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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. Experimen.al 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 .

- ~~~~ Sectiet
~ut SecI~ou 0 

.
~~~~~~~~~~~~~~~~~~ D D C  

..- 

iLl E3 ~~~~~

- 
- - $fl hj/)I’ SPECIAL ,
-~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~~~~~~~~~~ 
LI

_I
I

iii

-



-- _-- - - -
~~ -~~~~ -—-*--. -  -~~~~~~ -- -  

- 

-
~~~~~~~~

-- --,-- — -

~~~

-

CON TENTS

ABSTRACT  i i i

LIST OF I LLUSTRATIONS v i i

LIST OF TABLES ix

I INTRO DUCTION i

I I  SUMMARY 3

I I I  ANALYTICAL COMPUTER MODE L 5

A . Flow Chart 8

B. Program Operation 8

C. Character Formation 13

D. Subroutine Dcscription and Verification 14

1. DATIN 14
2. ORIFIC 19
3. JETPER 25
4. SEPDIS 30

5. CHARGE 45

6. CREATE 56
7. ELECT 58
8. PHI 59
9. MUTUAL 65
10. AERO 67
11. STEP 74
12. DATOUT 77

IV PROGRAM PERFORMANCE 79

V PROGRAM LIMITS 91

VI EXPERIMENTAL HA RDWARE 95

A. Ink Delivery System 95

B. Mechanical Hardware 98

C. Electrical Hardware 98

v

~ 

~~~ ‘ à ~~~ . 
- 

~~~
. 

~~~~~~~~I ‘~
-
~~

‘— - ‘-
~ ‘-~“ 

.—.-—-——.—. —,—‘-— — - , - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~. L J .t-~ .th.t - ‘. . . 2~~~~~~~~~~~~~~~~~~~~~~ _ j j  .—.-.. -



-~~~~~ - - - - -- . - - - -~~~~~- - - -~~~~~

V I I  RECOMMEN DATIONS FOR SYSTEM OPE RATION  103

V I I I  RECOMMENDATION S FOR FUTURE WORK 109

IX CONCLUSIONS 111

APPEND I CES

A JETPE R THEORY 113

B SEPDIS THEORY 125

C CHARGE THEORY 137

D PHI EQUATION S 149

E AERO DERIVATION 155

F FISCAL DATA (separate 1 y bound )

REFERENCES 169

I
I
I

vi

I

i1.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~ -
~~~~~~~~~~~~~~:~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. . - ‘



‘I — - . - . - — — -- - — -— - - - - — - - - , - 
— -  -- .

