosity,
surface tension, density, saturated-vapor density, and vapor diffusion
coefficient. Temperature and air pressure are taken as 20 °C and 760
mm Hg.

The approximate nozzle profile, somewhat idealized to simplify
calcula;ion, and the charging electrode geometry for the experimental

system are shown in Fig. 43. The remaining specifications are:

Required peak deflection b'¢ = 0.5 cm
Ink-drop repetition frequency . fd = 100,000 cps
Drop-spacing-to-diameter ratio 7\/dJ,o = 6.0
Peak nozzle-vibration amplitude zn = 5-10“5 cm
Axial distance from ink-drop separation

point to record surface z0 = 2.5 cm
Deflecting field E, = 15,000 v/cm
Fraction of ink-drop trajectory exposed

to deflection field kf = 0,75
Ink viscosity by = 0,01 poise
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Ink density ‘ p = 1.0 gm/cm3
Ink surface tension g = 72.7 dynes/cm
Ink volume resistivity R = 130 ohm=-cm

Partial density of ink-solvent -5 3
saturated vapor Py = 1,73:10 gm/cm

Diffusion coefficient of ink- 2
solvent vapor in air D = 0,239 cm /sec

v
Air viscosity g = 1.83-10-4 poise
Air density Pa = 0.00120 gm/cm3
Air relative humidity H = 0,50 (50 percent)
SUPPLY TUBE ,
\-“ fes . 026 cm dia.
N
| \
N
% J— 10126 cm dia.
. 100 cn g
. 030 cm
oF!cm__—— 47
1[___—_— .0635 cm dia.
2 % . 050 cm
% 7
1 || 7
7
an
N 2 2
2 2
2 2
% 7
2
7 7
Z
% g
g / A
DROPTSEPARATION //A % R
POIN A {

FIG. 43. NOZZLE AND CHARGING~
ELECTRODE DIMENSIONS FOR NUMERICAL
EXAMPLE. Scale: 35X,
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b. Calculated Performance

Initial drop-to-drop spacing A = 6,0d

Jjo
= 0.022 cm
Initial ink-drop velocity [from Eq. (4)] Ve © 2200 cm/sec
Ink~-drop transit time to = zo/vJo
= 0,00114 sec
Ink pressure [from Eq. (1)] P = 32.5.10° dynes/cm2
i
Figure 44 shows how the pressure (47 2 si)
is divided among friction, surface- 4P
tension, and velocity components.
Peak variation in jet velocity
[from Eq. (7)) v, = 31 cm/sec
Time constant for jet disturbance -6
growth [from Eq. (3) and Fig. 31) TJ_ = 29-10 ° sec
Distance from nozzle to drop separation
point [from Eqs. (15), (14), and (11)) = 0,195 em
Ink~-drop diameter from Fig. 32 = 0.0075 cm
Ink-drop mass from Eq. (5) my = 0.224-10°° gm

SUPPLY TUBING

\ A

NOZZLE

INK JET

74

TS
D e

INPUT
PRESSURE
47.2 ps

FRICTION LOSSES:

0.29 psifem

0.5 ps
3.1 psi

7.9 psi SURFACE TENS(ON PRESSURE:
0.57 psi

JET VELOCITY HEAD (2200 cm/sec)
35.1 psi

FIG, 44. NOZZLE PROFILE SHOWING CALCULATED
INK-PRESSURE COMPONENTS.
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Ink flow rate

Ink-drop Reynolds number [from Eq. (40)]

Initial drop surface area

Rate of change of drop surface
area in still air [from Eq. (16}]

Rate of change of drop surface area
during flight [from Eqs. (16) and (17)]

Drop charge for peak deflection [from
Eq. (26)]

Electric field at drop surface for
above charge [from Eq., (20)]

Charge for which drop disintegrates
[from Eq. (21)]

Ink~-drop "beam current' at peak
deflection

Drop charging capacitance

[from Eq. (19)]

Input voltage for peak deflection
[from Eq. (18)]

Jet capacitance from charging
electrode to continuous jet between
nozzle and drop-separation point

{from Eq. (22)]

Jet resistance from nozzle to drop-
separation point [from Eq. (23)]

Drop charging time [from Eq. (24)]

Summary of drop forces
Peak deflection force

Gravitational force

Maximum aerodynamic drag force
{from Eq. (39) and Fig. 40]

Maximum mutual ecilectrostatic force
[from Eq. (36)]

Limiting value of peak transit time
variation due to aerodynamic forces

{from Eq. (44)]
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0.0224 gm/sec
(0.0224 cms/sec)

