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ABSTRACT

An Analytical Computer Model was created to describe performance
of an A, B, Dick Company printing head in a specific configuration.
The computer model consists of an executive routine that calls on 11
subroutines; each subroutine treats a particular aspect of the ink jet
printing process. The analytical basis for the subroutines was compared
with laboratory observations; modifications and refinements were made
as necessary. The resulting program is a useful analytical tool over
defined ranges of input conditions; output parameters are predicted
with modest accuracy. Experimencal hardware was constructed for testing
the program, Several recommendations for operation of ink jet printing
systems have evolved., The Analytical Computer Model should be tested
under additional combinations of input conditions to better define its

capabilities and limitations,
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I INTRODUCTION

This final report summarizes all work performed by Stanford Research
Institute under a research Contract------, "Ink Jet Printing System--
Analytical Computer Model and Model Verification." The period of this con-

tract was from 30 June 1972 to 15 August 1973. During that time, two

major tasks were undertaken. Task I, Creation of the Analytical Computer
Model, resulted in a working program to predict ink jet printer operation,
based solely on analytical work. This phase of the contract effort was
briefly described in the Task I report, dated 15 November 1972. Task II,
Verification of the Analytical Computer Model, entailed laboratory measure-

ments and data taking in an effort to verify or refine the program.

This report describes in detail the Analytical Computer Model, includ-
ing the theoretical basis for analysis and the verification procedures
used. Details of the analyses are presented in Appendices A-E. Current
performance and limitations of the program are described. Hardware con-
structed for use in this contract is discussed. A number of recommenda-
tions for the operation of ink-jet printing systems are given in the hope
that implementation of such recommendations will lead to increased relia-
bility and predictability. Recommendations for future work are also pre-
sented. Fiscal data related to this contract are presented in Appendix

F (separately bound) .

SRI will deliver three items to the client with this final report.

¢ A copy of the program in punched card form

e A final listing of the program with sample input and output
information

¢ Data Package, including schematics of electrical circuits,
mechanical drawings, and sample data taken during the pro-
gram verification procedures.
1




II SUMMARY

SRI has created an Analytical Computer Model as a useful tool to de-
scribe performance of the A. B. Dick printing head in the client's con-
figuration. The work was done in two phases: the first phase dealt with

analysis of physical phenomena; the second phase included experimental

i i et D NG . i3 s i

tests and observations that were used to modify or refine the analytical

work . {

The Analytical Computer Model consists of an executive routine calling
on 11 subroutines. The program user provides input data to the model and
receives predictions of drop behavior (see Section III-A,B,C). Numerous
optional output branches in the program allow review of drop motion and

subroutine behavior while the drops are in flight. Program structure and

operation are straightforward, following the sequence in which physical
‘ events occur. Ink drops are created by the print head and are incremented

through space to an imaginary printing surface.

) Each subroutine treats a particular aspect of the ink-jet printing

process. Creating and verifying the subroutines (Section III-D) was the

R primary task of this project. The subroutines together form the Analyt-
ical Computer Model; the executive routine calls them at the appropriate

; time and transfers information among them.

The overall program is a functioning tool that delivers predictions

of drop behavior with modest accuracy (Section IV). Drop characteristics

and initial velocity are predicted within +3 percent under all input con-

e

ditions. Drop deflection distances are predicted within + 10 percent to

| - 20 percent in the cases studied so far. In somc cases, deflections are

e TR TR R




predicted within £+3 percent. The largest errors occur when deflection
plate angle is large. The main cause of the errors is the nonideal geom-
etry of the deflecting plates. Random errors in the predictions result

from the approximations made to permit analytical study.

Accurate prediction of drop separation point was achieved under
only a few conditions; in most cases, the predicted distance from the
orifice is too small, The source of this error was the difficulty in
treating every detail of jet perturbation and breakup and in accounting

for the mechanical intricacies of the print-head assembly.

Limitations on the values of the input parameters (identified in Sec-
tion V) are based primarily on experimental observations and practical
considerations. The limits are contained within the computer model;

warning messages or program termination result when they are exceeded.

Experimental hardware was constructed for verifying the analysis
(Section VI). The hardware permitted adjustment and measurement of in-
put and output parameters. Drops in flight could be observed under
stroboscopic illumination. A charging signal could be delivered to the
charging electrode in the same manner as it was presented to the computer

model.

The analysis and experimental work resulted in numerous recommenda-
tions for system operation (Section VII). These indicate the conditions
under which the apparatus and the model perform best. They should also

serve to upgrade reliability of ink-jet printing systems.

The overall computer model has been tested under only a few experi-
mental conditions. The individual subroutines, however, have a broader
experimental basc. To better define the capabilities and limitations of

the Analytical Computer Model, it is suggested that compariscns between

computer predictions and observations be made over a wide range of input
p g p

conditions (Section VIII).

3 rwwwwmmqnﬂnlv':zi
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III ANALYTICAL COMPUTER MODEL

An Analytical Computer Model was created for an ink-jet printing
system in the client's configuration. This assembly consists of an
A. B. Dick ink jet printing head with charging electrode (Part No.
338018), plus deflecting plates of the client's design (Drawing ONO-
71606). The assembly is shown in Figure 1. The ink collector shown in
the figure was not used during SRI's work, since it was frequently neces-
sary to observe the ink drops in flight at distances from the orifice

greater than that to the collector.

The computer program treats the printing process in the same
sequence that the physical events occur. Ink is forced under pressure
through a small orifice that is vibrated axially by two piezoelectric
crystals. The ¢ ~stal vibrations create a pressure disturbance in the
ink within the metal tube that supports the orifice. The pressure dis-
turbances are transformed into velocity perturbations as the ink passes
through the orifice; these velocity perturbations are superimposed on the
mean jet velocity. The perturbations cause the jet to break up into uni-
form drops. As each drop separates from the jet, it traps an induced
charge (or zero charge) on its surface, depending on the potential ap-
plied to the charging electrode at the moment of separation. The drops
then pass into an electrical deflecting field, in which the charged drops
are deflected from the normal jet trajectory. By appropriately manipu-
lating the charging voltages and deflecting field, drops can be deflected

to print characters on surfaces moving rapidly past the printer.

The computer model contains analytical treatment of all aspects of

the printing process that were found to be necessary and that could be
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approached within the time and budget limits of the contract. Topics
that were not considered and assumptions that were made also are discussed

in the report.

The approach used in developing the Analytical Computer Model was as
follows. The physical processes were broken down as far as possible into
separate events. Each event led to a separate subroutine in the program.
For each event, an initial analysis was performed. In some cases, such
as describing orifice behavior, the analysis was based on conventional
fluid mechanics. In other cases, the first analysis was based on original
work performed under this contract or on prior work in the ink-jet printing
field. When these analyses were completed, the first version of the Ana-
lytical Computer Model was assembled and run. The work just described

was conducted under Task I of the contract.

During Task II, numerous laboratory experiments were performed to
check the agreement between the program predictions and the physical values
that were measured. Refinements in the analysis then were made on the
basis of the measurements. In some cases, such as that of orifice per-
formance, the measurements simply led to determination of orifice coeffi-
cients. In other cases, such as predicting drop separation point, labora-
tory tests indicated flaws in the original analysis ard led to quite
different computing routines. Computer model verification also led to

defining limits for which the model was valid.

The analytical basis for each subroutine and the verification proce-
dures used are discussed in detail in Section III-D, Subroutine Descrip-

tion and Verification, and in Appendices A through E.

The computer program is written in FORTRAN 1V language and was

developed on SRI's CDC-6400 computer facility. The text of the program

is liberally filled with comment cards to make reading and understanding




paaeE e

—— ———
TS B W RS

of the program easier. All variables used in the subroutines, including

units, are explicitly defined within the subroutines themselves.

A. Flow Chart

Figure 2 is a flow chart of the Analytical Computer Model. It shows
the order in which the subroutines are used, together with the logical
program branches. The primary function of each subroutine is noted.

Input and output points during the program are indicated. The executive
routine is used to call the subroutines and to perf&rm functions that are
not part of a subroutine. Most numerical calculations are performed with-
in the subroutines themselves, with data communicated to and from the
executive routine as necessary. Limit checks are performed within the

subroutines, with error messages and possibly program termination when-

ever critical limits are exceeded.

B. Program Operation

Operation of the program is quite straightforward. For a given
combination of operating point variables, the numerical values of the
input parameters are read in on punched cards. The program then manipu-
lates the input parameters via the executive routine and the subroutines
to arrive at numerical values for the output parameters. Program output
normally consists of two printed pages. On the first page the input
variables are defined in words and their values with units given. The
second page lists the corresponding output variables with their unit

values.

As seen in the flow chart, the program can be considered as two
large segments, each containing several subroutines. The first segment
deals with the formation and charging of the drops. Here the program
calls the subroutines in straight sequence, following the sequence of

physical events. The second segment of the program deals with drop

8
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ballistics. In this part, the drops are stepped through space in small
increments to an imaginary printing surface. The subroutines in this
segment are called many times to account for the motion and forces on

each drop during flight.

In the flow chart, several optional print statements are included in
the program in addition to the primary outputs. The optional outputs,
when used, deliver interim values from either the executive routine or
from several of the subroutines. These interim outputs have been used
throughout the verification procedures to indicate the predictions and
performance of individual subroutines and to describe drop motion and
imposed forces through flight. Because this information was quite valu-
able during this project, the capacity for interim output is still in-
cluded. When interim values are delivered, they appear between the

listings of input and output variables.

Within the executive routine, setting the logical variable, IPRT = O,
suppresses optional printout from the executive routine. If IPRT = 1,
the executive routine will deliver values of position, velocity, and
acceleration of all the drops and the forces acting on the drops as they
travel from the orifice to the paper. Within the subroutines, variable
values can be printed via the optional PRINT statements. Printing is
suppressed by inserting the letter C in Column 1 of the print card so

that the computer sees a comment instead of a PRINT command.

In selecting a system of units for the computer model, both experi-
mental convenience and computational ease had to be considered. For
experimental purposes, it is most advantageous to work with common labora-
tory units. Variables can thus be measured with typical measuring appa-
ratus in everyday units. However, to avoid computational difficulties and

unit conversions within the program, it is most desirable to work with a

single system of units. To do this, numerical values are inputted to and

o
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outputted from the program in typical laboratory units, Immediately

after input they are converted to rationalized meter-kilogram-second (MKS)
units, and immediately before output they are converted back to laboratory
units. All computations are done in the rationalized MKS system of units.
As an example of this process, pressure of the ink upstream from the ori-

fice is measured 1in pounds-force per square inch, but at input the numer-

ical value is converted to newtons per square meter.

As the flow chart shows, a number of input parameter values are given
to the program to describe the operating points of interest. These are
provided in punched card form and are read during the DATIN subroutine.
Several other parameters also have an effect on printer operation and
must be given to the computer model. These include orifice diameter, air
density, and other properties. These parameters are held constant. They
are explicitly defined within the appropriate subroutines, with numerical

values given in MKS units.

When interim values are delivered via the print options, they are
always given in MKS units. Interim values are never converted to labora-

tory units -before output.

Two integer variables of importance are set via data cards within
the executive routine. The first is NDAT. This number should be equal
to or greater than the maximum number of drops that will ever be studied,
and less than or equal to the first dimension of the arrays STATE, STATIC,
DRAG, REPEL, DRCHLV, and DRDFDS in the executive routine. NDAT is used
only to set the size of the storage arrays that contain values for drop
position and dynamics and values of force components acting on the drops.
The second variable is MAXPTS. This number is equal to the number of
drops to be considered during a particular data run. For example, if
MAXPTS = 15, fifteen drops will be created and propagated through space

to the imaginary printing surface.

12
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After submission of the Task I report with an initial version of the
punched card deck, it became evident that several notations used on the
SRI computer facility were not compatible with the client's computer.
Most of these difficulties concerned logical expressions and output
formats. In all such cases, the coding used by the SRI facility was

changed so that the program would be as computer-independent as possible.

€. Character Formation

For an ink jet printer to be useful, it must be able to print machine-
or human-readable characters. Under this contract, however, the main
objective was to go only so far as to develop a capability to predict
drop behavior. Such a capability is directly related to character forma-

tion, since characters are formed from sequences or matrices of drops.

As an example, consider printing the letter "L'" within a 6 by 4 drop
matrix. The vertical stroke would correspond to a decreasing ''staircase'
of 6 charging voltages applied to the first six drops. In the next 3
columns of the matrix, only the sixth drop in each would be charged and
deflected. Thus, an "L" would be formed from applying a discrete charge
to drops 1 through 6 and to drops 12, 18, and 24. In the computer pro-
gram, such a sequence of charging voltages will lead to predictions of
drop deflection distance and arrival time at an imaginary printing sur-
face. With such information, the resulting character shape can be

visualized.

The hardware built for verification of the computer model permits a
repeating sequence of 24 selectable charging voltages to be applied to
the ink drops as they separate from the jet. This then permits characters
or components of characters to be observed in flight and at an imaginary

printing surface. Thus, although specific characters were not printed

13
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under the contract, predictions of character appearance and observation
of drop patterns have been realized. Printing characters would then

require only the appropriate charging signal and a surface to print on.

D. Subroutine Description and Verification

The program executive routine calls on 11 subroutines in the printer
analysis., One of these in turn calls on a function routine. The sub-
routines contain the analytical tools used in manipulating the input

variables to arrive at the output parameter values. The executive rou-

tine also contains calculating steps.

The ink jet printing process was broken down into as many discrete
events as possible, with a subroutine treating each event. For each
event, an analysis was performed. Based on the original analysis, a

computing subroutine was written. This formed the substance of the

Task I effort. During Task II of this project, all necessary subroutines

were checked against experimental observations, with modifications made
to the program as required. This section of the report describes in
detail the analytical basis for each subroutine and the verification

procedures used. Pertinent results and conclusions related to the indi-

vidual subroutines are given below, with overall program performance

discussed in Section IV. Subroutine limitations are mentioned, with the

individual discussions when appropriate; overall program limits are dis-

cussed in Section V. i

1. DATIN !‘

DATIN is used to read or compute the input parameter values 3

that describe the operating point of interest. The input values are re-

corded on user-made punched cards and contain the following information:

14
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e Type of ink being used
e Ink temperature, degrees F
e Gauge pressure of the ink, pounds-force per square inch

e Voltage applied to piezoelectric crystals (zero-to-peak),
volts

e Frequency of voltage applied to crystals, Hertz

e Charging electrode spacing, inches

e Deflection plate length, inches

e Deflection plate separation, inches

e Angle between deflection plates, degrees

e Deflection plate voltage, volts

e Orifice to printing surface separation distance, inches

e Drop charging voltage, 24 values, volts.

The ink being used is identified by a number corresponding to
the A. B. Dick type. The identifying number for each ink is shown in
Table 1. After reading the input data cards, the subroutine determines
if the ink number is valid. If so, it branches to a series of steps to
determine ink properties. If not, an error message is printed and the

program stops; ink properties cannot be determined without an acceptable

number.
Table 1
A. B. DICK INKS AND IDENTIFYING NUMBERS
Ink
Identifying A. B. Dick Ink Type
Number
1000 Videojet Ink, Black, A. B. Dick Type 16-1000
2000 Videojet Ink, Black, Multiple Copy, A. B. Dick Type 16-2000
4000 Videojet Ink, Black, Film Titling, A. B. Dick Type 16-4000
189 Videojet Ink, I. R. Buffered, A. B. Dick Type 70R6-12-189
6000 Videograph, Fast Dry Ink, A. B. Dick Type 16-6000

15
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If the ink number is valid, the following properties are de-

termined for that ink as a function of ink temperature:

e Ink density, grams per cubic centimeter

e Ink surface tension, dynes per centimeter

e Electrical resistivity of the ink, ohm-centimeter
e Viscosity of the ink, centipoise i i

e Sonic velocity within the ink, meters per second.

For each ink property to be computed, an algebraic expression
can be found within DATIN. The expressions are based on data taken under
this contract. Twelve pints of each of the five A. B. Dick inks were
purchased. For each ink, a measurement of each property was made at
approximately 10°F intervals between 50°F and 90°F. This temperature
range was chosen (with the client's approval) as typical of most indoor

i operation. The data were plotted graphically. When the data appeared to
follow a straight line, a simple linear expression was derived. When the
graphical data exhibited curvature, a second degree polynomial expression
was fitted to the curve. A second degree polynomial was thought to be

sufficient since none of the properties showed radical changes over the

given temperature range.

In measuring the ink properties, density was determined using a
simple Westphal specific gravity balance. Although this instrument is
designed to be used at 20°C (68°F), the small variation in imposed temper-
ature about this point and the relative constancy of density made a tem-
perature correction to the measurement unimportant. It was found that
density change is approximately linear with temperature, and shows only

about 1 percent variation over the given temperature range.

Surface tension was measured by noting the rise of ink, within

M T R P MR, s ARG B

a capillary tube, above a fluid surface. If D is the inside diameter of

the capillary, 0 is ink density, g is the acceleration of gravity, and h
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is the height of rise, then surface tension is found from

Unfortunately, this method is not entirely accurate because of the de-
pendence of capillary rise on wettability and surface condition of the
tube bore. Although the surface tension from ink to ink showed notable
differences, the greatest variation over the given temperature range for

a single ink was about 10 percent,

Electrical resistivity was measured using a commercial platinum
electrode conductivity cell and an impedance bridge. This test showed a
significant variation between inks and with temperature. 1In all cases,

however, the resistivity was found to be relatively low (below 220 ohm-cm).

Viscosity was measured with a Brookfield Synchro-Lectric Vis-
cometer with U. L. adapter. This gave the instrument a range of 0 to 10
centipoise. Viscosity was found to drop rapidly with temperature rise

as expected.

Sonic velocity was measured using acoustic apparatus at SRI and
a fluid chamber. A sonic pulse was sent from a transducer through the
fluid to a reflector that returned the pulse to the transducer. By
measuring the pulse transit time and path length, sonic velocity could
be calculated. Sonic velocity was found to rise with temperature, as
expected, although the variation was only about 2 percent over the given

temperature range.

Graphs of the original data from the above tests are included

in the Data Package.

17
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As an independent check on the SRI property measurements, we

were supplied with a copy of A. B. Dick test data on ink 16-6000.*" The
company's data for new ink and our data were in agreement with less than

3 percent difference.

Our measurements of ink properties were taken on new samples
after approximately three months' storage. No measurements were taken
on any inks after longer storage periods or after use. It was assumed
that ink properties would not change appreciably over moderate (several
months) storage times. Also, the A. B. Dick reportl* gives evidence of

only small changes (~ 10 percent or less) in ink properties with use.