I LLUSTRAT IONS

1 Ink—Jet Printing Station 6

2 Flow Chart for Ink Jet Printer Computer Model 9

3 Orifice Coefficients versus Reynolds Number 22

4 Jet Velocity versus Pressure 24

5 Ink Flow Rate versus Pressure 25

6 Cross Section of Jet Perturbing Apparatus 26

7 Orifice Mounting Detail 29

8 St a b i l i t y  Regions for  C i r c u l a r  Jet 33

9 Drop Separat ion Point versus  C r y s t a l  Drive Voltage 35

10 Drop Separa t ion  Point versus C r y s t a l  Drive Voltage ,
near Resonance 36

11 Drop Separa t ion  Point versus Crys ta l  Drive Frequency . . .  37

12 Photographs of Drop Formation 39

13 Conditions for Acceptable Drop Formation 42

14 Fast and Slow Satellites 43

15 Peak Operating Frequency versus Supply Pressure 45

16 Charging Station 46

17 Maximum Charging Vol tage as a Funct ion
of Electrode Gap 51

18 Charging Voltage Compensation for Deflecting j
Field Effects 52

19 Coordinate System for Computer Model 57

20 Deflection Plate Geometries 61

21 Peak Deflecting Voltage versus Plate Angle 63 
- 

-

22 Deflecting Field Strength versus X—Coordinate 64

23 Drop Separation and Offset Distances 69

24 In—Flight Drop Coordinates , Test Case 1 82

vii.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~ ~~~

- 

~~ 



--. -

25 In—Flight Drop Coordinates , Test Case 2 85

26 Computer Model Verification Test Station 96

27 Ink Delivery System 97

28 Block Diagram of Electrical Circuitry Used in

Verification of Computer Model 99

A—l Idealized Jet Perturbation Apparatus 116

B—i Jet Profile and Coordinate System for SEPDIS
Subroutine 128

B-2 Function f in the Frequency Equation versus Real x 132

C-l Elec t rode  Arrangement  for Drop Charging 139

D-l Coordinate  System and Scal ing Convention in PHI 151

E—l  Drop Separa tion and O f f s e t  Dis tances  159

E—2 Ink Jet Seen Under Stroboscopic Light 160

E—3 Method of Measuring v(t) 163

E-4 Velocity of a Drop in the Column 163

E—5 6(t) Measurement 164

E—6 S versus t 166

E-7 Case of One Drop Shielded by Two Leading Drops
and One Trailing Drop 166

E-8 Wake Width of Leading Drop Experiment 167

F—i Funds Expenditure (in separately bound appendix)

v i i i

iâ~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~ 

* .
_ , _ *



TAB LE S

1 A. B. Dick Inks and Identifying Numbers . 15

2 Drag Coefficients of a Drop within Various Drop Formations . . 73

3 Output Parameters , Test Case I 83

4 Output Parameters , Test Case 2 86

5 Parameter Limits 92

F-i Man-Hours  Expenditure (in separately bound appendix)