108

2
ndd

1.77.10"% cn?
2.6:107° cmz/sec
9.1:107° cmz/sec
1.23-10..12 coulomb
78,600 v/cm
4.62.107'2 coulomb

qfd "
0.123-10"° amp

0.00425-10'12farad

290 v

0.0377:10" 1% farad

2.49'106 ohm

0.084:10°° sec

7
10 qu

0.185 dynes
dg
0.00022 dynes

0.122 dynes

0.028 dynes

85-10°° sec




Limiting value of peak transit-time
variation due to mutual electro- -6
static forces [from Eq. (45)] Ot = 3210 sec

Limiting value of peak spurious
deflection due to aerodynamic forces
[from Eq. (46)] Ox = 0,075 cm

Limiting value of peak spurious f
deflection due to mutual electro-~
static forces [from Eq. (47)] Ox = 0,098 cm

c¢. Experimental Performance ;

Records made with an experimental system meeting the specifica-
tions of Section a. are reproduced in Fig, 45 for sinusoidal input
frequencies of 200, 2000, and 20,000 cps. The following system charac-

teristics were measured:

Ink pressure for jet velocity of

2200 cm/sec P, = 60 psi
Time constant for jet disturbance -6
growth Tj = 25.-10 = sec
(approx.)
Peak ink-drop "beam current" for -6
deflection of 0.5 cm ij = 0,17-10 amp
Drop charging voltage for deflection 3
of 0.5 cm Vi = 360 v 3

The discrepancy between measured and calculated ink pressures
may be attributed to errors made in determining the nozzle profile.
Errors in the calculated results, because of approximations made in
deriving them, are sufficient to account for the discrepancies with the Q

remaining experimental data,

FIG. 45. EXPERIMENTAL OSCILLOGRAMS FOR NUMERICAL EXAMPLE. ;

S+ e
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SYMBOLS FOR APPENDIX A

acceleration of ink drop along deflection axis (1n cm/secz)

ink-drop surface area (in cm2)

initial ink-jet cross-sectional area (in cm2)

peak variation in ink-jet cross-sectional area (in cmz)
aerodynamic drag coefficient for sphere (dimensionless)

capacitance between charging electrode and separating
ink drop (in farads)

capacitance between charging electrode and continuous jet
between nozzle and ink-drop separation point (in farads)

ink-drop diameter (in cm)
initial ink-jet diameter (in cm)

peak variation in ink-jet diameter between nozzle and
drop-separation point (in cm)

peak variation in ink-jet diameter at point where exponen-
tial jet disturbance growth begins (in cm)

inside diameter of nozzle or nozzle supply tubing (in cm)
ink-drop charging-electrode plate spacing (in cm)
diffusion coefficient of ink solvent vapor in air
naperian logarithm base {( = 2.7183) .

electric field at drop surface (in v/cm)

ink-drop repetition frequency (in drops/sec)

aerodynamic drag force on ink drop (in dynes)

electrostatic force on ink drop, resulting from charges
on neighboring drops (1n dynes)

force on ink drop along deflection axis (in dynes)

peak variation in force on ink drop along deflection axis
(in dynes)

force on ink drop along jet axis (in dynes)

small peak variation in force on ink drop along jet axis
{in dynes)

relative humidity (expressed as a fraction)
ink jet "instability factor" (dimensionless)
fraction of ink-drop trajectory exposed to deflection field

permittivity of free space ( = 8.85-1071% farads /em)
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SYMBOLS (Cont 'd)

k correction factor for ink-drop evaporation rate resulting
r from relative air-drop velocity
£ distance measured along length of nozzle or nozzle supply
tubing (in cm)
m, ink-drop mass (in gm)
P, ink pressure on ink in supply reservoir (in dynes/cmz)
(1.0 psi = 68,947 dynes/cm®)
P ink pressure loss dge to friction in nozzle and supply
f X
tubing (in dynes/em®)
q ink-drop electrostatic charge (in coulombs)
R volume resistivity of ink (in ohm=-cm)
Ry Reynolds number (dimensionless) associated with ink-drop

velocity ( = ddvjopa/ua)

R resistance of continuous jet, between nozzle and ink-drop
separation point (in ohms)

t time (in sec)

to ink-dirop transit time, from separation point to record
surface (in sec) -

Ato small peak variation in ink-drop transit time, resulting
from spurious forces (in sec)

At small peak variation in ink-drop transit time, resulting

oa

from aerodynamic drag forces (in sec)

Atoq small peak variation in ink-drop transit time, resulting

from mutual electrostatic forces between drops (in sec)

Td ink-drop repetition period l/fd (in sec)