Once the ink properties have been computed, DATIN goes through

three steps with each input variable. It:

e Prints the input variable value, with units
e Performs a limit test cn the value, if necessary

e Converts the value to MKS units, if necessary.

In the limit test operation, the input parameter values are
compared with minimum or maximum values based on the physical apparatus
or on experimental findings. For example, charging electrode spacing
cannot exceed 0.120 inch because of geometric construction of parts;
charging voltage should not exceed 400 volts because of the effects of
high surface charge on jet breakup. The limits used are described more

fully in the discussion of subroutines that follow.

Whenever a limit is exceeded in the DATIN tests, a warning
message is printed, but the program continues to run. Thus, the input
values can be varied beyond the normal limits, with a note to the user

that such has happened.

*
Superscripts refer to references listed at the end of this report.
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The only limits related specifically to DATIN are those for ink
temperature. If ink temperature is less than 50°F or greater than 90°F_
a warning message is delivered. This is because ink properties were
measured and curve-fit only between these temperatures. As ink tempera-

ture rises beyond these limits, increasingly large errors will be incurred.

After DATIN has printed, tested, and converted units for the

input parameters, control is returned to the executive routine. The

executive routine immediately branches to ORIFIC subroutine.

b ORIFIC

ORIFIC is used to compute the velocity and flow rate of ink

through the orifice.

The analytical basis for this subroutine lies in the traditional

fiuid mechanics equations regarding orifice flow. Velocity of the jet is

4 function of pressure differential across the orifice, fluid density and

surface tension, jet diameter, and flow losses. Pressure differential is
the excess of upstream gauge pressure over residual pressure in the free
l jet from surface tension forces. Flow losses are taken into account via

a velocity coefficient. Thus, the expression for jet velocity is

v, = ’
1 Jo
)
3 where
§
B 1
3
i vjo = Jjet velocity outside of orifice
{ i
F i Cv = velocity coefficient
; D = fluid density

g "
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P = gauge pressure upstream from orifice
g

ci = surface tension of ink

d = Jjet diameter.

With jet velocity known, flow rate is found by multiplying
velocity and jet cross-sectional area. Jet area is not the same as
orifice area because of the vena contracta phenomenon. This contraction

&
is described through a contraction coefficient. Thus,

where

Q - flow rate

CC = contraction coefficient

D” = orifice diameter,

To verify this subroutine, it was necessary to accurately
measure Q, v, and P so that the orifice coefficients could be deter-
JO 2

mined. Jet velocityv was measured by breaking the stream into uniform

drops, as in actual printer operation. By observing drop-to-drop spacing
near the orifice under a microscope and knowing drop rate, jet velocity

is found from the expression

VAL = ;
jo
where
f = drop rate, drops/sec
A = drop spacing, inches/drop.
20
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Flow rate was measured by catching and weighing a sample taken during a
timed interval. This method was found to be more accurate than simply
catching a sample in a graduated cylinder. Ink supply pressure was
measured by a pressure gauge; the gauge was connected to the ink line

"

via a ""T" at the entrance to the printing head.

It was also necessary to know the diameter of the orifice in
the printing head being used. This was done on a precision measuring
microscope with 0.5 W divisions. After observing several printing heads,
several facts were apparent:

e None of the holes was perfectly round; major and minor

diameters varied by from 1 u to 5 W.

e The "mean" orifice diameter varied by as much as 12 u
between printing heads.

e Some of the orifices had small chips on the outer edges.

The A. B. Dick Company quality control specification on orifice diameter
is such that, with a supply pressure of 43 psig, a flow rate of 3.78 ml/
min to 4.04 ml/min must be observed. Thus, variation in orifice diameter
is acceptable. It is also expected that the orifice coefficients will
vary from assembly to assembly; a small orifice could be acceptable if

the coefficients were large and vice versa.

For work under this contract, a printing head with the roundest,
most chip-free orifice was selected. Its mean diameter was 77.6 W; at

13 psig, a flow rate of 3.95 ml/min was observed.

During verification of this subroutine, data showed that the
orifice coefficients varied slightly with Reynolds number, as was expected.
Reynolds number for orifice flow, R = vdp/i, is taken in the ink supply
tube just upstream from the orifice., A graph showing the variation in
(‘C and Cv with Reynolds number is provided in Figure 3. When these data
were plotted on log-log paper, it was found that the data could be approx-

imated by a straight line. This discovery lent itself to the empirical
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FIGURE 3  ORIFICE COEFFICIENTS VERSUS REYNOLDS NUMBER

expressions for orifice coefficients as a function of Revnolds number
appearing in the program. It was also necessary to relate Reynolds num-
ber from the tests to ink supply pressure. This required another log-log

plot and resulted in a third empirical expression with ORIFIC.
To actually compute jet velocity and flow rate, it is first
necessary to compute the coefficient values. Since these are a function

of Revnolds number, which is a function of flow, an iterative approach

was required. In ORIFIC, a Reynolds number from the experimental work,
based on input pressure, is calculated. This value is then corrected to
account for the density and viscosity of the ink in the model. A loop

then calculates velocity and flow rate based on the modified Reyvnolds
number and then determines the Reynolds number for the predicted flow.

when the two Revnolds numbers agree within a small difference the corred
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values of jet velocity and flow rate are known. Tests of the ORIFIC

subroutine show convergence to the velocity and flow rate predictions

with as few as three iterations.

The study of orifice geometry and coefficient values points to
a limitation on the existing program. Namely, for accurate prediction of
jet velocity and flow rate, the orifice diameter and expressions for co-
efficient values for the printing head in use must be determined and used

in the program.

In the verification process, accurate measurements of initial
jet velocity and flow rate were taken. This information is shown in
Figures 4 and 5. For these graphs, the data were taken using A. B. Dick
ink type 16-1000 at about 76°F. Other combinations of ink and tempera-
ture will cause deviations from the graphs of up to = 10 percent. This
small deviation shows a relative independence from fluid properties and
is characteristic of orifice behavior. This is true in our case because
(1) density shows little variation from ink to ink, (2) the pressure in-
duced by surface tension is small compared with ink supply pressure, and
(3) ink properties appear in the equations to the one-half or smaller
power. Also, the plotted data were taken between 10 psig and 80 psig.
Operation at 10 psig or below is impractical because of the low stream
momentum. At pressures above 80 psig, the safety of the ink supply
system was in doubt and pressed-on tube connections would occasionally
separate. Furthermore, at 80 psig and above, the jet is traveling so
fast that only small deflection can occur unless the distance to the
printing surface is large. A final comment on the graph is that “he jet
or drop velocity decreases with increasing distance from the orifice

because of aerodynamic drag.

The role of ink viscosity should also be mentioned. Viscosity
appears only in the expression for Reynolds number, on which the orifice

coefficients are weakly dependent. This dependence of orifice behavior

23
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on viscosity can be inferred from Figure 3, where halving or doubling
the Reynolds number via viscosity change results in only a few percent
change in coefficient value. Thus, viscosity is seen to play only a

minor role in formation of the jet.

Once initial jet velocity and flow rate are found, control is
returned to the executive routine. An immediate branch is made to the

next subroutine, JETPER.
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3. JETPER

: Ink is supplied to the ink jet head through a flexible plastic
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shown in Figure 6.

INK FLOW RATE — cm3/minute
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orifice in the downstream end.

signal is presented to them.

the grounded ink tube and clamping nut.
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The outer axial crystal surfaces contact

line. The head contains a metal tube for ink passage and has a jewel
Two piezoelectric crystals surround the
metal tube and are rigidly clamped in an axial direction.

between the crystals contains a thin electrode through which a sinusoidal

This physical arrangement is

The junction
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FIGURE 6 CROSS SECTION OF JET PERTURBING APPARATUS

Ink is forced through the metal tube and out the jewel opening
as a jet. The sinusoidal signal applied to the crystals creates an axial
vibration in the tube. This vibration is coupled to the ink by the jewel
orifice, which nearly closes off one end of the tube. The vibrations
create a pressure disturbance in the ink column, which in turn causes a
velocity perturbation to be added to the mean jet velocity. The purpose
of JETPER subroutine is to compute the magnitude of the velocity pertur-

bation. Drop rate, initial spacing, and volume are also computed.

A detailed account of the analytical background for predicting
perturbation velocity is given in Appendix A, JETPER Theory. General con-

siderations and assumptions are discussed in the following paragraphs,.

The ink in the metal tube is assumed to be a homogeneous column
of compressible, inviscid fluid in one-dimensional motion. The fact that
viscosity can be neglected is verified in Appendix A, The uniform flow
to the orifice is perturbed by a standing wave oscillating at the im-
pressed frequency. The motion of fluid particles in the wave is deter-

mined by the relationships between oscillatory pressure and velocity at

the two ends of the tube.
26
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At the upstream end of the metal tube, a flexible plastic hose
leads to the ink supply. Since it is assumed that this hose is unable
to sustain high frequency pressure oscillations, the perturbed pressure
is assumed to be zero at this end. At the downstream end of the tube,
the oscillatory pressure and velocity through the orifice are related by

a dynamic equation.z

The perturbation velocities and pressure in the
wave within the tube can then be found once the motion of the orifice is
determined. These considerations establish the boundary conditions for

the problem.

The geometric arrangement of the printing head is accounted for
by referring to Figure 6. The flanged end of the metal tube and the
clamping nut are taken as separate masses. They are connected by a thin-
wall section of the tube, which acts as a spring in tension. The two
piezoelectric crystals lie between the masses and serve as a force input
to the mechanical system. The crystals also display compliance. Thus,
forces on the clamping nut arise from piezoelectric effects and the tube
in tension; forces on the tube flange arise from these sources and also
from the oscillating fluid pressure at the orifice. The orifice is
rigidly connected to the tube flange. The mechanical assembly shown in
Figure 6 is physically supported in a’plastic mounting block. Since the
block is unresponsive to impressed high frequency vibrations, the mech-
anical ground for the system is assumed to be the center of gravity of

the parts shown in the figure.

The above considerations yield a group of simultaneous differ-
ential equations. Solution of this dynamic problem, as described in
Appendix A, gives the oscillatory orifice displacement and the flow per-
turbation due to the voltage signal applied to the crystals. Taking
account of the flow contraction through the orifice then gives the

amplitude of the initial jet velocity perturbation.

27
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A few physical details entailed in the perturbation theory are
not treated because of the difficulty in doing so. For example, the
amount of energy transferred from the crystals to the orifice tube and
clamping nut depends on the mechanical connection, An ideal connection
would provide perfectly parallel faces between the crystals, flange,
electrode, and nut. Nonparallel faces will reduce the energy transfer
and thus result in less velocity perturbation. Another point is that the
plastic block that supports the tube will act to absorb some of the me-
chanical energy coming from the crystals. This, too, has been ignored

and would reduce the perturbation magnitude if included.

The presence of resonances in the fluid column should also be
mentioned. It is experimentally observable that when the head is excited
at certain frequencies, the drop separation point is nearer the orifice
than at slightly higher or lower frequencies. Furthermore, these critical
frequencies correspond to odd quarter wavelengths of a perturbation within
the ink column. This suggests the presence of resonance effects in the
fluid column, and consequently the theory has had to include fluid com-
pressibility. The attenuation due to viscosity is shown in Appendix A
to be negligible, so viscous terms have been dropped. The error in the
remaining idealization of one-dimensional flow has not been treated.

Since the orifice end of the tube has a configuration like that in
Figure 7, initial and reflected waves cannot both be planar and moving
axially. Resonance effects will be discussed further in the following

section covering the SEPDIS subroutine.

The calculations for drop size and spacing are included in

JETPER since this subroutine provides a convenient place for them. These

calculations must follow the ORIFIC results and are simply based on mass
conservation. The rate of drop production, for all usable printing
applications, is the same as the frequency of crystal vibration. Given

this fact and the jet flow rate yields drop volume, mass, and diameter :
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FIGURE 7 ORIFICE MOUNTING DETAIL

volume
Drop Volume = — , where Q = flow rate, ——
f unit time

. number
f = drop rate, —m—
unit time

Drop Mass = 0 - Drop Volume, where p = ink density

RO

3/ 6 ° Drop Volume
m

Drop Diameter =

R Y S
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The initial drop spacing is found from jet velocity and drop rate:

v

jO e s N
—;— , where v = initial jet velocity,

p Spacing =
Drop Sp 154 f jo

distance
unit time

The primary result of JETPER is the prediction of the amplitude
of velocity perturbation at the orifice. This output did not lend itself
to experimental verification because of the lack of a direct way of
measurement. Instead, verification of this subroutine and the following
one, SEPDIS, had to take place at the same time through the observation
of the drop separation point. Verification of drop volume, mass, diameter,
and spacing predictions were not required, since these are simple func-
tions of jet velocity and flow rate which are accurately found in the

verified ORIFIC subroutine.

When JETPER is completed, control returns to the executive

routine, which branches immediately to the next subroutine, SEPDIS. .

4, SEPDIS

As the ink issues in a jet from the orifice, it has a pertur-
bation velocity imposed on its mean velocity. This causes the jet to

bunch into nodules that grow to form discrete drops. SEPDIS subroutine

sanamize

predicts the distance from the orifice at which drop separation takes
place., The theory used in this prediction of drop separation point is
discussed in detail in Appendix B, SEPDIS Theory. As with JETPER sub-

routine, general considerations and assumptions are presented here.

T s W MRAAD, s

The distance to break-off depends on the ratio of initial

velocity perturbation (computed in JETPER) to mean jet velocity and on
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two nondimensional parameters, w and T. Parameter w is the reduced

frequency of oscillation,

and T is the reduced surface tension,

oun r

where f(Hertz) is the frequency of oscillation, r(meters) is the jet
radius, u (meters/second) is the jet velocity, p (kilogram/meter®) is the
ink density, and T1 (newton/meter) is the ink surface tension. It follows
that various trade-offs are possible that maintain the same separation
distance. Thus a change in the ink surface tension can be compensated by

appropriate flow velocity and oscillation frequency changes,

The theory for the calculation of the separation distance
(described in Appendix B) is based on linearized equations of axisymmetric
perturbed flow of a cylindrical jet. Once fluid has emerged as a jet, it
is assumed to be incompressible and without viscosity. Flow is also as-
sumed to be irrotational. This fundamental method was used by Ra_\'leigha
for an unlimited jet but apparently has not been applied before in the
case of a jet issuing from an orifice. This is an important difference
between Rayleigh's study and the SEPDIS theory. In Rayleigh's work, an
infinite fluid cylinder of zero velocity was considered, with an initial
spatially periodic perturbation applied the length of the column at one
instant. In the case of the ink jet printer, the column is issuing as a
jet, with the perturbation imposed over time as the fluid passes a single

point (through the orifice),
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For a perturbation to grow to produace a drop, it must create
an unstable condition where the interplay of surface tension and inertial
forces leads to jet disintegration, In Rayleigh's work, it was found
that such an instability could result only if the disturbance wavelength

were equal to or greater than the jet circumference.
A 2 2rr

- u g :
where A is the disturbance wavelength (meters). Since A = ; it @s

seen that Rayleigh's criterion for drop formation was

2t
u

The term on the left is the same as w in SEPDIS theory.

. The SEPDIS analysis shows that unstable oscillations of the jet
radius, for small values of T, were of two kinds. One kind corresponds
tow s 1, as Rayleigh discovered. These oscillations lead to drop forma-
tion at the perturbing frequency. If w becomes larger than 1, the SEPDIS
theory predicts that a new unstable region can be entered, where drop
frequency is several times greater than the impressed frequency. Figure 8
depicts these results. For large enough values of the surface tension

parameter T, the jet is predicted to be unstable at all impressed frequen-

RN

cies, with drop rate and perturbation rate likely to differ.

This theory has implications related to satellite formation.
If the impressed oscillation contains high enough frequency components,
they will be unstable and could produce satellites. This suggests that
satellites would be suppressed by reducing the high frequency content of
impressed oscillations. The trailing off of the stability boundary in

Figure 8 shows that high frequency instability is also suppressed by
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FIGURE 8 STABILITY REGIONS FOR CIRCULAR JET

reducing the surface tension parameter T. Under typical ink jet printing

conditions, the value of T is roughly 0.01 to O0.1.

The prediction of regular jet breakup for w > 1 is a new and
unexpected result of the SEPDIS analysis, and experimental verification
of this part of the theory has not been undertaken. The fact that the
drop production rate is predicted to be different from perturbation
frequency in this case makes droplet control difficult and therefore may
preclude using the w > 1 condition in printing applications. Thus,
SEPDIS subroutine considers cases only where w = 1, The case of possible
drop production for w > 1 has important implications in fluid mechanics.
Regular drop formation with w > 1 has been observed in a small number of

cases.

The most reliable way of verifying the JETPER and SEPDIS sub-
routines was to compare predictions of drop separation point with observa-

tions. Unfortunately, a test of this kind indicates only if all computing
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details are correct; no indication is made of where an error has cccurred

if the theoretical and experimental results do not coincide.

To measure drop separation pcint, ink was forced through the
printing head at a constant pressure. Crystal drive frequency was then
set, as was crystal voltage amplitude. With these quantities fixed,
the jet was observed.' A time delay in the electronics package permitted
stroboscopically following a stream perturbation from the orifice to the
instant of separation. This observation was done through a microscope on
a translating base. A dial indicator on the base allowed distance to the
separation point to be measured with 0.001 inch resolution., Such measurc-
ments were made for numerous combinations of pressure, frequency, and
voltage. At each measuring point, the quality of drop formation and

presence or absence of satellites were noted.

Figure 9 shows drop separation as a function of crystal drive

voltage, with crystal drive frequency as a parameter. Experimental data

and theoretical predictions are shown for four different drive frequencies.