I1

ix

I

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ - , ~- ~~~~ ~~~~~~~~~~~~~~ 
‘
~~~~ •~~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



I INTRODUCTION

This final report  summarizes all work performed by Stanford Research

Institute under a research Contract ,, “I n k  Je t  P r i n t i n g  Sy s tem—-

Analytical Computer Model and Model Verification. ” The period of this con—

• t r ac t  was f rom 30 June  1972 to 15 Augus t 1973. D u r i n g  tha t t i m e , two

major tasks were undertaken . Tusk I , Creation of the Analytical Computer

Model , r e su l ted  in  a working  program to predic t  ink  j e t  p r i n t e r  o p e r a t i o n ,

based solely on a n a l y t i c a l  work .  Th i s  phase  of the  con t r ac t  e f f o r t  was

b r i e f l y  descr ibed i n  t h e  Task I repor t , da ted  15 No vember 1972. Task I I ,

Ve r i f i c a t i o n  of t he  A n a l y t i c a l  Compute r  Model , en t a i l ed  l abora to ry  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

per fo rmance  and l i m i t a t i o n s  of the  program are described . Hardware con-

structed for use in this contract is discussed . A number of recomxnenda—

tions for the operation of i nk—jet printing systems are given in the hope

that implementation of such recommendations will lead to inc reased 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 w i l l  d e l i v e r three  i t e m s  to the c l i e n t  w i t h  t h i s  f i n a l  r epo r t .

• A copy of the  p rogram in  punched card form

• A final listing of the program wi th sample input and output
information

• I)ata Package , including schematics of electrical circuits ,
me chanical drawings , and sample data taken during the pro—
gram ve rification procedures.

1
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I I  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

tests and observations tha t were used to modify or refine the ana lytical

w ork .

The Analytical Computer Model consists of an executive routine calling

on 11 subroutines. The program user provides input data to the mode l and

receives predict ions of drop behavior  (see Section III—A ,B ,C). Numerous

opt iona l  o u t p u t  branches in  the program allow review of drop motion and

s u b r o u t i n e  behavior  w h i l e  the drops are in fli ght. 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

throug h space to an imaginary printing surface.

Each subroutine treats a particular aspect of the ink—jet printing

process. Crea t ing  and v e r i f y i n g  the  subrou t ines  (Sect ion  I I I — D )  was t he

primary task of this project. The subroutines together form the Analyt-

ical Computer Model ; the executive routine calls them at the appropriate

t i m e  and t r a n s f e r s  i n f o r m a t i o n  among them .

The overall program is a f u n c t i o n i n g  tool t ha t  de l ive r s  p r e d i c t i o n s

of drop behavior with modest accuracy (Section IV) . Drop c h a r a c t e r i s t i c s

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

di t ions . Drop def lec t ion  d i s tances  are predic ted w i t h i n  + 10 percent  to

— 20 percent in the cases studied so far. In -~nm~ cases , deflections are 

• ‘~ - Ii
~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~ 
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predicte d within ~-3 p er c e n t .  The lar ge s t  e r rors  occur  w h e n  d e f le c t i o n

plate angle is l a rg e .  The m a i n  c ause  of t h e  er rors  is the  non ide a l  ge~~n i—

etry of t h e  deflecting plates. Random errors in the predictions resul t

from the approximations made to permi. t analytical study .

Accurate predict ion 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

f o r  the mechanical intricacies of the print—head assembl y.

Limitations on the  values of the input parameters (identified in Sec-

tion V) are based primarily on experimental observations and practical

considerati -m-- . The limits are contained within the computer model;

warning messages or program termination resul t when t h e y  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 illumi nation. 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 experimen tal 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 i nk—jet printing systems.

The overall computer model has been tested under only a few experi—

mental conditions. The individual subroutines , however , have a bro~ider

experimental base. To better define the capabilities and limitations of

the Analytical Computer Model , it is suggested that comparisons between

computer predictions and observations be m a de over a wide range of i nput

conditions (Section VIII).

4
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III ANALYTICAL COMPUTER MODEL

An Analy tical 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 electrod e (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 frequentl y 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 d rop 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 appropriatel y manipu~-

lating the charging voltages and deflecting field , drops can be deflected

to print characters on surfaces moving rapid ly 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

5 
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approached within the time and budget limits of the contract. Topics

t h a t  we re not considered and a s s u m p t i o n s  t h a t  were made also are discussed

i n  t he repor t .

The approach used in developing the Anal ytical 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 anal ysis 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 anal yses were completed , the first version of the Ana-

lytical Computer Model was assembled and run . The work just described

was cond ucted under Task I of the contract.

During Task II , nume rous laboratory experiments were performed to

check the agreement between the program predictions and the physical values

that were measured . Refinements in the anal ysis then were made on the

basis of the measurements . In some cases , such as that of orifice per—

formance , the measurements simpl y led to determination of orifice coeffi-

cients . In other cases , such as predicting drop separation point , labora—

tory tests indicated flaws in the original anal ysis and 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 IV language and was

developed on SRI’ s CDC—6400 computer facility. The text of the program

is libe rally filled with comment cards to make reading and understanding 7
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of the program ea s i e r .  Al l  va r i ab l e s  used in the sub rou t ine s , inc lud i ng

units , are explicitl y defined within the subroutines themselves.

A. Flow Chart

Figure 2 is a flow chart of the Anal ytical Computer Model. It shows

the order in which the subroutines are used , togethe r with the logical

program branches. The prima ry function of each subroutine is noted .

Input  and ou tpu t  po in t s  dur ing  the program are indicated . The executive

rou t i ne is used to call  the subrout ines  and to pe r fo rm f u n c t io n s  t h a t  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 stra ightforwa rd . 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 value s for the output parameters . Program output

normall y consists of two printed pages . On the first page the input

v a r i a b l e s  are d e f i n e d  in word s and t he i r  va lues  w i t h  u n i t s  g ive n . The

seco nd page l i s t s  the  corresponding output  va r i ab les  w i t h  t h e i r  u n i t

value s .

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 charg ing of the d rops. Here the prog ram

calls the subroutines in straight sequence , following the sequence of

physical events. The second segment of the prog ram 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 , severa l optiona l 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-