T time constant for growth of disturbance on ink jet between
nozzle and drop-separation point (in sec)

Tr time required to charge ink drop to 90 percent of final
value, with step-charging~-voltage input (in sec)

Ts ink transit time from nozzle to drop-separation point
(in sec)

vj ink-jet instantaneous velocity at nozzle (in cm/sec)

vJO average ink-jet velocity (equals initial ink-drop velocity)
(in cm/sec)

v peak variation in ink-jet velocity at nozzle, resulting
from velocity modulation (in cm/sec)

Vo ink-flow velocity in nozzle or nozzle supply tubing {(in

cm/sec)
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SYMBOLS (Cont 'd)

\'s ink~-drop charging voltage between jet and charging
electrode (in v)

x ink-drop deflection at record surface along deflection
axis (in cm)

small peak variation in ink-drop deflection, resulting
from spurious forces {in cm)

small peak variation in ink-drop deflection, resulting
from aerodynamic drag forces (in cm)

small peak variation in ink-drop deflection, resulting
from mutual electrostatic forces between drops (in cm)

z peak nozzle-vibration amplitude (in cm)

z axial distance from ink-drop separation point to record
surface (in cm)

z length of continuous jet between nozzle and drop separa-
tion point {in cm)

z distance from nozzle to point where exponential growth of
ink-jet disturbance begins (in cm)

A wavelength of disturbance on jet between nozzle and drop-~
separation point (equals initial spacing between drops in
ink-drop stream) (in cm)

ink viscosity (in poise) (dyne-sec/cmz)
air viscosity (in poise)

3.1416

ink density (in gm/cms)

air density (in gm/cms)

[

partial density of ink-solvent saturated vapor (in gm/cms)

Q'O'DH'OAITZ

[

ink surface tension (in dynes/cm)
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APPENDIX B, EXPERIMENTAL OSCILLOGRAPH WITH AIR FLOWING COLLINEARLY WITH
INK JET

Figure 46 shows the configuration of a recording system in which the
ink jet is injected into an air stream that flows in the same direction
as the ink. Ideally, the air velocity should match that of the ink
drops, thus completely eliminating spurious forces due to aerodynamic
drag.

An experimental system has been constructed embodying this principle
and is illustrated in the photographs of Figs. 47 through 49, Figure 47
is an overall view of the system. Air, supplied by a vacuum cleaner
connected as a blower, enters at the top. The wooden box is a settling
chamber that contains transverse silk screens to smooth the air flow,
The air then accelerates in the convergent plexiglass enclosure and
finally enters a constant-velocity section that has a constant cross-
sectional area, The deflecting field is established across this fiﬁal

section, and the ink drops are directed down its axis.

-

AIR AR

AERRERE AREREAR

STREAMLINED DROP SIGNAL VOLTAGE
CHARGING ELECTRODE

NOZZLE 1 t
— wtt— |NK

NICKEL
OROP

SYNCHRON | 21NG
VOLTAGE

/

DEFLECTION
PLATE

DEFLECTION PLATE

PIILZIFIII IS

ENCLOSURE TO CONFINE MOVING
AR

....... AIR AR AIR

RECORD ING RECORDING /
I SURFACE SURFACE

FRONT SIDE

FIG. 46, DIAGRAM OF OSCILLOGRAPH WITH AIR FLOWING COLLINEARLY
WITH INK-DROP STREAM.
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FIG. 47. EXPERIMENTAL OSCILLOGRAPH WITH AIR
FLOWING COLLINEARLY WITH INK~-DROP STREAM,

FIG. 48. EXPERIMENTAL OSCILLOGRAPH, PARTIALLY
DIS\SSEMBLED.
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The paper transport at the bottom of the photograph advances the
record with a variable-speed friction drive,

Figure 48 shows a closeup of the final section of the air enclosure.
The hand holds the "ink-drop gun", less charging electrode, which has
been separated from the rest of the system: The nozzle is at the end of
the tube extending to the left, and points downward; it is vibrated by
a nickel magnetostrictive transducer similar to that described in
Section A of Chapter II,

Two opposing walls of this section of the air enclosure are formed
by the deflection plates. The banana jack extending to the left is the
input terminal for one of these plates. The charging electrode for the
ink drops is a hollow, metal, streamlined strut positioned across the
upper end of the constant-area section of the enclosure; it surrounds
the nozzle and drop-formation point when the ink~drop gun is assembled
to the system. In Fig. 48 one end of the strut is visible in the enclo-

sure wall that faces the hand,

FIG. 49. CLOSEUP OF EXPERIMENTAL OSCILLOGRAPH,
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Figure 49 is a close~-up view showing the ink~-drop gun assembled to
the final section of the air enclosure, the recording paper, and part
of the paper guiding and driving system.