One sees from the figure that theory and observation of the distance from
the orifice to the point of drop separation show similar trends in that
the distance generally decreases as either drive voltage or drive fre-
quency increases. An experimental variation of about = 0.020 inches in
the observations of each point partly explains the quantitative discrep-
ancy at 20 kHz. At the other frequencies, the theory simply fails to
explain the observations. A possible reason for this is that the mecha-
nism is sufficiently imperfect in alignment, tightness of fit, and
cylindrical symmetry of the parts that the lowest mode resonance is ex-
cited at any driving frequency. This fundamental frequency is slightly

greater than 20 kHZ;

Additional data from the SEPDIS verification work are shown in

Figures 10 and 11. Figure 10 shows separation point versus voltage at
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FIGURE 9 DROP SEPARATION POINT VERSUS CRYSTAL DRIVE VOLTAGE
Data taken with A.B. Cick ink 16-1000; Supply Pressure = 30 psig
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FIGURE 10 DROP SEPARATION POINT VERSUS CRYSTAL DRIVE
VOLTAGE, NEAR RESONANCE

Data taken with A.B. Dick ink 16-1000; Supply Pressure = 30 psig

frequencies near a critical tube resonance (o~ 69 kHz). Here it is seen
that the distance to the separation point can actually increase with an
increase in crystal voltage, which is contrary to expectations when more
energy is delivered to the system. Figure 11 shows distance to separation
point versus crystal drive frequency, with crystal voltage as a parameter.
Here it is also clear that peculiarities exist near the tube resonance.
Additional data from the study of jet breakup are included in the Data

Package.

Regarding resonance, the metal tube carrying ink to the orifice
acts like an organ pipe open at one end and (nearly) closed at the other.

In such a case, the fundamental pipe frequency is:

f - —— 8 where c¢ = sonic VGl()Cit}‘

L

pipe length.
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FIGURE 11 DROP SEPARATION POINT VERSUS CRYSTAL DRIVE FREQUENCY
Data taken with A.B. Dick ink 16-1000; Supply Pressure = 30 psig

Odd harmonics of this frequency are also important. In the ink jet
printer, fl A~ 23 kHz, which is too low for most applications. The next
important harmonic is near 69 kHz. At these frequencies, resonance
effects will generally act to impart more perturbing energy to the
issuing jet. Figure 11 shows a decrease in separation distance near

these frequencies.

In summary, the large discrepancies between theory and experi-
mentation at frequencies above 20 kHz are likely to result from the
presence of more than the single frequency of the driver. As seen in
Figure 10, the fundamental tube frequency seems to be excited for all
driving frequencies. The observed shape of the jet before breakup shows
swellings and ligaments that are far from sinusoidal. Near breakup, nhon-

linear behavior is necessarily important, while the perturbation flow
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through the orifice is still an uncertainty in the analysis. The 20 to
25 percent disagreement between theory and observation at 20 kHz, with
the observed values low, is probably a reasonable reflection of the state |

of this technology.

It should be noted that the critical ink properties for jet
breakup are surface tension and density. Surface tension forces cause
the initial perturbations to grow; as they grow, inertia of the field is
overcome, Separation point data were taken for the ink with highest
surface tension (16-6000) and lowest surface tension (16-1000), with
density nearly constant. The results showed a decrease of 20 to 40 per-
cent in separation distance as a function of crystal voltage for the high
surface tension ink. Viscosity plays an insignificant role in jet break-
up and is not included in the model, for the same reason that it was
neglected in the JETPER theory. Also, Rayleigh has stated that the
ability to regularly break the jet into uniform drops is evidence of the

unimportance of viscosity.

In the ink jet printer, the charging electrode covers a distance
of 0.110 to 0.360 inches from the orifice. For proper charging of the
drops, separation must take place within about the first two-thirds of
the electrode, as explained in Section III-D-5. Thus, SEPDIS subroutine
tests the separation point prediction. If it lies within this region,
it is accepted; if not, separation point is set at the midpoint of the
charging electrode. This is justified, since the separation point must

lie near electrode center in any printing configuration.

The printing head displays numerous jet profiles and drop
separation characteristics, depending on ink pressure, crystal voltage,
and frequency. Some of the possibilities are shown in the series of

photographs of Figure 12, which illustrates acceptable drop separation,

as well as fast and slow satellites and irregular jet profiles. This
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(c) P =40 psi; V=160 v, z - p; f = 45 kHz; v]0 = 785 ips; A = 17.4 mils; )\ldlo = 6.9.
ote mini-satellite.
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(d) Pg =40 psi; V=200v, z - p; f = 50 kHz; vio = 785 ips; A = 15.7 mils; A/dlo = 6.2.
Excessive satellites.
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(e) Pg =40 psi; V=65 v, z - p; f = 60 kHz; Vio = 785 ips; A = 13.1 mils; '\/d,o =52,
No satellites.

%

»
oo ee sttt oo e
4

(f) Pg =40 psi; V=80v, z - p; f = 60 kHz; Vio = 785 ips; A = 13.1 mils; )\/dio =52
One mini-satellite present.
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(g) PQ =40 psi; V=65v, z - p; f =65 kHz; vjo = 785 ips; A = 12.1 mils; A/d]o = 4.8,
Fast satellites.
SA-2055 42A

FIGURE 12 PHOTOGRAPHS OF DROP FORMATION
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(h) Pq =40 psi; V = 100 v, z - p; f = 65 kHz; v10 = 785 ips; A = 12.1 mils; AM/d _ = 4.8.
No satellites.

(i) P =40 psi; V = 120v,z-p,‘f;80kH1;v’
Slow satellites.

o 785 ips; A = 9.8 mils; .\./dJ = 3.9.
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() Pg =40 psi; V =35v, z - p; f =111 kHz; vio = 785 ips; A = 7.1 mils; ,\/dlo = 2.8.
Break-up beyond Rayleigh’'s regime.

(k) Pg =30 psi; V=80v,z-p;f=50kHz; Vo = 660 ips; A = 13.2 mils; ,\/dlo = 5.2.
One mini-satellite present.
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({}] P) =20 psi; V=100v, z - p; f = 60 kHz; vIO = 520 ips; A = 8.7 mils; \/d) = 3.5.

C
Two slow satellites,

(m) Pl =20 psi; V=140 v, z - p; f = 545 kHz; v‘

g

5 520 ips; A = 9.5 mils; /\/dlo = 3.8.

oee

(n) P, =20 psi; V =65v,z-p;f=69kHz v =520 ips; A = 7.5 mils; \/d ; = 3.0.
Slow satellites.
SA-2055-428

FIGURE 12 PHOTOGRAPHS OF DROP FORMATION (Continued)
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(o) Pg =30 psi; V=65v, z-p;f=69 kHz; Yio = 660 ips; A = 9.6 mils; )\/dio = 3.8.

(p) Pg =40 psi; V=65 v, z - p; f = 69 kHz; Yo * 785 ips; A = 11.4 mils; /\/dla = 4.5.

SA-2055-42C
FIGURE 12 PHOTOGRAPHS OF DROP FORMATION (Concluded)

illustrates a critical aspect of ink jet printing. Namely, the operating

point must be chosen where jet breakup is acceptable.

An attempt was made to define "acceptable’” drop formation.

First, the separation point had to lie within the charging electrode.

Second, no more than five satellites were allowed at any instant, although

either fast or slow satellites were permitted. Observations of drop forma-

tion quality were made during data taking. Conditions of "acceptable"

performance were then mapped out, as in Figure 13. Additional maps are

found in the Data Package. +

. The primary cause of unacceptable drop formation was the pres-
ence of satellites, Under most conditions, the jet perturbations would |

grow into primary nodules connected by thin ligaments, as seen earlier in

i Figure 12, The ligament would frequently separate at both ends and then

? move to combine with either the leading or trailing drop. Occasionally, 3
; the satellite would remain between ‘he main drops for a large distance.

i The formation of fast and slow satellites is shown in Figure 14, The

§ relative velocity of the satellite is traced to the end of the ligament

i that first separates, and it is caused by a momentary imbalance of sur-

i

face tension forces. As drive frequency increased, the satellites became

H 11
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JET DIRECTION
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Y .
(a) MAIN DROP WITH LIGAMENT JUST BEFORE SEPARATION

JET DIRECTION

—_——

G © e S S s

/

RELATIVE SATELLITE VELOCITY

(b) FAST SATELLITE CONDITION, DUE TO INITIAL SEPARATION AT
POINT X

JET DIRECTION

_—

S g

RELATIVE SATELLITE VELOCITY

(c) SLOW SATELLITE CONDITION, DUE TO INITIAL SEPARATION AT
POINT Y

SA-2055-15

FIGURE 14  FAST AND SLOW SATELLITES

smaller, until they were estimated to be 1/10 to 1/20 of the drop diam-
eter. Furthermore, at higher frequencies, it was found that slight
§ changes in drive voltage could shift satellites from fast to slow or
| vice versa, and could render formation unacceptable., Satellites had to
1 be either fast or slow and quickly join the main drops so that the'y

would not be forced apart in the deflecting field.

The presence of satellites has implications in ink jet printing,
since they are undesirable. An attempt to define the conditions for

satellite presence was fruitless, so this could not be included in the

B e

program. Thus, SEPDIS subroutine will predict a drop separation point
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for any imposed conditions, but the printing system user must experimen-
tally verify the acceptability of the operating point. Variations in
drop formation and separation point with different printing head assem-

blies are also expected.

The study of drop formation provided limits on several operating
parameters. Pressures exceeding 80 psi were not used, because (1) at high
pressure, jet velocity is so high that time for deflection is limited;

(2) the conditions under which drop formation is acceptable are less
common at high velocity; and (3) the ink supply system is more likely to
fail at high pressure. Pressure level is tested in DATIN subroutine, and

a warning message is printed for pressure levels over 80 psi.

Crystal voltage is limited to 200 volts, zero-to-peak. DATIN
also tests this input value and can deliver a warning message. This
limit is set by the observation that voltages from about 150 to 200 volts
usually did not appreciably improve drop formation or shorten separation
distance. Alsc, high voltages were more likely to produce an irregular
jet profile and satellite formation was more sensitive to small voltage
changes. Furthermore, the amplifiers used in experimental work had dif-

ficulty providing high voltage, high frequency output.

Drive frequency is limited by the requirement that

Therefore, SEPDIS subroutine tests w and terminates the program if the
combination of frequency and jet velocity is too large. Figure 15 shows
the approximate frequency limit as a function of supply pressure. Some

experimental maximum points are plotted, showing that operation at w > 1

AN e M N WA, S s

has been observed.
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When SEPDIS subroutine is completed, control is returned to the
executive routine. The executive print control is checked and an output
' of drop characteristics can occur, Control then transfers to CHARGE

subroutine.

5. CHARGE

In the ink jet printer, the area near the drop separation point

S VERSr S

is surrounded by a charging electrode. When a voltage signal is delivered
to the electrode, it causes a charge of opposite polarity to be induced

on the conductive jet. When the drop separates from the jet, it carries
the induced charge with it. Coupling to the drop being formed is capaci-
tive. Subroutine CHARGE is used to compute the quantity of charge that

will be deposited on each drop to be created in the computer run.
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The charge induced on a drop is affected primarily by the
charging electrode gap and voltage. Gap is the spacing between the ver-
tical leaves of the electrode. The charging configuration is shown in
Figure 16. Induced charge is also affected, but to a lesser degree, by
other factors such as the charge on previous drops, pressure of the fluid
stream, and magnitude of the deflection field. Note that the continuous
portion of the ink jet is grounded by its contact with the metal ink

supply tube.

¥ oo0oo0bo PRINTING
= ’ L | HEAD

lt— —]
x
=

= =

CHARGING ELECTRODE
FRONT VIEW SIDE VIEW

SA-2055-35

FIGURE 16 CHARGING STATION

To determine the effects of the relevant parameters, two methods
were considegred for developing an analytical model for drop charging. In
the first method, the numerical solution to Laplace's equation in the
volume of interest would be obtained by relaxation algorithms. Since the
geometry of the charging configuration is relatively complex and the com-
puting algorithms iterative, the amount of computer core memory and the
time required for a solution suggested that this was not an acceptable

method for calculating the induced charge.

The second method, which was used in formulating the subroutine,
consisted of correcting an approximate closed form analytical solution to

Laplace's equation. The correction to the approximate model was obtained

46
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by fitting curves to experimental data. The approximate model chosen

G

was one used by Sweet

Sweet's method for calculating the induced charge was to assume
a charging capacitance and multiply this by the charging voltage. The
charging capacitance was modeled after a cylindrical conductor of diam-
eter djn centered between two infinite conducting planes with spacing d‘;
the pl;nes are at the same potential. The capacitance per-unit length
was multiplied by one wavelength of jet disturbance, A, to obtain the

capacitance that contributes to the charge on one drop. The model thus

assumes that a uniform distributed charge is on the cylindrical conductor.

This model is an approximation since the actual electrode is
finite in size and the center electrode (the jet) is not a smooth cylinder.
These two deviations from the model are not severe enough to necessitate
a modification of the model. The significant deficiency of the model is
that it does not allow for a nonuniform charge distribution. If the
charging voltage is the same for each drop (i.e., steady-state operation),
then the effective charge per-unit length will be the same as in Sweet's
model, If, however, the charging voltage changes from drop to drop, then
the captive charge will vary. When this condition occurs, there is no

longer a uniform charge distribution along the center electrode and Sweet'

w0

model fails.,

With a nonuniform charge distribution, the effect of capacitance
between a newly formed drop and the next one to separate can be observed.
If a single drop is given a charge, and the charging voltage for the fol-
lowing drop is zero, the following drop will be found to carry a smaller

charge of opposite sign to that of the first drop.

Sweet's model was modified by obtaining experimental data and
by deriving solutions to Laplace's equation for other electrode configura-

tions, Specifically, the configurations that were considered were two
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equal-sized conducting spheres in free space and one conducting sphere

between two infinite conducting planes. The relevant capacitances for
these two configurations were applied to Sweet's model, and then an
empirical correction factor was generated to fit the resulting model to

the experimental data.

The analytical model for the charge induced on the i-th drop,

qi’ is of the form

= <OV = F CV) - F
9 i g 8 SR

(q + CV_)
i i

2 i-2

where
C is the primary electrode-to-jet capacitance derived from Sweet's
model

a9, _, is the charge on the (i-1)th drop,
s

q. 3 is the charge on the (i-2)th drop,
=

V. is the charging voltage for the ith drop, and
i

Fl and Fo are ratios of capacitances of the drops and electrodes.

The derivation of this equation and the capacitance models is described
in Appendix C, CHARGE Theory. Basically this model indicates that the
charge induced on the ith drop is the product of C and Vi. This product
is the steady-state charge; when the system is in a transient state, then
the steady-state charge must be compensated according to the charges on
the two preceding drops, qi—l and q1-2' This compensation is in the form
of the difference between the steady-state charge and the two previous
charges, since the q's will be negative for positive charging voltage.

Pl and Fz scate the difference to the proper magnitude, as determined by
such factors as drop rate (f, drops/second), electrode gap (dx), and jet

diameter (d )
.]U
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The experimental conditions under which the model has been

verified are:

e Frequency, f, was varied from 26.8 to 51.8 kHz.
e (Charging electrode spacing, d was varied from 40
to 100 mils,

’

e Charging voltage, V_, was varied from O to 400 volts.
i

e Gage pressure of the ink was kept constant at 30 psig.

e Deflection plate angle was varied from O to 20 degrees.

e Deflection plate voltage was varied from O to -4 kV.

The verification procedure compared the measured induced
charge on individual drops with the charge as calculated by the model,
The steady-state charges were also compared. Charge was determined
experimentally by measuring the current caused by the moving charges and
then dividing by the frequency at which the drops are charged. For
steady-state operation, this frequency is f, the rate at which drops are
formed, since all drops are charged. If only one of every 24 drops were

charged, the drop charging frequency was {/24.

The effect that each of the six parameters had on drop charging

and their limitations is discussed below,

Frequency--The charge induced per drop is roughly propor-
tional to the inverse of f, primarily because the charging
capacitance, C, is directly proportional to A, the length
of the jet stream that forms one drop, and * = Vio E

The frequencies used in the experiments were limited to
those at which stable drops could be formed. Ii satellites
formed at a particular frequency, that frequency would be
used only if the satellites reformed with the main drops
in less than four drop spacings. Also, the satellite had
to be connected to the main drop at break-off. Drop
formation was not too reliable at frequencies below about
26 kHz. At frequencies above about 52 kHz, drop forma-
tion was more susceptible to small variations in operating
conditions. The frequency range from 26 to 52 kHz was

thus chosen for testing the model,
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Frequency has an important role in determining the effect

of previous drops on a drop being charged. Since A = vJO/f,
frequency determined the distance between drops and thus

the inductive capacitance between drops. It was determined
experimentally that the capacitance between nonadjacent
drops could be neglected if there were more than one drop
between them. Thus, only the two previously charged drops

have a significant influence on a drop being charged.

At the lower frequencies, a drop at break-off was not

immediately spherical but rather elongated and cylindrical,
as seen in Figure 12, Since the inductive capacitance was
modeled on spheres spaced A apart, a correction factor was
introduced to model the effective separation as a function

of frequency.

Charging Electrode Spacing--Charging capacitance C is

inversely proportional to the logarithm of electrode
spacing. Thus, induced charge is roughly related in the

same manner, At close spacing the field strength was

high enough to cause satellites to form with only moder-
ately high charging voltages. This effect was accentuated
at low frequencies, since drop diameter and A increase
with decreasing frequency. Figure 17 shows maximum allow-
able charging voltage as a function of electrode spacing.
If drop formation is marginal, a high charging voltage

can seriously disrupt jet breakup. The charging electrode
also serves the important function of shielding the jet
from stray fields, such as the deflecting field. Gener-
ally, the smaller the dx, the more complete is the shield-
ing effect.

Charging Voltage--Induced charge is linearly related to
charging voltage. As previously noted, an excessive

charging voltage could cause satellites to form, For
single drop charging, the maximum pulsed charging voltage
available was +400 volts; therefore, the model has been
verified only to that value.
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FIGURE 17 MAXIMUM CHARGING VOLTAGE AS A FUNCTION OF
ELECTRODE GAP

Ink Supply Pressure--Ink supply pressure was kept at 30

psig throughout the verification procedure. Varying it
would mean that an increase in pressure would result in
an increase in jet velocity, and vice versa. Since A
is directly proportional to velocity for a constant
frequency, the induced charge would increase. The
experimental variation in A was realized by varying
frequency rather than by adjusting pressure.

Deflection Plate Angle--The value of the deflection

plate angle had a negligible effect on the amount of
charge induced, primarily because the movable plate
was at ground potential. Thus it was not necessary to

include plate angle as a parameter in the model.
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FIGURE 18 CHARGING VOLTAGE COMPENSATION FOR DEFLECTING
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plate voltage was to reduce induced charge, because its
polarity was opposite to that of the charging potential,
Since it is a dc voltage, it induces an equal charge on
all drops. This effect may be compensated simply by
changing the baseline level of the charging voltage to

a slightly positive value to offset the fringe field of
the deflection plates. Figure 18 is a plot of the ratio
of compensating charging voltage to deflecting voltage

as a function of electrode gap. At low values of dx’ the
effect is negligible, but at large spacing, the deflecting

ELECTRODE GAP — d. mils
SA-2055-36

FIELD EFFECTS
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field effect is significant. This effect is also

frequency dependent. Figure 18 shows the worst cases

encountered, generally at lcw frequencies.

Since the effect of deflecting field is easily compensated

by an adjustment of the charging signal baseline, the

model does not include a correction factor.

The results of the analytical and experimental work related to
drop charging, which yielded the equations at the beginning of this sec-

tion and in Appendix C, are discussed in the following paragraphs.

No errors greater than 10 percent were encountered when com-
paring the predicted drop charge with the measured charge for the param-
eters in the range of verification. In general, the errors were in the

range of 2 to 5 percent.

The largest errors tended to be at low frequencies and with
small electrode spacing. Under these conditions, the initial drop shape
departs significantly from a sphere and the inductive capacitance be-

tween two drops is difficult to model.

For parameter values bevond the range of verification, the
model should be reasonably accurate for many cases. In particular,
electrode gap can be allowed to take on values from 20 to 140 mils with
usable results (errors less than 20 percent). For frequency between 52
and 80 kHz, the model will be useful but will slightly overpredict the

charge. Charging voltage may be increased with no additional errors

unless satellites are formed.

It is essential that drop formation be stable; few, if any,
satellites are allowed for the model to be accurate. It was found that
poor drop fermation was the cause of most of the problems in collecting

and interpreting data.
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The effect of the preceding drops on a drop being charged was

significant in determining the charge for transient operation. This
effect was the most difficult to model because of the lack of exact

solutions to Laplace's equation and the difficulty of accurately measur-

ing the charge on single drops.

The difficulty in measuring the charge on a single drop, when
only one of a group of 24 is charged, is that the other drops must be
totally uncharged or else their small charge when multiplied by 23 becomes
a significant part of the measured current. The best procedure found was
to observe the drop stream with no charging or deflection voltages, note J
its position, and then apply the desired deflection voltage. The result-

ing offset was then compensated by adjusting the baseline of the charging

voltage to give the original drop stream position. At this point, zero
stream current should result. Next, the desired charging voltage should
be applied to the appropriate drop and the charging voltage baseline re-
checked for its correct value. (Since the baseline is not electronically
independent of a charging voltage pulse it is necessary to reset it.)

The actual charging voltage is the difference between the charging voltage
relative to ground and the baseline voltage. At this point, a few drops
following the single charged drop will be deflected downward because of a
drop-induced charge of opposite polarity. This is nullified by applying
to these drops a charging voltage sufficient to bring them back to the
original stream position. The current created by a single charged drop

in each group of 24 can then be measured and its charge calculated.

From the experimental work, three recommendations can be made

regarding drop charging.

e The electrode gap should be as small as is conveniently
set. This reduces the relative influence of the two
previous drops and provides the best shielding from
other fields.
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e Drop separation should take place at the midpoint of

travel through the electrode, since the charging
field is most uniform there.

e A high charging voltage will reduce the influence of

stray fields and the charges on previous drops.

One test is included in subroutine CHARGE. When a signal is
applied to the charging electrode, an induced charge appears on the drop
being formed. The time required for this is a function of electrode-to-
jet capacitance and jet resistance. The resistance of the jet depends
on its dimensions and ink resistivity. The charging time should be a
small fraction of the time for a drop to form (1,/f) to ensure that full
charge is developed. Charging time is computed in CHARGE using Sweet's
me thod . * If this time is greater than 0.2/f, a warning message is
printed, indicating that ink resistivity is too high. Since all the
A. B. Dick inks have low resistivity, it is doubtful that this problem

will ever arise.

After CHARGE subroutine is completed, control returns to the
executive routine. This concludes the drop formation section of the
computer model, which has determined drop characteristics and initial
velocity. The remainder of the program deals with drop ballistics, It
should be noted that ink properties play a role only in the drop forma-
tion section., Once the drops are formed and charged, their ballistic
behavior is independent of all ink properties except density, which

determines drop mass,

The executive routine performs several functions before calling
the next subroutine. First, it computes a time interval for incrementing
the drops toward the printing surface. This is initially set at 1/f.

Then, a counter, NPTS, i1s set to zero,

At this point, the loop for following the ballistic behavior of

the drops is entered. A test within the loop determines if all the
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desired drops have been created. If they have not, the drop counter

NPTS is incremented by 1 and CREATE subroutine is called, which creates
one more drop. From there, the deflecting, repulsive, and aerodynamic
forces on all existing drops are computed. Each time through the drop

ballistics loop, an additional drop is crcéted, until MAXPTS drops exist,

Once the desired numbur of drops has been created (NPTS =
MAXPTS), CREATE subroutine is no longer called. A test is performed to
see if any drops are near tne printing surface. If not, a longer time
increment (5/f) is used for incrementing the drops. If any drops are
near the surface, the time increment is again set to 1/f. After the time

interval check, the subroutines to compute forces on the drops are again

used .

After the forces on the drops have been found, the corresponding
accelerations are determined. Then, the velocity and position are incre-
mented. In this way, the drop ballistics loop steps the drops through

space to the printing surface. This process can be seen in the flowchart,

Figure 2, and is further discussed in the follSwing sections.

6. CREATE

As shown in the flowchart, Figure 2, CREATE subroutine is used
to create an ink drop and initialize its state vector. CREATE is used
to form one drop each time through the drop ballistics loop, until
MAXPTS number of drops has been formed. When this point is reached,
CREATE is not called on again, and the existing drops continue to be
incremented through space to the imaginary printing surface. The value

of MAXPTS is set via a user-made punched card in the executive routine.

Properties of all existing drops are contained in a state
vector. The state vector is an array in the form STATE (I, J), where I

is an integer between 1 and NPTS and J is an integer between 1 and 11.
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1 refers to the number of a drop; J refers to various properties of the
I-th drop. For example, STATE (I, 1) is the x-coordinate of the drop.

Similarly,

J = 2 refers to the y-coordinate of the drop
J = 3 refers to the z-coordinate of the drop
J = 4 refers to the x-component of velocity of the drop
J = 5 refers to the y-component of velocity of the drop

J = 6 refers to the z-component of velocity of the drop

J = 7 refers to the x-component of acceleration of the drop
J = 8 refers to the y-component of acceleration of the drop
J = 9 refers to the z-component of acceleration of the drop
J = 10 refers to the electrical charge of the drop

J = 11 refers to the elapsed time in flight from the orifice

to the present drop position,

The coordinate directions used in the drop ballistics section
of the program are shown in Figure 19 in which x is the direction of the
jet as it leaves the printing head; y is the vertical direction, perpen-
dicular to the lower deflection plate; and z is the direction mutually
perpendicular to x and y according to the right-hand rule. During
CREATE, all the position, velocity, and acceleration components are set

to zero except for the x-coordinate of position and the x-component of

velocity. The x-position is taken as the drop separation distance plus
y
z
X PR —
JET DIRECTION PRINTING
ORIFICE HEAD
SA-2055-17

FIGURE 19 COORDINATE SYSTEM FOR COMPUTER MODEL

— 1
m‘_n' Pt L Rt

LT e AT TR X B T




the drop radius. The x-velocity is set to the initial jet velocity.
The charge on each drop is established earlier in CHARGE subroutine.
Initial elapsed time equals position divided by velocity. No verifica-

tion of CREATE subroutine is needed.

After CREATE has formed the desired drop and assigned initial
values to its state vector, control is returned to the executive routine,
I1f MAXPTS number of drops has not been formed, control branches to ELECT
subroutine, with the time interval for drop stepping set at the reciprocal
of drop rate. If all the drops have been formed, the incrementing time
interval is increased to five times the earlier rate. Once any drop has
traveled 95 percent of the way to the printing surface, the time increment
for drop stepping is reduced back to 1/f. After checking and adjusting

the stepping interval, control branches to ELECT subroutine.

T~ ELECT

As the drops leave the charging electrode with their trapped
charge, they enter an electrostatic field which tends to deflect them
from a free trajectory. ELECT subroutine, together with the function
PHI (described next), computes the force on each ink drop caused by the
electric field that the deflection plates produce. Function PHI provides
ELECT with the value of electric potential at the coordinate position of
the I-th drop and at adjacent locations. Field strength is then computed

as the space derivative of the potential. For example, to obtain the

e

y-component of field strength, the potential at drop location (x,y,z) and
at location (x,y + 6,2z) is found. Field strength in the y-direction is
then the difference of these values divided by the interval 6. 1In ELECT,

is taken to be 2 percent of the deflection plate separation.

When the x, y, and z components of field strength have been
found, the corresponding forces on the ink drop in question are calculated

from the simple relation,
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F = gk ; where ¥ = force on ink drop in x direction i
X X X
q = charge on the drop
E = field strength in x-direction.
B

The electrostatic forces on every existing drop in the x, y, and z

directions are stored in the array STATIC for later use.

As shown in the flow chart, Figure 2, ELECT is the first of i

three subroutines in the drop ballistics loop that are used to compute

the vector components of forces on the drops.

ELECT subroutine is quite simple, relying only on basic physics.
It requires no verification by itself, but rather is considered along
with the more complex function PHI. Each time ELECT is called, the

function PHI is called from ELECT four times.

8. PHI

The function PHI provides ELECT with the electrostatic poten-
tial at points within the deflecting field. The deflecting field is
generated by the two deflecting plates, the top plate being grounded and
the bottom plate held at a negative potential. The included angle be-
tween the plates can vary from 0° to 25°. The field extends beyond the

ends of the plates because of fringing effects.
The calculations used in PHI are based on several assumptions:

e The deflecting plates are assumed to have infinite
lateral length (in the z-direction in Figure 19).
This assumption reduces the problem from three to
two dimensions, and is valid as long as the stream
passes through the lateral center of the field and
if plate separation is small compared with the
plate width. Naturally, this approximation is less
accurate near the exit of the deflecting field when
plate angle is large, since plate separation can be
quite large there,
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e The plates have zero thickness and the ends of the
plates are vertically in line where the jet enters,
Neither of these assumptions is completely true, since
the plates have finite thickness with rounded edges
and since the upper plate pivots about a point not at
its end. The physical arrangement can be seen in
Figure 1.

e The plates are perfect conductors, which for practical

purposes is true,

e The effect on the field due to the presence of traveling
charged drops was neglected.

e The presence of the charging electrode was neglected.

These assumptions were needed to make the analytical problem manageable.
Given these assumptions, a complex variable theory to determine the

potential between and near the deflecting plates was justified.

During the project, the complex variable problem was solved
under progressively more difficult conditions. To get a feeling for the
problem, the field within an infinite parallel plate capacitor was studied
first. Next, the semi-infinite parallel plate case was examined, per-
mitting a field strength investigation within and near the end of the two
plates. (In the context of this discussion, "infinite'" means extending
from + ® to - ® along the jet direction, and "semi-infinite' means ex-

4 ] tending to + =« only. The plates are always assumed to have infinite

lateral length, as mentioned above.) Finally, the finite parallel-plate

f $ capacitor problem was solved using solutions given in a standard reference
: book . ©
; Having investigated the parallel-plate field theory, a non-
{ parallel plate configuration was examined. Again, a semi-infinite non-
i parallel plate capacitor and resulting field were first studied. This
1

problem was solved using conformal mapping techniques from complex
variable theory.” Finally the finite nonparallel plate problem was solved

using a complicated set of conformal transformations,
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Figure 20 shows the geometries studied with some terminology.

Part (e) of that figure is the configuration of primary interest.

- - > = to
too < > -~ o e
(a) INFINITE PARALLEL PLATES (b) SEMI-INFINITE PARALLEL
PLATES
- \
too -
(c) FINITE PARALLEL PLATES (d) SEMI-INFINITE NON-PARALLEL

PLATES

ANGLE

UNDEFLECTED JET TRAJECTORY ——_r

SEPARATION

&

JEF OFESEF

[.7 LENGTH —————=

(e) FINITE NON-PARALLEL PLATES

SA-2055-18

FIGURE 20 DEFLECTION PLATE GEOMETRIES

On appraising the solutions to the five cases mentioned, it
was found that little accuracy would be lost and much simplicity gained
if the semi-infinite nonparallel plate configuration was used to describe
the laboratory arrangement. Accordingly, this solution to the field
problem is the analytical basis of PHI. A separate section of PHI is
used to treat the semi-infinite parallel plate case, whenever the angle

between the plates is less than 0,01 radians. The equations used in PHI
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to evaluate potential at a point are summarized in Appendix D, PHI
Equations. The nonparallel plate section of PHI is the only part of the

computer model that uses complex arithmetic.

Practical considerations have been included in PHI to tie the

analytical model to the apparatus. For example, the field actually fills
all space, although its strength drops rapidly away from the plates.

Metal parts near the deflecting field will disturb it, since field lines
will flow to these parts. Also, the use of a semi-infinite plate length
could lead to false large predicted deflections, especially if the flight
path were long. For these reasons, limits have been placed on the dis-
tance over which the deflecting field acts. The field is assumed to

begin at the downstream end of the charging electrode. Here the {ringe
field i1s rather weak, but its strength builds rapidly nearer the plates.
The field is assumed to end when the drops are more than 10 percent of the
plate length bevond the end of the lower plate. Both limits are built into
the program; the field strength is assumed to be zero beyond them. Note
that the entrance field is more important than that at the exit, since a
deflecting velocity imposed there has a longer time to cause deflection.
Also, entrance forces are higher than those at the field exit whenever the

i plate angle is greater than zero.

One measured value is required by PHI and is contained in a
DATA card in the program. That value is the jet offset distance (see
Figure 20). This value is constant for a given physical assembly. Note
that plate separation distance is not constant, but varies with angle.

This necessitates occasionally measuring separation distance.

The potential difference between the plates can be varied, but

§ general limits do exist; arcing will occur with high enough voltage.

The limit for arcing varies with plate angle, as seen in Figure 21. Note

that at large angles, plate separation is smaller and arcing occurs be-

tween the plates, At small angles the arcing path is to the charging
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FIGURE 21 PEAK DEFLECTING VOLTAGE VERSUS PLATE
ANGLE

electrode. Corona noise was heard at over about 6500 volts, and so
DATIN subroutine delivers a warning message in such case. Corona
presence will alter the charge on the drops in flight and render the
computer model invalid. Furthermore, high deflecting voltages can affect
the induced drop charge. Thus, a practical limit on lower plate voltage

is roughly 5000 volts.

No experimental verification of the field predictions was per-
formed, primarily because of the difficulty of doing so. Verification
would have required imposing a high-voltage ac field on the plates and
sensing the induced potential on a capacitive probe. This would have
required a very fine probe accurately placed, and it was felt that ade-
quate resolution would be difficult to obtain. Instead, PHI and ELECT

were evaluated by noting the magnitudes and directions of forces acting
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on the charged drops as they passed through the field, These have been
found to be entirely reasonable, A plot of field strength in the y-
direction for one test case is shown in Figure 22. The data were derived
from the optional program output of the force arrays. In the case shown,
the lower plate was held at -3450 V; plate angle was 157 ; minimum plate
separation was 0.09 inch. Field strength for a parallel plate case with

similar voltage and spacing is shown in Figure 22 for comparison.
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FIGURE 22 DEFLECTING FIELD STRENGTH VERSUS X-COORDINATE
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' i An important check on the model was to note the y-force on a
1
i given drop in the parallel plate case. Here, the field strength is
é simply potential difference divided by plate separation. The computer
& model exactly agrees in this case, showing that the parallel plate
64
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analysis is correct. To check the nonparallel plate theory, a very

small angle (0.6 ) was assumed. In this case, all the complex variable
theory was used. The force predictions were about 3 percent smaller than

the parallel plate case, with force dropping slowly through the field,

When the x, y, and z components of deflecting field force on all
drops have been computed and stored, control is returned to the executive
routine. An immediate branch is made to MUTUAL subroutine. Note that

the two-dimensional model in PHI causes all z-forces to be zero.

9. MUTUAL

In the printing process, unused drops are given no charging
signal, and so will travel along the free jet trajectory to strike an
ink catcher. The printing drops hold specific charges of like sign, so
that they can be deflected above the catcher. MUTUAL subroutine is used
to compute the electrostatic forces between each drop and its neighbors.
The forces are primarily repulsive and tend to push the drops apart,
al though small attractive forces can be present when a positive charge is

trapped on a drop (see Section III-D-5).

The computing routine is straightforward. The position and
charge on a particular drop are noted, as are the charge and relative
position of the three preceding and three trailing drops. The force
between the drop in question and one of these neighbors is then found

from the relation,

a.q9 .
1)
F = Kk 2 , where Kk = electrostatic constant,
r
2
9 n = =
8.987 x 10
coul
q, = charge on ith drop
i
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charge on jth drop

r = distance between drops i and J.

This force is a vector, lying along a line connecting the two drops.
MUTUAL subroutine finds the orthogonal components of the force between

the drop in question and its three leaders and three followers, The
x~components of the six forces are summed and then stored in REPEL array;
the same is true for the y and z force components. This procedure is
followed for every drop in flight. When a drop does not have three others

in front or behind, those force components are set to zero.
Three assumptions are included in MUTUAL subroutine.

e Drops beyond the adjacent six have no effect. This is
justified primarily by the 1/r2 factor in the force equa-
tion, Also, the magnitude of repulsive forces is typi-
cally one or more orders of magnitude less than the de-
flecting and aerodynamic drag forces.

e The drops are considered to be point charges rather than
spheres with a charged surface. This is valid at normal
drop spacings, When two drops get very close together,

charge redistribution on the surface will occur. This will
E , lower the actual repulsive force below that predicted.

! e Within a colinear group of drops, the drops immediately
next to the drop in question will not shield it from those
farther away. In fact, such shielding does occur and

Sia Db e o
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results in less influence from the more distant drops.

Shielding occurs when the field is altered because one

drop is directly between two others. Ignoring this

phenomenon is justified by the small magnitude of force

from distant drops and the analytical difficulty of des-

cribing the interdrop fields.

MUTUAL subroutine also provides a convenient check point for

relative drop positions. Under some circumstances, two drops will

collide in flight, resulting in a single larger drop. The computer

model will not treat such a case, since it is of no value in printing
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applications, In MUTUAL, the drop-to-drop distances are computed to find
force. [f this distance is less than a drop diameter between any of the
deflected drops indicating a collision, an error message 1s printed and
the program stops. If drops that were given no charging signal collide,

the program continues to run, since these are assumed to be unused.