Performance of the system at varying air velocities is demonstrated
by the oscillograms of Fig. 50, The turbulence of the air stream
increases rapidly with air velocity and produces significant random
deflections of the ink drops at high air speeds, The optimum air
velocity for minimum distortion thus turns out to be considerably less
than that of the ink; the resulting relative velocity between the
moving air and ink drops causes aerodynamic forces that, although appre-
ciably less than the still-air value, still produce significant distor-
tion,

This system has not been thoroughly evaluated, Work on it was
suspended when preliminary tests demonstrated the superiority of a system
(described in the body of this report) using air flowing perpendicular
to the jet axis. The perpendicular-air~flow system may operate with a
lower air velocity; a nonturbulent flow is therefore mofe easily
achieved, Also, the strut enclosing the nozzle in the collinear-air-flow
system produces a turbulent wake in the air flowing past it; in the per-
pendicular-air-flow system, this obstruction in the airway is not

necessary.
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a, Air velocity: zero

b. Air velocity: 1020 cm/sec

c. Air velocity: 1580 cm/sec

d. Air velocity: 1920 cm/sec

FIG, 50, OSCILLOGRAMS SHOWING EFFECT OF AIR
VELOCITY,

For all records:
Ink-drop frequency: 100 kc
Input signal: 1000-cps sine wave
200 v peak-to-peak
Ink-drop velocity: 1880 cm/sec
Jet length, drop-
separation point
to paper: 8,0 cm
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APPENDIX C. EXPERIMENTAL OSCILLOGRAPH WITH ROTATING NOZZLE

Figure 51 shows the configuration of a recording system in which the
jet-forming nozzle rotates about an axis perpendicular to the jet axis;
the record is made on the inside of a cylindrical surface that advances
along the rotation axis, Opening up and flattening the record after
recording produces the raster display illustrated in Fig, 52. The nozzle
rotation results in a different trajectory for each succeeding drop,
regardless of signal deflection, Aerodynamic drag is thus constant for
all drops, since a drop cannot follow in the wake of another drop, and
distortion from this source is eliminated. An additional advantage of
this system is the high writing speed obtained along the time axis of
the record without the necessity for high paper-~transport speeds.

Figure 53 is an overall view of the experimental model. The varia-

ble-speed drive motor for rotating the nozzle assembly is located at the

i b ey s 0y S RN ST 5555k TSR EINBELES H A VS 8 S S

bottom of the photograph. Rotation speed is typically 50 rps (3000 rpm).

CYLINORICAL
RECORD
SURFACE

STATIONARY
DEFLECTION
PLATES

JET-FORMING
NOZZLE ROTATES
ABOUT CYLINDER
AXIS

FIG, 51, OSCILLOGRAPH WITH N
ROTATING NOZZLE AND CYLINDRICAL
RECORD SURFACE.
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DIRECTION

t PAPER MOVEMENT

DEFLECTION____ |
It

TIME
AXIS

N

FIG, 52, RASTER PRESENTATION MADE
BY ROTATING-NOZZLE OSCILLOGRAPH,

FIG. 53, EXPERIMENTAL OSCILLO-
GRAPH WITH ROTATING NOZZLE,
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Ink, under pressure, is fed through a rotating joint at the lower end of
the hollow motor shaft. A cylindrical section of record paper, partially
cut away, is in recording position and surrounds the deflection plates
and rotating nozzle. The record paper cylinder is 8.25 cm (3-1/4 in.)

in diameter. The paper passes inside a cylindrical paper guide that also
serves to intercept the ink when no recording paper is present.

Figure 54 shows the recorder with the record paper and outer paper
guide removed. The lerge vertical cylinder serves as an inner paper
guide and also houses the rotor that carries the "ink-drop gun'". Signal-
input and nozzle-vibrator power are supplied through the slip rings near
the bottom of the photograph. The rotating nozzle and charging electrode
are located midway between the deflection plates, which are two station-
ary disks visible near the top of the photograph,

Recordings are made on short lengths of paper having a maximum width

of 26 cm, which is about 1 cm less than the guide-cylinder circumference.

FIG, 54, EXPERIMENTAL OSCILLO~-
GRAPH WITH OUTER PAPER GUIDE
REMOVED.
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During recording, the paper forms.a cylinder having a longitudinal l-cm
gap; the support members for the recorder components inside the paper
cylinder pass through this gap. The gap in the record results in the
loss of a small fraction of the recorded signal for each nozzle revolu-
tion, A record is made by molding the paper to the guide cylinder by
hand, and sliding it upward until it is engaged by the rotating friction-
drive rollers. The motor-driven rollers then advance the paper at a
constant speed.