No experimental verification of MUTUAL subroutine was performed
because of the simplicity of the model and the difficulty of observing
pure repulsive effects. The computed force values were found to agree
with hand calculations based on predicted drop positions and charges.

The relatively small magnitude of repulsive forces indicates their small
role in drop trajectory. Repulsive forces are most significant on the
leading and last drop of a deflected group, since these see a charged

body on only one side.

Once the total x, y, and z forces on all existing drops have
been found and stored in REPEL array, control returns to the executive

routine. An immediate branch is then made to AERO subroutine.

10. AERO

The ink drops in flight are affected by aerodynamic drag. The
magnitude of the drag force on a drop depends on its velocity and its
position relative to neighboring drops and the undeflected jet. When
AERO subroutine is called, the state vector for all existing drops is
known. AERO then computes the orthogonal components of aerodynamic drag

force on each existing drop. These force values are stored in DRAG array.

Aerodynamic drag experienced by a single sphere moving in a
fluid medium has been extensively measured. The standard drag coefficient
- 7 .
versus Reynolds' number curve is well-known, The same cannot be said,

however, when the number of spheres becomes greater than one. Although
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it is known that the presence of other spheres in its proximity will sig-
nificantly influence the drag on the sphere of interest, quantitative in-

formation is very limited.

This fact required an experimental approach to creation of the
subroutine, in which the single sphere drag coefficient is modified by
empirical factors derived from observations. Interference drag coeffi-
cients for an ink drop in various flight formations were obtained by

measuring the motion of the drop versus time.

If the drop of interest were a single sphere isolated in space,

the drag coefficient would simply be

24 4
(Cc) = — + ” ,
D ss 173
e (R
e
hv
where & d v
a
R = .
e V3
a

the Reynolds number for the drop; p is air density, d is drop diameter,
a

v is drop speed, and u 1is air viscosity.
0 a

A drop formation pattern is shown in Figure 23, where the drop
of interest is preceded by two drops and followed by another and is near
to the undeflected jet. Such a configuration results in a modified drag

coefficient of the form

(™ =1 - 0.84 exp(-y /d) - 1 - exp(-y /d) C +(C
D » o [ p o } [( D)lL ( D)2L+( C)lT]
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FIGURE 23 DROP SEPARATION AND OFFSET DISTANCES

and
( ‘ )27
C ) = 0.435 exp -0.020( > /d) = 0.188( 7T /d
D’ 1L p ( 1 ) ( \1 ]
(C) = 0,178 exp[-0.022(2'/d) - 0.188( T’ a)2‘
D’ 2L ! Bl ) it
r A 2
- 2 = ’ 1 - T 1
(CD) 13 0.217 exp  -0.147¢ J,d) 0.188( 2/d) ]
The A's and 7T's are defined in Figure 23; y is the vertical deflection

6}
of the drop of interest, The subscripts 1L, 2L, and 1T refer to the two

leading and one trailing drop, respectively. The term 0.84 exp(- y 'd)
o

is used to account for the nearness to the undeflected jet. Note that

when the drop is three or four diameters from the jet, the equation

essentially becomes

¢ =1 = €0 - -
D FHEES D)lL (Cu)zL (CD)lT
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The coefficients in these equations are based on experimental measurements,
These equations and an account of the measuring procedure are described in

Appendix E, AERO Derivation,

The resulting drag coefficient equation demonstrates several
facts., First, the presence of neighboring drops acts to reduce the aero-
dynamic drag below its single sphere value., Second, interference effects
diminish as spacing between drops increases. Third, the effect of near-
ness to the undeflected jet drops rapidly as the drop moves away. This
empirical result is actually a measure of the boundary layer surrounding

the jet.

A number of assumptions were required during the creation of
this subroutine., The drag on a particular drop was assumed to be affected
only by the two closest leading drops and the one closest trailing drop.
Other neighboring drops also have an effect but of diminishing magnitude.
The measuring procedure also becomes much more complicated as the number

of effective drops increases.

The aerodynamic Reynolds number of drops from the print head can
be varied within limits (from about 100 to 200). Over this range, the
dependence of CD on Re was not evident, As a result, it is assumed that
the functional dependence of CD on Re is the same as for (CD) This is

ss
*
reflected in the fact that CD is not a function of R

A third assumption was that aerodynamic effects are independent
of all electrostatic effects. The main reason for this is the fact that
drag force is typically an order of magnitude or more greater than the T

deflecting or repulsive forces on the drops.

A fourth assumption is that the drops are spheres. This is
true only after the drops have traveled 10 to 20 spacings from the separa-
tion point, Surface tension forces usually result in drop "wobble" that

damps out after separation.
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A limitation on AERO subroutine is that derivation of the equa-
*
tion for C“ was based on ink drop data taken when R = 130, The equation
will give less accurate drag estimates when Reynolds number greatly differs

from this value. Within the limits of the apparatus, R cannot be radi-
e

cally changed from this value,

AERO subroutine computes drag coefficient for the drop of inter-
est using the equations given. In the process, the most influential pre-
ceding and trailing drops must be found. To do this, the program first
finds the value of (CD)1L due to all preceding deflected drops and stores
the largest value, Then, the value of (CD)2L is found due to all pre-
ceding deflected drops except for the drop giving the largest (CD)

1L
value, Again, the maximum value of (CD)2L is stored. The same testing

T
values will correctly yield the smallest drag coefficient CD. Note that

procedure is used to find the largest value of (CD)1 . Using these three

the presence of neighboring drops is always such that the drag on the drop

of interest is reduced.

Once the drag coefficient value is obtained, the drag force is

found from the relation

«

(5 W &) .
v
s® D o ;

=}
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|

where D is drag force. This force is a vector in a direction opposite to
the drop velocity vector. The force on each drop is broken into its x,

y, and z components; these are stored in DRAG array for later use.

The calculations in AERO require values for the density and

viscosity of air, These are entered via a DATA card. The values used

are for 71°F and sea level conditions.
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No specific verification procedure was used for AERO subroutine,

since it is based on a large body of experimental data. The aerodynamic
drag model was created to fit the observations, The lack of prior work

in this area of multiple spheres in flight dictated this approach,.

A number of cases were studied during the AERO experiments.
These included a drop shielded by one preceding drop, by two preceding
drops, and by two preceding drops plus a trailing drop. The procedure
outlined in Appendix E allowed the lab measurements to yield drag co-
efficient values for these cases. The experimental cases and resulting
drag coefficients are summarized in Table 2, As a point of comparison,
the drag coefficient of a single sphere, traveling with Re = 130, is

D ss

(C) ~ 0.98. The tabulated values of CD under the conditions shown

were used in deriving the empirical expressions given at the beginning

of this section.

When AERO subroutine is completed, control is returned to the
executive routine. The executive routine then checks the value of the
print control; if IPRT = 1, the values of the x, y, and z force components
in the arrays STATIC, DRAG, and REPEL are printed for every existing drop.
This optional output lists forces in the order:

¢ x-components of deflecting field, aerodynamic drag, and

repulsion forces

¢ y-components of these forces

¢ z-components of these forces,

This output is quite valuable, since it indicates what is happening to
each drop. Note that nowhere in the program are any z-forces applied to
the drops, so these will all be zero. The program has retained the

z-component for completeness and in case any z-forces are to be considered

at a later time.
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Table 2

DRAG COEFFICIENTS OF A DROP
WITHIN VARIOUS DROP FORMAT IONS

A_/d A d ) d C
i | 2 D
Drop shielded by 3.5 @ ® 0.54
one preceding drop T3 @ © 0.56
10.8 ) ® 0.59
21.3 @ ® 0.64
75.0 ® ® 0.75
Drop shielded by 3.3 6.0 © 0.40
two preceding drops 3.3 19.5 @ 0.43
3.5 73.0 © 0.50
Drop shielded by two 40,0 72.0 2D 0.56
preceding drops and 40,0 71.0 3.5 0.63
followed by one 40.0 67.0 7.5 0.63
trailing drop 40,0 63.0 11.5 0.65

Trial runs of the program have indicated several notable points
relative to the forces acting on the drops. In the x~direction, the domi=-
nant force is from aerodynamic drag, with magnitudes on the order of 1(J-6
to 10-7 newtons., Deflecting field forces can get as large as 10_8 newtons
in the x-direction; these result from the curved field lines present in

field fringes and when plate angle is not zero. Repulsion forces can get

-8
as large as 10 newtons in the x-direction,

In the y-direction, the dominant force is due to the deflecting
field, with peak magnitudes on the order of 10—6 newtons, Typical drag
y=forces can get as large as 10-7 newtons, especially if the drop is
strongly deflected, Repulsion forces in the y=-direction can also get as

~7
large as 10 newtons .
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These results indicate that predictions of drop deflection
distance and arrival time primarily depend on accurate computation of
field strength and aerodynamic drag, respectively, Drop repulsion pla.s
a minor but important role,

Gravitational force on the drops is on the order of 10 newtons
in the y-direction. This is considered to be small enough to justify

ignoring this force.

After the executive routine has checked the print control and
possibly printed the force values, it computes the acceleration of each

drop in the three component directions. The simple dynamic equation is

&
o & .
i
1 a = — .
i m
where
a = acceleration in the i-direction
. m = drop mass
ZF _ = sum of the 3 forces in the i-direction.
i

Acceleration is calculated in this manner each time the program passes
! through the drop ball%stics loop. Thus, acceleration is constantly Gp—
v dated to account for current force values, The new values of drop

acceleration then replace the previous values in the state vector. At

this point, the executive routine calls STEP subroutine.

1l  STEP

STEP subroutine is used to increment the state vector for every
existing drop. At the time STEP is called, the updated acceleration com-
ponents are known, as are the drop position, velocity, and elapsed time

for which the forces were computed. The incremental time interval ¢ is

9
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also known. The state vector is then updated according to the relations

x >
new old

X
new old

t = t + &
new old !

where the dot indicates a time derivative, Position and velocity in y-
and z-directions are similarly treated. The updated state vector is then
used the next time through the drop ballistics loop. Forces are computed
based on the new positions and velocities. This incremental procedure is
followed until the drops have propagated through space to strike the

imaginary printing surface,

Two checks on drop flight are made within STEP, First, the
x-positions of all the drops are surveyed. If any have traveled 95 per-
cent or more of the distance to the printing surface, the indicator NEAR
is set to 1, This will result in decreasing the incremental time inter-
val when control is returned to the executive routine. This is done to

more accurately find drop arrival time and deflected distance.

The second check deals with the x-position of each drop. If
it equals or exceeds the distance to the printing surface, the state
vector for that drop is frozen; its position and velocity are not in-
cremented further. When all existing drops have reached this point, the
indicator IDONE is set to 1, This will allow an exit from the drop

ballistics loop when control is returned to the executive routine.

Because of the straightforward nature of STEP, no verification
was required, One subtle inaccuracy introduced in STEP, however, should

be mentioned, The freezing of the state vector for drops that have

T 4 " -
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arrived implies the existence of a drop frozen in space with a given

velocity and charge. When forces on the drops are recomputed in a follow-
ing pass through the drop ballistics loop, they will be based on these
positions and velocities, Drops that are frozen are not affected since
they cannot be moved. Drops about to strike the surface can be influenced,
however, since they will see misplaced preceding drops that affect their
aerodynamic drag and produce repulsive forces, when in reality such drops
would already be deposited on the printing surface. This inaccuracy does
not cause significant problems because the time for the erroneous forces

to act is small; influence of these forces on final drop position will be
even smaller because of the double integration present in the stepping

method.

After STEP is completed, control is returned to the executive
routine, If variable NEAR = 1, the stepping time increment will be
shortened when the drop ballistics loop is rerun, since the drops are
nearing their destination. If the variable IDONE = 0, indicating that
some or all drops are still in flight, the print control is checked, If
IPRT = 1, the updated values in the state vector for all existing drops
are printed. These appear in the order: x, vy, z, X, V¥, 2, X, ¥, Z, 4,
and t. From this point, the drop ballistics loop is run again, If all
drops to be created do not yet exist, CREATE subroutine will be called.
If all drops have been created, a new computation of forces will begin
immediately, based on the new state vector quantities and beginning with
ELECT., If IDONE = 1, indicating that all drops have arrived, the state
vector will not be printed and the executive routine will leave the drop

ballistics loop by calling DATOUT,
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12, DATOUT

DATOUT subroutine is used to deliver the output parameter

values resulting from the operating conditions imposed on the computer

model, This subroutine is called after all drops to be studied (MAXPTS)
F have arrived at the imaginary printing surface. Many of the output
i

values are converted to common units before printing.

The output parameters with units as delivered by the Analytical

Computer Model are:

¢ Velocity of jet just outside the orifice, inches per second

¢ Flow rate of ink, cubic centimeters per minute

¢ Rate of drop production, drops per second
¢ Diameter of drop, inches
¢ Drop spacing just after formation, inches

e Size of a character (distance between the most deflected
and least deflected drop), inches

e Distance from orifice to drop separation point, inches.
¢ Drop charge level, coulombs, for all created drops

* Drop deflection distance, inches, for all created drops

* Drop flight time, seconds, for all created drops.

At the time DATOUT is called, all the output parameters are
known except for character size, This value is determined from the

y-position values in the state vector array. It is assumed that only the

l /7 el sl i Sk A

drops given positive charging voltages are to be used in a character; others
may be deflected because of drop-induced charge, but are assumed to hit

the ink catcher, Furthermore, it is assumed that the deflection distances
and arrival times for the first 24 drops will be ignored. This is because
these drops have no predecessors, which has a great effect on the computed
aerodynamic drag and repulsion forces. Later drops, which have these as

forerunners, are more closely related to the drops in real applications.
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Thus, the y-displacements of all deflected drops after the first 24 are
surveyed. The difference between the maximum and minimum values is then

the predicted character size.

While the output values are self-explanatory, a comment is in order
about the drop deflection distances and arrival times. As mentioned
above, the first drops break the way for those following. Thus, distance
and time for the leading drops are unrealistic, Drops following the first
12 or 24 are more likely to portray actual performance. In fact, by ob-
serving the position of the same drop in successive groups of 24, the time

for the startup transient in the model to die out can be noted.

The y-positions and arrival times together yield an indication
of character appearance. In this type of ink jet printing system, there
must be a relative velocity between the printing head and printing surface
in the z-direction (see Figure 19). Knowing the y-position gives one co-
ordinate on the surface. Knowing arrival time and relative z-velocity of
the surface gives the other. Thus, if a slanted bar is to be printed,
the output should show decreasing y-deflections with increasing arrival

times for the drops used.

The testing and vector holding procedure used in STEP halt the
drop only after its x=coordinate equals or exceeds the distance to the
printing surface, Since the stepping interval is 1/f at this point, that is
the possible error in arrival time. The y-coordinates are fixed at the
particular arrival time, so they also may have a small error as a result

of this termination procedure.

After the output values have been printed, control is returned

to the executive routine. The executive then calls EXIT, and the analysis

of the ink jet configuration studied is finished.
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IV PROGRAM PERFORMANCE

The Analytical Computer Model as a complete tool was evaluated by
comparing intermediate and final program predictions with laboratory ob-
servations, using the same input conditions in both cases. This could
be done only after all the subroutines had been verified, and only a few

tests of overall program performance were made.

The comparison proceeded as follows. In the laboratory, an operating
pressure, frequency, and voltage were chosen so that drop formation would
be stable and few satellites would be present. Drop separation point had
to be within the first half of the charging electrode. Under these con-
ditions, a pattern of charging voltages and a deflecting voltage was im-
posed, such that the deflected pattern was of printing size. The labora-
tory input conditions were noted and these values used in the computer

analysis.

Two comparisons between the corresponding computer output and obser-
vations were made. First, the optional state vector output was noted at
a time when the drops were near the downstream end of the deflection
plates. In effect, this provided values of drop coordinates at a partic-
ular moment. The same situation could be observed in the laboratory
under stroboscopic illumination, allowing comparison of the actual and
predicted flight patterns. The second comparison was that of the program

output parameters with measured values.

Two test cases are described, not as exceptionally good or bad cases,
but rather as an indication of levels of performance that can be expected.
Predictions with more or less accuracy probably exist for different input

conditions.
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In each example,

sidered as

6 drops each;

printing surface 2.5

36 drops were created (MAXPTS = 36) and flew to an

The first 12 drops were con-

forerunners, breaking the way for those following.

other two groups were deflected as if to print.
ing voltage could also be neglected,
would not be used for printing.

cused on 12 deflected drops.

Test Case 1--Parallel Plates

two groups were given no charging voltage,

Type of ink used
Ink temperature

Ink density

Ink surface tension
Ink resistivity

Ink viscosity

Ink sonic velocity
Ink supply pressure

Crystal voltage

Crystal driving frequency
Charging electrode spacing
Deflection plate length
Deflection plate separation
Deflection plate angle
Deflection plate voltage

Distance to printing surface

tion was ignored, since in actual operation, there is never a ''first' drop,

always a stream. The remaining 24 drops were broken into four groups

since from a practical standpoint they L

attention in the examples was fo-

The input parameters for this test case were as follows:

A, B, Dick 16-6000
70°F

1.026 gm/cm®

37.0 dyne/cm

62.1 ohm-cm

L.73 ep

1573 m/sec

40.0 psig

45 V, zero-to-peak
69,270 Hz
0.040-1inch
1.25-inch
0.130-inch

0.0°

-1350 volts

2.5 inches

01 10 et s A o 0 UL TR R - &

while the

The drops given no charg-

Their mo-
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Drop Charging Drop Charging Drop Charging

Number Voltage Number Voltage Number Voltage

1 0 9 250 17 0

2 0 10 225 18 0

3 0 11 200 19 300 |
4 0 12 150 20 275

5 0 13 0 21 250

6 0 14 0 22 225

7 300 15 0 23 200

8 275 16 0 24 150

In this case, the charging sequence is repeated for each of the two
deflected groups. Also, the entire sequence is started over for following
drops, so that drop 25 sees 0 volts at the electrode, drop 31 sees 300

volts, and so on.

The predicted and actual drop coordinates in flight are compared in
Figure 24. The agreement at this intermediate point is good. For the 12
deflected drops, the errors in y-coordinate range from 9 percent low to
11 percent high in the worst cases; 8 of the 12 drops are within %= 5 percent
of predicted positions. In the x-direction, the greatest deviation is less -

than two drop diameters.

The output parameters given by the program are shown in Table 3, along

with measured values and errors. In this example, the deflection distances

of only one group of 6 drops are of concern,

These results indicate considerable accuracy of the predictions in
this case. The error in character size is primarily due to the error in
deflection distance of drop 31. These results are discussed further in

Section IV-C.
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IN-FLIGHT DROP COORDINATES, TEST CASE 1
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OUTPUT PARAMETERS, TEST

Table 3

Predicted Measured
Output Parameter Error
Value Value
Initial jet velocity 784.8 in/sec 783.2 in/sec +0,2%
Ink flow rate 3.80 cmS/min *
Drop rate 65,270 drops/sec 65,270 drops/sec
Drop diameter 4,88 mils *
Initial drop spacing 12,02 mils 12.0 mils +0.2%
Character size 67.1 mils 56 mils +20%
[ ; Predicted Measured
Charging Predicted ) .
Drop ; Deflection, Deflection, n
Voltage, Charge Level, . . Error
Number 12 mils, mils,
volts coulombs x 10

@ x = 2.9 10, | @ x = 2056 In.

31 300 -2.07 105.3 95.5 +10%
32 275 -1.51 75.7 77,0 - 2%
33 250 -1.37 67.6 68.0 - 1%
34 225 -1.24 62.3 61..0 + 2%
35 200 =1.10 55.1 54.5 + 1%
36 150 -0.78 38.2 39.5 - 3%

*
These terms were not measured, since they are a direct consequence of jet

velocity and drop spacing.

B. Test Case 2--Angle Plates

The input parameters for this test case were as follows:

_g Type of ink A. B. Dick 16-6000
f Ink temperature i
§ Ink density 1.026 gm/cm3
f Ink surface tension 37.0 dynes/cm
¢ Ink resistivity 60.8 ohm-cm
} Ink viscosity 1.%0 cp
.Ink sonic velocity 1574 m=-sec

- Nt
0
w




Ink supply pressure

Crystal voltage
Crystal driving frequency

| Charging electrode spacing

32.9 psig
110 volts,
53,000 Hz

0.040-1inch

zero-to-peak

|
|

Deflection plate length 1.25 inches

Deflection plate separation 0.090-inch
Deflection plate angle 15.0°
Deflection plate voltage -3450 volts

Distance to printing surface 2.5 inches

Drop Charging Drop Charging Drop Charging
Number Voltage Number Voltage Number Voltage
1 0 9 88 17 0
2 0 10 74 18 0
3 0 1x 55 19 86
4 0 12 38 20 75
S 0 13 0 21 65
6 0 14 0 22 55
i 135 15 0 23 48
8 115 16 0 24 65

In this case, the charging pattern is different for each of the two
groups of deflected drops. As before, the first 12 drops created act as
forerunners; drops 25 through 36, with the same charging pattern as the

first 12, are considered instead.

Comparison of the predicted and actual drop coordinates in flight is
shown in Figure 25. The agreement in this case is not as good as in Test
Case 1. With the exception of one deflected drop, all the predicted de-
flections are too low, some by as much as 22 percent, In the x-direction,

the greatest error is about 2 drop diameters.

The output parameters for this test case are given in Table 4, 1In
this example, the deflection distances for both groups of 6 deflected drops

are of interest, since their charging patterns were different,
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Table 4

OUTPUT PARAMETERS, TEST CASE 2

Output Parameter Predicted Value Measured Value Error
Initial jet velocity 706.2 in/sec 713.7 in/sec -1.1%
Ink flow rate 3.43 cm3/min *
Drop rate 53,000 drops/sec 53,000 drops/sec |
Drop diameter 5.06 mils *
Initial drop spacing 13.33 mils 13.43 mils -1.0%
j Character size, 1st Group 37.6 33 +7 . 0%
Character size, 2nd Group 85 75 +13%
) Predicted Measured
Charging Predicted N ; . ]
Drop Deflection, Deflection,
Voltage, Charge Level, ; . Error
Number -13 mils, mils,
volts coulombs x 10 " . i
@x=2.5 in, | @ x = 2,86 in,
19 86 -6.57 65.5 67 -2%
20 75 -4.51 42.3 52 -19%
21 65 -3.89 35.6 44 -19%
22 55 -3.31 30.8 ST -17%
23 48 -2.91 27.9 32 -13%
' 24 65 -4,30 41.1 45 -9%
- 31 135 -10.31 104.9 100 +5%
32 218 457 -6.87 65.6 78 -16%
4 33 88 -5.07 47.9 60 -20%
- 34 74 -4.46 41.6 48 -19%
;: 35 DS -3.19 29,3 36 -19%
A 36 38 -2.15 19.7 25 -21%
F

*
These terms were not measured, since they are a direct consequence of jet
velocity and drop spacing.

These results indicate less accuracy than those in Test Case 1. The

e e S WO A IR

errors are of larger magnitude and with one exception show a low prediction.
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C. Comments

The two examples demonstrate a number of things about the Analytical
Computer Model, First, the model provides a general picture of how the
drops will behave in flight and where they will land. The accuracy of the
predictions depends on the input conditions used. The predictions in Test
Case 1 were quite good; errors were larger in Test Case 2, but a qualitative
view of drop behavior was still delivered. Second, the predictions of jet
velocity and drop characteristics are very accurate; errors greater than
+ 3 percent over the range of parameters are not expected. Third, drop
separation point was not accurately predicted in either case; the value was

too low, so a dummy value stored in SEPDIS was used instead.

Laboratory measurements were required to make the comparisons. In most
cases, these may contain errors as large as = 5 percent. This is particu-
larly true of the charging voltage levels, since the charging signal was not
always flat during drop separation. Measurements of x-coordinates for the
in-flight comparison were repeatable to within = 0,004-inch; y-coordinates
were accurate within £ 2 mils. It was noted during measurement of drop co-
ordinates that the drops would sometimes drift. This was attributable to
air currents, pressure variations, and phase shift between the charging sig-
nal and drop separation. This made the measurements difficult; thus, the

reported values should not be taken as absolute.

It is felt that three interrelated sources of error exist. First, the
measurements of input and output parameters contain some error. Second, the
analytical treatment required that numerous approximations and assumptions

be made. Third, the charging electrode plates and the deflection plates

could not be peffcctly aligned.

The errors in predicted drop positions come from the subroutines used
to compute charge and forces on the drops. Most of the errors are random

in nature, with predicted values being slightly greater or less than actual.
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CHARGE subroutine appears to be responsible for part of the error in pre-

dicted deflection distances. This distance is a direct function of the
y-forces on a drop; the primary y-force is the product of deflecting field
strength and drop charge. Since all drops pass through the same field,
random differences in errors can be attributed to charge discrepancies.
Errors in induced charge prediction are explainable by the strong dependence
on the geometry of the jet and drops near the drop separation point. il
this geometry deviates from that used in the empirical correction factors,

E errors will result.

Drop deflection is influenced to a lesser extent by repulsive forces
E 8 between drops. Errors can exist here because of the assumption that the
E 3 drops are point charges instead of spheres, The error in position of the

= leading drops in the test groups is more positive than the errors for follow-

ing drops. If the charges on the drops distribute themselves to form a

dipole, the repulsive forces will be reduced, as will the deflection caused

by these forces. The field strength predictions based on the assumed ge-

ometry are thought to be good, especially for small plate angles. The

large errors in the same direction in Test Case 2 indicate that actual field

! strength is greater than that predicted, particularly at the field entrance.
= This is probably caused by the nonideal geometry at the entrance and be-

cause the drops pass only about four diameters away from the upper plate

at that point. Since more time exists for entrance forces to affect drop

2 deflection, small errors in entrance field strength can become proportion-
¢ ately larger in terms of deflection., Thus, the systematic errors in Test

Case 2 are mainly due to the difference between the actual and idealized

3 4
b .
! field geometry. The aerodynamic drag calculations are acceptably accurate
§
1
3 Measurement of transit time for one drop in Test Case 2 showed an erro:
{
! . ' : . s
i less than 2 percent. Thus, errors in predicted deflection are not
P} inaccurate residence time in the deflecting field.
|
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As mentioned in the subroutine descriptions, the arrival time of each

drop is also listed as an output. Because of the incrementing procedure

used, this arrival time can be accurate only to within 1/frequency. In Test
Case 1, the drops land in the order in which they left the print head, al-
though they are much closer together in the x-direction than when formed.

Predictions show that the first four drops will arrive at the same time,

followed by drops 5 and 6. This crude comparison shows that in this case,

a general picture of arrival time is given. For a more accurate prediction

of flight time, a shorter stepping interval near the printing surface or an

interpolation routine would be needed. In Test Case 2, predicted arrival

times are not entirely consistent with observations.

As mentioned earlier in this report, the program contains a starting

transient. The first drops created must break the way for the followers.

They will see greater aerodynamic drag, and thus be displaced in the x-

direction. This displacement will affect the following drops, since drag

and repulsion forces on a drop depend on the positions of those ahead. In

reality, the main stream is always present, so there is no starting transient.

Several groups of deflected drops must be created before these starting ef-

fects die out. The duration of the starting transient depends on the input

conditions. In general, the second or third group of drops with a particu-

lar charging pattern will be within 2 percent of the steady-state predic-
tions. The transient errors usually predict deflections greater than the

steady-state values,
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V  PROGRAM LIMITS

Throughout the discussions of the subroutines, various limits on
program parameters or combinations of parameters have been mentioned,
These limits are summarized in Table 5 along with the basis for each
limit, In most cases, if the limit is exceeded, a warning message is

printed; in some cases, the program will stop,

The limits shown in the table should be considered general and
approximate, Ink properties are those for the five A, B, Dick inks;
other inks will work in ink jet printers, Regarding pressure, crystal
voltage, and frequency, working combinations of these beyond the stated
limits could surely be found, although they would have little applica-
tion in printing applications, The geometric limits are based on the
physical apparatus and practicality., For example, a larger charging
electrode gap could be designed, but since a small gap is most desirable,
there is no reason to do so, Trade-offs are also available regarding
the charging and deflecting voltages, and exceptions to the limits prob-
ably exist. The ranges shown are based on practical considerations and

familiarity with ink jet printing systems,

At least two other limits appear in the program, One is a test of
time to charge a drop. If the time is greater than 20 percent of the
time between drops, a message is printed indicating that ink resistivity
is too high, In the other test, if two of the deflected drops come to-
gether in flight, the program stops. Such a case would be unacceptable

in printing applications,

The overall program was evaluated under only a limited number of

test conditions, Thus, although the program will function over the
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PARAMETER LIMITS

Table 5

Parameter Minimum Maximum Basis
Ink temperature, UF S50 90 Likely room temperature range.
Ink density, gm/cm 1.023 1.050
Ink viscosity, cp 1.34 3 58 Al. ink properties are based
Ink surface tension, j Be on the five A, B. Dick inks
dyne/cm 36.8 65 within the given temperature
Ink resistivity, ohm-cm 55 222 range.,
Ink sonic velocity, m/sec 1553 1617
Ink supply pressure, psig 10 Jet velocity too low below this.
Ink supply pressure, psig 80 System safety; excessive jet
momentum,
Crystal Voltage, v,z-p 15V Poor breakup without some
modulation.
Crystal Voltage, v,z-p 200V No benefit from higher
voltages.
Driving frequency, kHz 15 Poor breakup below this value.
Driving frequency, kHz > ma. ffv_ < 150
Jo Jo
Charging electrode gap,
inch 0.020 Practical limit.
Charging electrode gap,
inch 0.120 Physical limit.
Deflection plate length,
inch 0.5 Needed for deflection.
Deflection plate length,
inch 2.5 Little benefit from longer plate.
Deflection plate angle,
degrees 0 25 Physical limit.
Deflection plate
separation, inch 0.060 0.130 Physical limit.
Deflection plate ~500 Needed for deflection
Voltage, volts -6500 Danger of arcing above this level.
Drop Charging Voltage, Needed to deflect above catcher.
volts 20
Drop Charging Voltage, 400 Higher voltages interfere with
volts jet breakup.
Distance to Printing 1.0 Minimum deflection; short
Surface, inch deflection plates.
Distance to Printing 1.0 Danger of distortion at
Surface, inch larger distances.
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ranges of parameters given, little feeling is available as to how accurate
the predictions will be with various parameter combinations. Additional
tests and comparisons of the entire computer model should be performed

to better define its accuracy under various combinations of input para-
meters, In general, the program is expected to be the most accurate with
nonextreme parameter values and under conditions simulating useful ink

jet printing applications. For example, the A. B. Dick printing head is

most useful at frequencies above about 40 kHz.

In addition to parameter limits, the computer model also has one
distinct limitation: it is highly dependent on the particular printing
head and deflection plate geometry in use. Printing head dependence
exists in the orifice coefficient relations, stream perturbation at an
impressed voltage, and the details of drop formation. Only gross similar-
ity between different heads is expected. Deflecting plate geometry plays
a role in relative jet location and fringing effects. Both facts require
that the program be "fitted" to the physical apparatus on hand. Comments

were made in Section III, and are also present in the program listing,

where such fitting is needed.
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VI EXPERIMENTAL HARDWARE

Test apparatus was assembled for the verification phase of this proj-
ect. Figure 26 shows the test station. Testing apparatus included an

ink delivery system, mechanical hardware, and electrical apparatus.

A. Ink Delivery System

A diagram of the ink delivery system is shown in Figure 27. The
pressure source is a bottle of compressed nitrogen. The gas flows through
a pressure regulator to the ink reservoir. The reservoir consists of a
thick-walled glass cup covered by an anodized aluminum plate. A gasket
between the cup and plate provides the pressure seal. The plate contains
the nitrogen inlet, a pressure relief valve, a stainless steel ink outlet
tube, and a filling port. The ink outlet tube connects to a stainless
shutoff valve and disposable element filter. The filter, made by Millipore
Corporation, typically held a Teflon element of 10 u pore size. The filter
outlet adapted to the plastic inlet tube provided with the A. B. Dick
printing head assembly. An in-line filter was part of this assembly. It
contains a stainless steel mesh element. Although this element can be
removed and cleaned, it is not easily done. Just before entering the
printing head, the plastic ink tube was broken and a stainless 'T' inserted.
One leg of the "T" went to an accurate pressure gauge, whose reading was
taken as pressure just upstream from the orifice. 1Ink leaving the print

head passed into a catcher. A grounded electrode in the catcher dissipated

the charge carried by the drops.

When ink in the system was changed, all wetted parts were flushed with

deionized water and blown dry. Occasionally, sediment from the ink was
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found in the bottom of the reservoir. These deposits may have been in

part products of corrosion, since small pits were observed in the cover

B

plate where the anodized surface was disrupted.

i To initiate flow, the shutoff valve on the nitrogen bottle was opened.
The ink valve on the reservoir was normally open. To stop flow, the nitro-
gen was shut off and reservoir pressure exhausted through the relief valve.

§ This arrangement was acceptable, but did not provide a quick start or stop

of ink flow, resulting in somewhat messy operation. This problem should
be remedied in real printing applications, such as by use of a quick-acting

solenoid valve near the print head,
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It was necessary to change the disposable filter element after a few
days of running. This need was indicated by a difference in the readings

of the two pressure gauges.

The ink collected in the sump was normally reused, since it was
filtered twice each time through the system. When the ink began to clog

the filter more rapidly, it was discarded for fresh ink.

B. Mechanical Hardware

The ink jet gun used is the A. B. Dick printing head (Part No. 338018),
as specified in the contract. The printing head is mounted in an assembly
corresponding to the drawings supplied by the client (No. ONO-71606). The
assembly contains the deflecting plates, the ink gun, and a drain duct.

The entire assembly is mounted on an elevated platform. During the exper-
imental work, the drain duct was removed so that all the drops could be

observed over a lenger flight path.

A stereo microscope was mounted on a translating base near the print-
ing head. The microscope could be moved parallel to the direction of the
jet so that the field of view could follow the entire flight path. A
zoom feature allowed study of drop formation and separation as well as
overall flight observations. A dial indicator was used to read out micro-
scope position, with resolution along the x-coordinate of 0.001 inch. A
reticle in the microscope eyepiece was used to measure vertical drop dis-
placements (y-coordinate); resolution again was 0.001 inch. The microscope
translator and ink jet assembly were attached to a common base plate. A
ringstand was used to support the ink sump and strobe lamp. The arrange-

ment is visible in figure 26.

C. Electrical Hardware

Figure 28 is a block diagram of the electrical circuitry used in the

experimental work. A Wavetek signal generator provides a sine wave input
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at a selectable frequency. The Wavetek output goes to a waveform generator
block and a crystal-phasing block. The wave form generator supplies a
shaped signal at the driving frequency to the charging amplifier and also

interacts with the crystal-phasing block.

The charging amplifier supplies the charging electrode with a se-
quence of 24 voltage pulses. Each pulse is used to charge a single drop.
Each pulse can be individually set to a voltage level between O volts and
about +400 volts; the pulse width is equal to the reciprocal of driving
frequency. The charging signal is continuously repeated; after each group

of 24 drops leaves the gun, the charging signal is started again.

The crystal-phasing block is an interface between the driving signal
and the crystal power amplifer. It is necessary to hold the charging
signal constant at the moment of drop separation; the crystal-phasing cir-
cuit makes this possible. Since it is difficult to predict when a drop
will separate during each cycle of the crystal-driving signal, the crystal-
phasing circuit provides for manual adjustment of the phase between the

driving and charging signals.

The crystal power amplifier boosts the phase-adjusted sinusoidal
crystal drive signal. This signal is amplified again by the auxilary
power amplifier. The output of that unit is applied to the electrode

between the piezoelectric crystals.

The waveform generator also provides an output to a strobe divider
and a strobe delay circuit. These circuits deliver a trigger signal to
a stroboscope. The divider circuit is necessary since the strobe cannot
flash at the same frequency as drops are formed. For convenience in
observations, the driving frequency is divided by an integral multiple
of 24, (The integer multipliers, manually selected, are 4, 8, and 16.)

This allows the groups of 24 drops each to be frozen in flight. The
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strobe delay circuit allows manual adjustment of the time between drop
formation and strobe trigger; this permits continuous observation of a

drop through its flight path.

The deflection circuit is an adjustable high voltage power supply.
The upper deflection plate is held at ground. The lower plate can be

supplied with any potential between 0 and -10,000 volts.

Two modifications to the circuitry discussed in the Task 1 report
were necessary. The first was a redesign of the charging amplifier cir-
cuit. It was found that the original circuit allowed undesirably long
pulse rise times. The redesigned circuit will deliver a 400-volt pulse
with 6 Us rise time at any driving frequency up to 100 kHz. The second
modification was the use of the auxiliary power amplifier. The crystal
power amplifier alone delivered a driving signal whose amplitude fell with
increasing frequency. To test printer operation at high voltages and
frequencies, the auxiliary amplifier was installed. This tube-type am-

plifier could deliver a 400-volt peak-to-peak sinusoidal signal at up

,to 65 kHz. Peak voltage fell slightly above that frequency.