Figure 55 is a photograph of the paper-drive system, inner paper
guide, and lower deflection plate. Two rubber-covered drive rollers
engage the paper on opposite sides of the guide cylinder and are geared
to rotate in opposite directions. The drive rollers press against idler
rollers mounted in the inner guide assembly, Two drive motors are pro-
vided, one for high and one for low speeds. The unused motor is uncou-

pled during operation,

FIG, 55. PAPER TRANSPORT AND INNER PAPER GUIDE.
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Figure 56 is a photograph of the rotor and ink-drop gun with the
housing (inner paper guide) and deflection plates removed. The ink jet $
passes between two thin washers (at the top of the photograph) which
form the.charging electrode. Figure 57 shows the ink-drop gun with cover
plate and charging electrode removed. The nozzle points to the right in
the photograph and is vibrated by a nickel magnetostrictive transducer
similar to that described in Section A of Chapter II.

A section of a record made with this system is reproduced in Fig. 58.
The chart velocity (perpendicular to the trace direction) is 50 cm/sec.
The effective chart velocity along the trace is due to the nozzle rota-
tion and is 1200 cm/sec. The input signal is a 3750-cps damped sine

wave,

FIG, 56, ROTATING INK-DROP GUN,
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FIG. 57. ROTATING INK-DROP GUN WITH CHARGING ELECTRODE AND COVER
PLATE REMOVED,
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R C I S T AN

..............

FIG. 58. OSCILLOGRAM MADE WITH ROTAT ING-NOZZLE OSCILIOGRAPH.
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APPENDIX D, INK-DROP RATE CONTROL SYSTEM

This is a description and analysis of the system (discussed in
Section F of Chapter II) which provides an ink-flow rate proportional

to the instantaneous writing speed. The writing speed of the oscillo-
2

y
ity along the deflection axis, determined by the signal derivative, and

graph is equal to [vi + Vv ]1/2, where v_ 1is the component of veloc-
vy is the chart speed., Ideally, ink drops should be delivered to the
record at a rate proportional to this expression.

The system described here adequately approximates the ideal relation-
ship by providing an ink-drop delivery rate which is proportional to the
absolute magnitude of the signal derivative plus a constant, The con-
stant is made proportional to the chart speed, and determines the mini-
mum ink delivery rate.

The ink is charged by a pulse voltage that is amplitude modulated
by the input signal to be recorded. Each pulse charges one ink drop for
the record trace. The ink-drop delivery rate to the record is then
proportional to the pulse repetition frequency, as explained in Section
F of Chapter II; this frequency is made proportional to the time deriva-
tive of the signal voltage plus a constant,

Figure 59 is a block diagram for accomplishing the foregoing. The
electronic switch closes whenever its control voltage exceeds a preset
threshold. After each switch closure, the next "ink-drop trigger"
initiates a pulse in synchronism with an ink drop, which is then ampli-
tude modulated by the input signal. A reset pulse is also generated
with each output pulse, which returns the switch control voltage to zero
through coupling diodes D3 and D4, and clamping diodes D5 and D6,
The pulse repetition frequency of the drop-charging waveform thus equals
the switch cycling rate,

If no signal is present, the time required for the control voltage
to close the switch is determined by the rate at which Cl1 or C2 |is
charged by the dc current ic' The value of ic thus sets the mini-
mum signal drop frequency, and is made proportional to the chart speed.

Control of the switch by the signal derivative is accomplished by
supplying signal voltages of opposite polarity to capacitors Cl and
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C2 via the phase inverter. A positive-going switch-control voltage
results from the signal coupling through Cl and Dl (for positive-
going input signals), or through €2 and D2 (for negative-going input
signals). If the effect of :I.c is neglected, the switch is thus
actuated each time the signal voltage changes in either direction by an
amount equal to the switch threshold, and the resulting signal pulse
rate (up to the limit of the ink-drop repetition frequency at the nozzle)
is approximately proportional to the magnitude of the signal derivative,
Including the effect of ic makes the pulse rate approximately propor-
tional to the signal derivative magnitude plus a constant, which is the
desired result. The relation is approximate because a pulse is not
initiated at the instant of switch closure; the actual switch-cycling
period is increased by the small random time interval between switch
closure and the next "ink-drop trigger'. The approximation is thus best

at low drop-charging pulse rates,
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