With the exception of the Wavetek, auxiliary power amplifier, and
stroboslave, the electrical apparatus of Figure 28 is contained in a
single cabinet. The cabinet is visible in Figure 26. The front panel

of the cabinet contains the following manual controls:

« Power On-Off switch.

« Potentiometers to adjust charging voltage for each of the
24 drops in a group.

« Switches to short charging voltage to ground for each of the
24 drops that is to be undeflected.

« Potentiometer adjustment and meter for deflecting voltage.
« Crystal power amplifier gain and phase adjustments.

« Strobe divider range selector (A, B, or C) and delay adjust-
ment .
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Less necessary controls are within the cabinet. Schematic diagrams of

the electrical hardware are contained in the Data Package. The electrical
hardware was essentially trouble-free, although fuses occasionally opened

if arcing or a short occurred. Arcing never caused failure of any electrical

components.
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VII RECOMMENDATIONS FOR SYSTEM OPERATION

During this contract effort and past projects, a good deal of ex-
perience with ink jet systems was obtained. This background has produced
a number of observations related to the operation of ink jet printers.
Although these are not directly related to the Analytical Computer Model,

they will hopefully be useful to anyone using this technology.

Ink is driven through the orifice by pressure. In experimental ap-
paratus at SRI, compressed nitrogen has been used as the pressure source.
Some commercial equipment made by A. B. Dick Company uses a positive dis-
placement pump instead. Each method has advantages and disadvantages.
The gas source provides an even pressure with little chance for contami-
nating the ink, but gas bottles are bulky. Furthermore, gas pressuriza-
tion is not compatible with a recirculating ink system. Pump pressure
permits both recircu tion and self-contained operation, but adds hard-
ware to the ink delivery system. This can lead to ink contamination that
will stress the filtering system. A choice between the two methods must

be based on the particular system being considered.

The possibility of pressurized gas going into solution in the ink
and then coming out when the ink leaves the orifice has been raised. 1If
this occurs, unstable drop formation would be expected. If fact, drop
formation at a fixed operating point is quite stable. Also, no effer-
vescence has been observed in the ink within the clear glass reservoir
when pressure is released. These facts seem to reject th» possibility
of ink "carbonation.” It is conceivable, however, that some combina-

tions of ink, gas, and pressure will indeed cause this undesirable effect.

In Section VI-A it was mentioned that experimental apparatus for

this project provided relatively slow starting and stopping of ink flow.
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A quick-acting valve near the printing head is much more desirable, since

it can minimize the ink deposits on the charging electrode, deflection
plate, and orifice. These deposits, if allowed to grow, can lead to

arcing, altered fields, and poor jet formation.

Materials used in ink delivgry systems should be carefully chosen.
Since the inks must be conductive, they usually contain an acid or
solvent component, making them likely to attack many materials. Thus
inert materials are favored such as glass, passivated stainless steel,
anodized aluminum, and a few plastics. Plastics should be tested in ink
samples before their use in a system. Teflon is generally acceptable.
Some corrosion of an anodized aluminum surface was noted where the sur-

face had been damaged.

"

A puzzling problem developed involving a brass "T'" in the ink line.
A symptom of the problem was jitter of the drops under stroboscope il-
lumination. The cause was found to be a galvanic cell set up between
the brass piece and stainless parts, with ink as the electrolyte. Brass,
being the cathode, was the site of gas bubble formation. The bubbles
passing through the orifice caused the observed jitter. This example makes
a case for using a single type of metal throughout the ink delivery system.
Stainless steel is the most practical, since many purchasable items are

available in this material.

Clogging of the orifice was occasionally observed, although usually
after the ink line downstream of the second filter had been broken. It
is also felt that some contaminants came from the ink pressure gauge.
Clean, sealed systems ran quite regularly. It was also noticed that if
the system were left alone for several days, with ink and air standing
beyond the second filter, clogs were somewhat more likely on startup.
These observations favor leaving clean, sealed systems intact, and suggest

keeping the line to the orifice completely filled with ink or with air
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when out of service. The relatively large orifices (~2.5- to 3-mil di-
ameter) used in the A, B. Dick print heads were much more trouble-free

than smaller (1.5-mil) orifices used previously at SRI.

Clearing a clogged filter usually meant breaking the line before the
print head and back-flushing through the head. Several tries were some-
times needed. Reassembling the ink lines could then cause new problems
since shavings can come off the inner walls of plastic tubing when they

are pressed over metal tubes.

The ink collector shown in Figure 1 was seldom used, since the drops
were usually observed over longer flight paths. When it was in place, it
was found that ink splattered and frothed in the collector. This should
be avoided; the stream should be slowed more gently. Splattering can
lead to deposits on the deflection plates and evaporation of some ink

components.,

From observations related to drop charging, it was evident that small
charging electrode spacing was desirable. Small spacing reduces the pro-
portional effects of charge on preceding drops and increases the impor-
tance of the electrode itself. Small spacing also more effectively
shields the charging region from the deflecting field. One drawback of

small spacing is the increased difficulty in centering the jet. With

large spacing, centering is less critical.

An alternative to the present U-shaped electrode would be a metal
tube through which the jet passed. Although alignment would be difficult,
this configuration would provide excellent capacitive coupling to the jet
and shielding from the deflecting field. It would also be axisymmetrical,

which the U-channel is not.

IR B> W IR P r AOADBIIE S b

Deflecting plate angle and length provides room for trade-offs. 1If

J the angle is small, the field will be concentrated and deflection greater
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than if the angle is large. However, the chance exists that with a small
angle, deflected drops will strike the upper plate. Thus, large deflec-
tions require a relatively large angle, which in turn creates a weak
downstream field. No case can be made for using longer plates, unless
the flight path is quite long or very large deflections are needed. The
reason for this is that downstream parts of the field have less time to
influence drop deflection. When a drop nears the printing surface, even
a strong acceleration will not be able to alter its trajectory by much.
Thus, a general rule is that the strongest deflecting forces should be
applied early in the flight. Once a significant y-velocity is reached,

the deflecting field is less essential.

Trade-offs are also available regarding the selection of charging
and deflecting voltages. Since deflecting force is roughly proportional
to the product of these values, many combinations would result in the
same deflection distance. Keeping drop charge low will reduce mutual
repulsion forces and will have less tendency to affect jet breakup.
Furthermore, the electrical problem of providing sharp charging signals
is diminished if voltage levels are kept low. High charging voltages, on
the other hand, will reduce the influences of stray fields and the charges

on the preceding drops.

As mentioned earlier in this report, aerodynamic drag is the dominant
force opposed to drop flight. The effects of drag are usually manifested
in late arrival at the printing surface of drops with few or distant pre-
decessors. This causes printing distortion. In the past, this problem
has been eliminated by providing laminar air flow across the jet (in the
+ z-direction) over most of the flight path. The effect of this air flow
is apparently to blow the wake of each drop aside so that every drop sees
the same aerodynamic environment independent of the position of its neigh-

bors. The velocity of the air stream has been experimentally adjusted in

past work at SRI, with values roughly 10 to 20 percent of the jet velocity.
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Care must be taken to ensure that air flow past the jet is laminar. Tur-

bulent flow can cause gross distortion.

In selecting an operating point for a printing application, several
things must be considered. First, drop rate will be based on the desired
number of drops per character and characters per second. At such a rate,
ink supply pressure (and hence jet velocity) should be set so that dis-
turbance wavelength (A = vj/f) is slightly greater than jet circumference
(ndj). With these general criteria, observations of drop formation at
various crystal voltages should be made, with small adjustments of pressure

and frequency permitted. A point should be chosen where the following

criteria are met:

* Drop separation well within the charging electrode

* Drop formation with few or no satellites

¢ Stable drop formation with small shifts in voltage, pressure,

or frequency.

The last point is quite important, since conditions were observed where
small changes in the parameters would have a large effect on stream
breakup. It should be noted that many acceptable operating points have
been observed, but such conditions are often surrounded by unacceptable

combinations of operating parameters.
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VIII RECOMMENDATIONS FOR FUTURE WORK

Work under this contract has naturally raised thoughts regarding
further effort. Since study of nonimpact printing techniques in general
and ink jet printing systems in particular will continue at SRI, these

suggestions are presented here.

Most of the effort during this project went into creation of the
Analytical Computer Model by studying the separate physical phenomena con-
cerned. Comparisons between the overall model and experimental results
were limited to a few test cases. The results indicate that the computer
model is a functioning, useful tool of modest accuracy. At this point,
it is recommended that more comparisons between overall computer predic-
tions and experimental test cases be made. This type of work would re-
quire a lower rate of effort than in the project. Study of additional
test cases would yield two results:

(1) The capabilities and shortcomings of the Analytical

Computer Model in its present form could be better
defined. A wide range of test conditions should be

evaluated to note the situations in which intolerable
inaccuracies result.

(2) By noting weak points in the computer model, further
refinement could be accomplished, hopefully extending
the usefulness of the program.
Given the familiarity with the existing program and the available exper-
imental apparatus, this work is a natural extension of what has already

been accomplished.

The second area in which SRI is qualified is that of applying ink
jet printing technology for specific purposes. Designing systems to

meet specific criteria is well within our capability; two such systems
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have been designed at SRI for other clients. This background has been

supplemented in the past year by four contracts (including this one) re-
lated to ink jet printing. These projects have covered all aspects of
the subject, including analysis, construction of experimental hardware,

and ink formulation.

SRI will be pleased to submit proposals covering any of the points

mentioned above.
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IX CONCLUSIONS

The Analytical Computer Model is a useful tool. Over the defined
ranges of input conditions, the model predicts drop characteristics and

behavior with modest accuracy. With some combinations of input conditions,

1
the predictions are accurate within a few percent.
The computer model consists of an executive routine and 11 subrou-
tines, each of which treats a different aspect of the ink jet printing
process. The predictions of jet velocity and drop characteristics are
in excellent agreement with observations. A method for accurately pre- ?

dicting drop separation point and quality of drop formation was not
realized; fortunately, this has little effect on the rest of the program.
The subroutines used to compute induced charge and forces on the drops in
flight are generally accurate. Errors are primarily a result of the as-
sumptions and idealizations that had to be made to permit analytical
study. In most cases, the subroutines were refined on the basis of ex-

perimental observations.

The Analytical Computer Model in its present form should be quite
useful for studying a wide variety of ink jet printer operating config-
urations. By simply giving the program a set of input conditions, a pic-
ture of expected performance is generated. In this way, the dependence
of printer output on particular parameters can be observed. In many cases,
this procedure will be more expedient than performing lengthy laboratory
experiments. Optional program outputs can be used to indicate which

forces on the drops are dominant and how they behave through flight.

The study on which the Analytical Computer Model is based has pro-

vided new insights into ink jet printing systems. The printer is seen
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to be a complex physical device whose operation is dependent on numerous
parameters. The model will hopefully lead to a better understanding of

the behavior of ink jet printers.
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This appendix gives the analytical background for deriving the fol-

lowing formula for the perturbation in jet velocity at the orifice:
Amplitude of initial velocity perturbation
= |3'| = a‘|31/c a (m/sec)
o F c o

where
o D 200 2 2
[ul”™ = wL” (@ /% )" + w) /{1 +w tan 5)2
(o o 7 5 8

- )
+ lw + (ww. + k tan O~ 1.
5 ( 5 8 G) ]

20 Notation

The parameters and dimensionless ratio used in the analysis are
listed below. These are derived from the physical apparatus and the
imposed operating point. The variables of the theory, such as geometric
coordinates, are defined where needed. Figure A-1 shows the idealized

jet perturbation apparatus and some system parameters.
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FIGURE A-1 IDEALIZED JET PERTURBATION APPARATUS

System Parameters

' uc axial cross-sectional area of crystal (m2)

% a. axial cross-sectional areca of fluid column (m2)
ao axial cross-sectional area of orifice (m2)
r radius of orifice (m)
LC length of crystal (m)

f LF length of fluid column (m)

; T length of orifice (m)

$ 00

E L0 distance from orifice to crystal {m)

i Mo mass of orifice housing (kg)

L

Ml mass of retaining nut (kg)

! C orifice velocity coefficient (1)
v
‘ f orifice friction factor (1)
c jet contraction coefficient (1)
(e

u1 mean flow velocity, upstream from orifice (m/sec)

3
0 steady flow density, upstream from orifice (kg/m )

2
P steady flow pressure, upstream from orifice (newton/m )
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P
(8]

steady flow sound speed, upstream from orifice (m/sec)

2
atmospheric pressure (newton/m )

circular frequency (radian/sec)
amplitude of applied potential (volts,
piczoelectric constant (m/volt)

2
Young's modulus for crystal (newton/m )

tube spring constant (newton/m)

2
Kinematic ink viscosity (m /sec)

Dimensionless Ratios
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Solution of the jet perturbation problem required analysis of the

fluid column, imposed boundary conditions, and orifice motion.

3= FFluid Column

The equations of one-dimensional flow of a viscous, compressible,

barotropic fluid read

o + (ou =10
L Cow)

u +uu + (1/o0)p = (4/3)vu
t X X XX
2
dpr=sch dins
where x is the distance coordinate down the column, t the time, . the

kinematic viscosity, and variable subscripts denote partial differentia-
tion. The flow velocity u is a sum of the steady velocity u1 and the
perturbation u. In a similar notation for the other flow variables,

linearized equations for the perturbations read

D, + pMa + WO = 0
is > x
W+ wu = (/e (? = 4/3)va
t >3 ( 1) X ( ) XX
- 2
= { & )
B 1

Oscillations at frequency w correspond to solutions with u a sum of

constant multiples of

iw(t=-2x) -iw(t=2x)
e or e :

where * is a constant and i = /=1 . For one such term, set

Siw(t=-2x)
u = u e
(o]
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Then
Fiw(t=-Ax)
e

o
i

O

i (t-2x)
e

=¥
|

(6]

and substitution in the equations gives

= RACE = w X)),
oo oluo,( ul)
2
:Co,
po L o

u is arbitrary, and A is a root of
o

‘2( 2 2) 2u_\ 1-(4/3)v (% ))2 (1-)u.)
\ — - U — Vv (Fi L -Ju
A u1 Cl Lll w 1

In the absence of viscosity,

A= G e
& 1 1)
For small viscosity, A changes to

- =, 2
o= | + LT = (2/3)Yvi( Ei o q
A= L1/ c1>L1 (2/3)v(*Hw)/(u *e)"]

-2 2
For a typical ink and operating point, v is approximately 10 cm /sec,
cl is 1.5 X 100 cm/sec, and ul is negligibly smaller than cl. At a Ere-
5 =1
quency of 40 KHz, one finds w = 2.5 X 10 (sec ) so that

2 -8
(2/3) v w/e| ~7 x 10

Therefore, the assumption of small viscosity is justified and, since this
term is subtracted from 1, the influence of viscosity on % and the remain-

der of the computation is negligible.

The one-dimensional, inviscid velocity oscillation of the fluid

column is given by
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iwLt-x/(u,-c )] ihtt—x/(u +C )]
~ . | I - . ) () §
g = e U e + U e
1 0 1
i e L2t 1 A 1
iwt=x (ul LL)_ iw(t X,(U1+C1)J
+ U . e + U, e .
2 3
where to, Cl, U2, and U3 are as yet undetermined constants. The pressure

and density variations are

p=pc |-Ue+Ue-Ue+7Ue
= sk 0 ) ] 2 3
~ s 2
p =p/ec
P 1 5

where the exponent on e in the term U e is the same as it is in the u
J

expansion.

4, Boundary Conditions

Constants Uj are determined by the boundary conditions at the two
ends of the fluia column. At the upstream end of the column, x = LF' and
the perturbation in pressure is zero. It follows that coefficients of
exp(iwt) and of exp(-iwt) are separately zero so that two equations are
obtained:

~iwLF/(u1-c1) —iwLF/(u1+c1)

U e = U_e
0 1

Sk, _ e
iw F/(ul Cl) 1LLF/(ul+cl)

U e U
2 3°

At the downstream end of the column, x=0, and the dynamic orifice

condition” reads

b -p = (o +9) | [@/mac )? /a 378
L T o1 e A v) % (Loo ao) a

= 2 2 2. 42
+ L(1/2a_C )+ (fL. /4r a ) lq
F w 0o o o
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where

= el UL G
q L8y 2 o

X is the orifice displacement, and the dot indicates the time derivative.
0

After subtracting off the steady-state relation

the linearized remainder may be written

) . - -~ o 2 ~ 2
- % Yfe. l tk (u —x )r /ec_ | + (k p/p.c =0
G i 2 ey L e LRk o o % (kgP/0y€y)

This condition becomes useful when x (t) is found.
)

D . Orifice Motion

Equations of motion for the masses M and Ml and the stress-strain
o

relation for the piezoelectric crystal are

M. X
11

il

07 0 TR R R
c T( j [¢] c)

M X

ga + K (x, = x - L - pa
c T( 1 o c) 4 F

1]
Q

(2, ~x =L Y/L 'Y +d cos wt ,
i o C (s [¢)

where o is the stress in the crystal, assumed to be uniform, and x1 is
the displacement of the retaining nut, mass Ml. The applied alternating

potential is represented by the term d cos uwit.
o

Eliminating xl and ¢ gives

M.k /Ya )X + ({1 + k) + k )/L Jx + (a_/Ya )p
1 m c o t m ¢ O F &

. ~ 2
+ L(1 + kK )/M_L ]a = 1w s wt
( t) 2 Fp o et




Since, at x = 0,

<

~ 2 - iwt -iwt -
P =0 “(U1"U0) e + (U3-—U2) e J

’

one may solve for x to find
o

iwt
= (L / d /2 k@, =0 )]
x = (L /k) [(o/)+ L, =31 e

= =15t
+ L s2) kg (U, —UZ)J e

6. Solution

Substitution of x , B: and U into the orifice boundary condition
o

gives two more equations connecting the U . Solving the equations gives
J

U1 = U0 exp(2ifl)
U= 5
o
=0
U3 1’

where the bar denotes the complex conjugate operation and

_1Q /
U = (ioL d /4k i+ dgk r Je
o - UL o Ffkcl (L & tu o

(1-+iwk5ro/c1)[cos Jq—(chks/k7c1)sin ﬂ}4—ik6 sin O

It follows that, at x = 0,

Tedect +0 3o
u e
1" o &

i(Q+wt)

4 c. Re U cos Qe
1 o

sc that
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Taking the absolute value of the complex quantity gives the formula pre-

sented at the beginning of this appendix.

To realize a numerical solution, several measurements of the physi-
cal apparatus were required. These included taking dimensions and weigh-
ing the printing head components. The stiffness of the thin-wall tube
connecting the flange and nut masses was calculated based on tube dimen-
sions and material properties. Properties of the piezoelectric crystal
material (PZT-4) were obtained from the manufacturer's data. The orifice
friction factor was derived from the velocity coefficient value found in
ORIFIC subroutine. The numerical values for the experimental printing

head used in this project can be found within the listing of subroutine

JETPER.
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Appendix B

SEPDIS THEORY

¥, Results

On the basis of linearized theory, the oscillation at the orifice
with velocity ampli tude JE’I computed in JETPER grows to form separate
o

drops at distance x along the jet path where

x = (r_./b) arc sinh (B s

(r /b) ®u /o),
b= o ,

B = Im(a-w)/11(a)

and @ is a particular root of
2
(x=w) =T £(@)

@) = aa’ = 1) 1,(@)/1_(2)

Jet growth and SEPDIS coordinates are shown in Figure B-1.

In the above expressions, rJ and uJ are the steady jet radius and
velocity, I and I1 are the modified Bessel functions, and frequency
o

parameter w and surface tension parameter T are defined by

W = wr_/u
g J

=
il

Wi .
/or. T A
1 9 |

where w (radian/sec) is the circular frequency of the applied oscilla-
<
tion, o (kg/m ) the ink density, and T1 (newton/m) the ink surface ten-

sion.
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FIGURE B-1  JET PROFILE AND COORDINATE SYSTEM FOR SEPDIS SUBROUTINE

Finding the roots & in general is difficult. However, the limiting
case with T being small and 0 < w < 1 does apply to the ink jet and gives
the approximate formulas:

r 1/2
L=T £ (“) J

(=3
n

—
v}
|

b/E_ (W) ,
i

where f(w) is evaluated in the same way as f (&) above. These formulas

are valid if 0 < w < 1 and

T << 2w/ |£'(w)| ,

where

£'() = o (92-1)[1—12(9)/12(01)] + 20 1_(a)/1 (@)
1 o 1 o

2, Perturbed Jet Flow

Since the pressure in the free jet does not vary appreciably from
that of the atmosphere, the compressibility of the ink may be neglected.

Assuming the flow to be irrotational implies the existence of a potential
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function F that is a solution of Laplace's equation. For a cylindrically
symmetric flow that is considered to be a sum of standing waves, I is a
sum of terms of the form ‘

i¥x/r -iox/r ;
F = (rJluOl/&) IO(JT/rJ)(Ae + Be .

wvhere o is a constant and A and B are functions of time.

1 v If s is the perturbation in jet radius, the kinematic condition
that the time rate of change of s following a fluid particle in the jet
surface equals the radial component of the perturbation velocity reads

in linear approximation

s +us =F , onr =r .
t J x r J
This implies that the term for s corresponding to the standing wave above -
‘ is
; iox/r —iax/rJ
! s = (r | |/u I_(x) {Ce + De
( Jl ol J) 1( ) (

where C and D are functions of time and are related to A and B by

A=wC’ +iaC ,

B=wD - iaD

The prime indicates differentiation with respect to the dimensionless

R

variable (wt).
The balance of forces at the jet surface reads” in linear approxi-

mation

2
o(F_ + F = (s =@ on =
o( u; X) 1( g s/rJ) r r

t J

Substitution of the previously given expressions for F and s and simpli-

fication give
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2
wie' + 2iawC’ - €4 T £ ()¢

i
o

« «

" / 2
wD - 2iowD - o D+ T £(a)D

1l
=]

where function f is as defined in the previous section.

Solving these equations and substituting into the forms for F and s
gives

~ 1/2
e / /r =-Tf
B (rJ|uo|,a)Io(&r xJ)( I'f)

iox/r —-itm_ -itm, -iox/r itm_ itm,
[e (,le - C2e )4—0 (Dle - D2e )]

iox/r -itm_ -itm,
E u )l (®)|e “lc e +C_e
(rJl oI/ 5 1(”[ (1

n
I

m, = (uJ/rJ) Lo (Tf)l/zj -

where Cl' C2, Dl, and D2 are constants to be determined.

Since f(&) is an even function of &, changing the sign of « merely
interchanges the roles of C and D. Therefore, one may restrict consider-

ation to one-half the complex & plane, here taken to be Re o« = 0,

Since (T(')l/2 appears with both signs, it is necessary only to work
with a particular definition of this square root. Branch points for the
root occur at zeros and poles of f. These are found on the imaginary
axis, Re o = 0, and also on the real axis at o = *1. If cuts from the
branch points are all taken as running to the left, the right half «
plane, except for the segment 0 < o< 1 of the real « axis, is a region
in which (Tf)l/2 is continuous and has real and imaginary parts whose

signs agree with those of the real and imaginary parts of «.
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The expressions for I and s above are now unambiguously defined.

Also consideration may be restricted to values of & with Re « > O.

30 Frequency Condition

Since the perturbation is a steady oscillation at circular fre-

quency W,
where all four choices of the ambiguous signs are permitted. Rearranging
and squaring reduces this to the pair of equations for &,

G = W) =2 fi(a) .

Since f is a real function of &, roots of each of these equations
occur in complex conjugate pairs. Therefore, consideration can be re-
stricted further to the first quadrant of the complex & plane where

Re @ >0 and Im @« = O,

4, Outgoing Waves

Since function f contains Bessel functions, there are many roots «
to the frequency equation. The physically meaningful ones represent out-
going waves (traveling in the jet direction). One may first consider the
case of negligible surface tension, where the outgoing waves are readily
identified.

After clearing fractions and setting T to zero one obtains the sim-

plified frequency equation
2
(et w) I (o) =0 ,
o
Roots of this equation in the first quadrant of the complex & plane are

& =wand o = ikn (n=1,2,3,...) where kn is the n~th (real) root of the

unmodified Bessel function J . In the absence of surface tension, there
o
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is no mechanism for maintaining pressure variations in the jet far from
the oritfice. Hence the perturbations cannot grow as x becomes large.
Each imaginary root, « = ikn, coutributes an exponentially growing or
decaying factor depending on the sign with which it is used. A growing
factor is not part of an outgoing wave, while a decaying one does not
contribute to the instability that gives eventual breakup of the jet
into drops. Hence the real root @ = w is the only useful one in the
case of negligible surface tension. For positive T (nonnegligible sur-
face tension), the meaningful roots are real ones or ones arising from

real ones as T increases from zero.

In Figure B-2, function f (&) is sketched for real o as are the pa-

+

2
rabolas (o £ w) for a value of w on 0 < w < 1, One sees that the root

@ =w for T = 0 is a double root that splits into a pair of complex con-

3
jugate roots as T increases. Since f is proportional to o for large g,

NG

a
V
FUNCTION
AXIS

SA-2055-23

FIGURE B-2 FUNCTION f IN THE FREQUENCY EQUATION VERSUS REAL a
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there are two further real roots, one on each parabola, that are large

when T 1s small and remain real as T increases. The instability due to ]

surface tension is shown by the complex roots arising from @ = w. A

Faylor expansion of the frequency equation about @ = w shows that

: , S
¢=w+ i L-Tf(w) ]

fhis is the two-term result quoted above. It is a valid approximation
Se el £ e : c il p s
il T is negligibly small with respect to 2w/‘i (w)l, which is the case

in all operating conditions that were examined.

If 1 < w, the double root at @ = w for T = 0 splits into two real

roots as T increases. One of these remains between w and 1, while the

other moves out toward increasing « to meet the decreasing large real

root. As T increases further, the two roots come together to form a
double root, say o = o&®(w) at T = T*(w). Then for T > T* a pair of con-
jugate complex roots arise indicating the instability being sought. This
s
implies that under certain conditions, an unstable region for w < 1 is g

followed by a stable region and then by a second unstable region as w
grows larger than 1 (see Fig. 8, Section III-D-4).

b3
Since the curves for (o-w) and Tf(x) are tangent at @ = &*, T

these values are found by solving

2
(@ =w)" = T (a*)

e
]

2(a* - w)

I

T*E " (a*)

One finds for very large w,

* )
o ~ 3w - 1/3, T =~ (4/27w)(1 + 6/w), 1 << w :

’

while for w near 1, there are the two solutions:

¥

B e i Y

o= 184, T = 2ol W=k
of ~2-w, T*a 4.48(1-w), w a1
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The stability boundary T = T*(w) is sketched in the (w,T) parameter

plane in Figure 8.

5. Orifice Conditions

Consideration of the signs shows that the complex root « in the

first quadrant is the solution to the equation

Hence constants 02 and D2 are set to zero in the solution formulas given
above. Along with &, in the half plane Re o = 0, is the root a. Adding

to the solutions terms for « with coefficients C_ and D3 gives the general

forms
iax -iwt ~iox +iwt

F = (r IE I’a) I (ox/x )(—Tf)l/ C : /rJ - +D_e : /rJ 5

5 IJ o g (6] J le : 14

iax/r -iwt -iox/r _+iwt
+ 5 1/®) 1 GrreytH Y (ce = 5 ey i
J o o J 3 2
iQx/rJ—iwt -iQx/rJ+iwt

= a o

s (rJluol/uJ) [Il( )(Cle + Dle >

iax/rJ—iwt -i&x/rant
+ o (5 Be
Il( ) < 3e + - )]

One boundary condition at the orifice is that the radius of the jet
has its unperturbed value. To have s = 0 at x = 0, one sets
C,I (o) +C.I (2) =D I (a) + DI (a) =0
1 1( ) 3 1( ) 1 1( ) 3 1()
The other orifice boundary condition is that the axial velocity com-
ponent has a known perturbation on the axis of symmetry:

F = r; | sin wt at r=2x=0
X o
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From this,

2i:(‘1(a—w) + (*S(E—W)j =1
2i(D (a-w) + D_(a-w)] =1
i 3
Solution of the four equations gives
= =g = @)/I (@) |,
s TR T 1 (9/1, (@)
c, = 11(&)/(21)1(0-\\)11(3) - (5—“)11(:01
so that
s = (r (H \/u B) sinl(o¢- o)x/2r ] sin[(a+ @)x/2r - nt ] .
J' o J J J
where

B = Im[(a—w)/Il(a)] .

6. Drop Separation

Drop separation occurs at the smallest value of x for which (rJ-+s)
can be zero for some t. This condition is equivalent to finding the

smallest x such that

(Itfl/u B) sin@bx/r ) = 'k b = Imx
0 J J

One obtains

%X = (r /b)) are sinh (Bu /rE I)
J J o
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Appendix C

CHARGE THEORY

This appendix describes the derivation of the drop charging equation

used in the model and gives the functional forms of the factors Fl and

Figure C-1 shows the electrode configuration just as the i-th drop
is breaking off. The free drops, the jet, and the charging electrode

are conductive bodies acting as electrodes. The i-th drop is being

CHARGING ELECTRODE
\ v,

€

3
) O

d

o 94

x

f | ———r—a—@—e’ = =

9
L V3 V2 V1 0 L
A e

-
SA-2055-33

FIGURE C-1 ELECTRODE ARRANGEMENT FOR DROP CHARGING

charged to ql by a potential V on the charging electrode plates. Two

previously charged drops with charges q2 and q3 are also present and

N T I B N IR S NG S

are at potentials V? and VB' respectively. The charge on any drop may

be written in terms of the potentials V., and coefficient ¢  such that
i ij

T O N R e
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The coefficients ¢ . are called the coefficients of self-capacitance and
ii

are the ratio of the charge on the electrode i to its potential when

all other conductors are grounded. The cij’ i # j, are the coefficients

of inductive capacitance and are the ratios of the charge on conductor
j to the potential on conductor i, with all other conductors being
grounded. Other important properties of the coefficients are that

c > 0 and < 0, 4 j, and ¢ PR e
ii €ij > 1 #£3, ij ji

Known quantities are Vl’ \' q

g 9o and q3. It is desired to find q1

in terms of these quantities and the coefficients Ci" In the process
J

it is also necessary to find V2 and V3, at least implicitly. To solve

for the three unknowns requires the three equations

BT %1 T % T Fa’s T S
99 % C19'1 Y %2"3 T %33"3 T Cp2's
93 = %13"1 * 232 T ©33"3 T a3’
Note that since the continuous portion of the jet is grounded, V_ = 0.

If the approximation is made that the drop being formed is a sphere, then

from the symmetry of the configuration the following simplifications can

be made:
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The second two equations may be solved for V2 and V3 and then

into the first equation giving

(c -
11~ %3179 41
q = ¢ V -
1 a'a " T2l o2 2 2 2
: .
11~ “21 11 - 21
C
: 43 11
31| (¢ + cC c +
13 Y %) Bt %)
From experiments it is known that
~ lO = d ~ 20
41 Vo1 ' Yy 33
so that to a good approximation
(c -c & ¢ . c + c S
W et 11 o * %t =%
(> -eiymc? (
e = ~ e ; + ~
‘11 7 ‘a1 11 R gk
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The equation for q1 thus simplifies to

Y2 S 43

q ¢ .V + ¢ — i, e N + c e . i N

41 4 21 4 g
1 1 c11 c11 31 cl

The factors Fl and F2 are defined by

21

Fl = T
|
C
31

g B
11

so that
= V. -F &
%4  s's ~ s -ty

This equation may be rearranged to give

‘4
1 *n

V4) - Fz(q3 -c. V) :

41 4

= V((l+F +F)-F - F .
q c 4( 1 2) q q

1 41 12

Since c41 is negative, the charging capacitance, C

142
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, is defined as




This yields the equation

= -CV, - F
q i 149,

+CV) -F + CV . .
i 2 =T, . g)

1

Rearranged, this equation is the one used in CHARGE subroutine:

= =CV + F. + F - F - F
Y (1 E v E) 1% ™ Fa%.a

In steady-state operation, q1 = q2 = q3, so that

1 +F +F = V(a+F +F
a, ¢ g =5 LI g TR b

or q . This result is the same as Sweet's model.* The fact

=¢ -V
; 1 41 4
that c41 is negative indicates that the charge induced is of opposite ]

polarity to the charging voltage. This also implies that V2 = V3 = 0

and explains why Sweet's model is accurate for steady-state operation.

The functional forms for c c and c31 were obtained from kaown

s Sl > Ty
solutions to Laplace's equation for simple electrode configurations. To
! calculate c21 and c31, the electrode configuration was assumed to be two

spheres of equal radius a and their centers separated by a distance d.

The inductive capacitance for this configuration is

@
ckl = = 4mea sinhak nzl csch(Zan) k = 1,2 3

AL A

-l
where Bk = cosh (d/2a). For both o1 and L 21’

51 = cosh-l(X/d); for c31’ 52 = cosh'l(ZX/dd). ¢ is the permitivity of

a = dd/2; for ¢

-
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free space, dd is the drop diameter, and )\ is the drop spacing. To

obtain six place computational accuracy the summation needs to be carried

out to only six terms.

The capacitive model for c11 was taken to be a cylinder of length
b and diameter b centered between two plane infinite conductors separated

by a distance f. The functional form for c is then

11
c = 2meb 4n(4f/mb)
11

{

Since b =d_and f =d , E

d X !

|

= e d 4d -
19 2Te dMn( x/ﬂdd)
E
Th atio of t i h
e ratio o ckl o c11 is then
6
sinh B ¥ csch(2nf )
c k k
KL n=1
¥ n(4d /md -
‘ 1 An( x/ d)
i
To experimentally verify that the above ratio is sufficiently ac-

curate as a model, an observable quantity was needed. If the variables

q q

r 9 q3, and V4 in the charging equation are subscripted as events in

time such that the i-th drop is the drop currently being charged by

charging voltage V , then the equation may be written
i

e

i'

¢ c c |

o il R i e Sy i ;

RN Gt i- - p (]
i c11 c11 c11 1 c11 i-2
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Let all drops up to the (i-1)-th be uncharged, and the (i-1) charged by
a potential Vi 1 To measure the magnitude of the charge that the

(i-1)-th drop inducts on the i-th drop, it is necessary to observe how

much the i-th drop is deflected and to apply a charging potential V

to it so that its net charge is zero and it therefore experiences no

deflection., Consequently, the conditions are that qi 2 = qi = 0, giving
e
21 21 ‘a1
P T g BTN SRS
c -
11 % i 1 |

or

21 31

. which, when substituted into the other equation, gives

i
i o1 ‘81 “m ‘21 ®a;1
: PR i s A N S ' e SN
i 11 I 1 1 T
i
§
‘ or
5
{ v

- » 3

33 “11
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Thus, by measuring the two charging voltages when the deflection of the

i-th drop is zero, a measure of the accuracy of the theoretical model

for c21/c11 was obtained. In a similar manner, it can be shown that

Measurements were made for the conditions listed in the main report,

and a family of curves was obtained for Vi/vi and Vi/Vi as functions

-1 -2

of drop rate (f) and spacing ()). Because the initial drop shape departs
significantly from a sphere at the lower frequencies and the effective
drop spacing from the standpoint of the capacities is less than ), em-

pirical correction factors were derived from the data to correct the

model. To correct the ratio c21/c11, the factor kl was derived, with

=1 -4
k1 = 1.20 + 0.194 x 10 f ;
and to correct —213
c
11
=3 -4
k2 = 0.70 + 0.403 x 10 f .

Combining the above relations yields the final form for the factors

F and F _:
1 2

6

in(4d /md )sinhf_ ¥ csch(2nf )

C X d  § 1
21 _ n=1

11 (1.20 + 0.194 10~ % )
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6
n(4d d inh h(2

= In( x/n d)s n 82 2 ecsch( nBz)

F i 31 K oo n=1
- —k o= e N
¥ ° # (0.70 + 0.403 x 10 = £)
The charging capacitance C = - c41 is the same as in Sweet's model
and is given by
c = = 2me)/[4n(4d /md
5 er/[4n( ¥ jo)] ;

where ¢ is the permitivity of free space.
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Appendix D

PHI EQUATIONS

The equations in this appendix are used to compute the potential at
(x, y)-coordinates between and near the deflecting plates for the parallel
and nonparallel plate cases. The field is assumed to be two-dimensional.
The coordinate system used in PHI differs from that used in the executive
routine and is shown in Figure D-1. The origin is located at the edge
of the lower plate that is nearest the or<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>