cl uded . When in te r im values are del ivered , they appear between the

listings of input and output variables.

Within the executive routine , setting the logical variable , IPRT = 0,

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

11
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outputted from the program in typ ical laboratory units . Immediatel

after input they are converted to rationalized meter—kil ogram—second (MKS)

u n i t s , a nd i m m e d i a t e l y  before  ou tpu t  they are converted back to l a b o r a t o ry

units . All computations are done in the rationalized MKS system of units.

As an example of this process , pressure of the ink upstream f rom the o n —

lice is measured in pounds—force per square inch , but at input the nume r-

ical value is converted to newtons per square me ter.

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 .

Severa l other  parameters also have an e f f e c t  on p r i n t e r  operation and

must be given to the computer model. These includ e orifice diameter , air

density , and other properties. These parameters are held constant. They

are ex p l i c i t l y de f ined  w i t h i n  the appropr ia te  subrout ines , wi th numerical

values given in MKS units.

When interim values are delivered via the print options , they are

always given in IrK S u n i t s .  In t e r im 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 , REPE L , DRCHLV , and DRDFDS in the execut ive  rou t ine  . NDAT is used

only to set the size of the storage arrays that contain values for d rop

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 examp le , if

MAXPTS = 15 , fifteen d rops will be created and propagated through space

to the imag inary printing surface .

12
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After submission of the Task I report with an initial version of the J
punched card deck , it became evident that several notations used on the

SRI computer facility we re 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 .

C. Character Formation

For an ink jet printe r to be useful , it must be able to print machine—

or human—readable cha racters . Under this contract , however , the maim

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 charg ing 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 d rops 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 , althoug h specific characters were not printed

I
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under the contract , predictions of characte r appearance and observation

0 drop p a t t e r n s  have been real ized . P r i n t i ng  cha rac te r s  would then

require o n ly  the a p p r o p r i a t e  c h a r g i n g  signal and a surface to print on .

D. Subroutine Description and Verification

The program executive routine calls on 11 subroutines in the printer

a n a ly s i s . One of these in t u r n  c a l l s  on a f u n c t i o n  r o u t i n e . The sub—

rou t ines  con t a in  the ana l y t i c a l  tools used in m a n i p u l a t i n g  the i n p u t

va r i ab l e s  to a r r i v e  a t  the ou tpu t  parameter  va lues .  The execu t ive  rou-

t i ne  also conta ins  c a l c u l a t i n g  steps .

The ink jet printing process was broken down into as many discrete

even t s  as possible , w i th  a subrou t ine  t r e a t i n g  each event . For each

event , an analysis was performed . Based on the origina l 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

de t a i l  the anal y t ica l  basis for each subrout ine  and the v e r i f i c a t i o n

procedures used . Pertinent results and conclusions related to the m di—

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.

1 . DATIN

DATIN is used to read or compute the input parameter values

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

corded on user—mad e punched card s and contain the following i n f o r m a t i o n :

14
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• Type of ink being used

• Ink temperature , degrees F

• Gauge pressure of the ink , pounds—force per square inch

• Vol tage appl ied  to p iezoe lec t r i c  c r y s t a l s  (zero- to—peak) ,
volts

• Frequency of voltage applied to crystals , Hertz

• Charging electrode spacing , inches

• Deflection plate length , inches

• Deflection plate separation , inches

• Angle between deflection plates , degrees

• De f l e c t i o n  p la te  vol tage , vol t s

• Orifice to printing surface separation distance , inches

• Drop charging voltage , 24 values , volts.

The ink being used is identified by a number corresponding to

the A. B . Dick type . The iden t if y ing number fo r  each ink is shown in

Table 1. After reading the input data card s, 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 INK S AND IDENTIFYING NUMBERS

Ink
Identif ying A. B. Dick Ink Type
Numbe r

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—l2—189

6000 Videograp h , Fas t 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 :

• Ink density, grams per cubic centimeter

• Ink surface tension , dynes per centimeter

• Electrical resistivity of the ink , ohm—centimeter

• Viscosity of the ink , centipoise

• Sonic ve loc i ty  w i t h i n  the ink , meters per second .

For each ink property to be computed , an algebraic express ion

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

approximatel y 10°F intervals between 50°F and 90°F. This temperature

range was chosen (with the client’ s approval) as typical of most indoor

operation . The data were plotted graphically . When the data appeared to

follow a straigh t 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 correc t ion  to the measurement  u n i m p o r ta n t .  I t  was found t h a t

density change is approximatel y linear with temperature , and shows onl y

about 1 percent variation over the given temperature range .

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

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

the capillary , p is ink density, g is the acceleration of gravity , and h

16
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is the heigh t of rise , then surface tension is found from

1
T = — p D h g

Unfortunatel y, this method is not entire ly accurate because of the de-

pendence of capillary rise on wettability and surface condition o the

tube bore . Althoug h the surface tension from ink to ink showed notable

differences , the greatest variation over the given temperature range for

a sing le ink was about 10 percent .

Electrical resistivity was measured using a commercial platinum

electrode conductivit y cell and an impedance brid ge. This test showed a

significant variation between inks and with temperature . In all cases ,

howeve r , the resistivity was found to be relativel y 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 rapid ly 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

meas u r i n g  the pulse t r a n s i t  t i m e  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 orig inal data from the above tests are included

in the Data Package .

I
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A s an independent check on the SRI property measurements , we

were supplied with a copy of A .  B. Dick test data on ink l6_6000 .
1C The

company ’ s da ta for new ink and our data we re in agreement with less than

3 percent difference .

Our  measurements of ink properties were taken on new samples

after approximatel y three months ’ storage . N o  measurements were taken

on any inks after longer storage period s or after use. It was assumed

that ink properties would not change appreciabl y over moderate (several

m o n t h s )  storage times. Also , the A .  B. Dick report gives evidence ol

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

Once the ink properties have been computed , DA’lIN goes through

three steps with each input variable. It:

• Prints the input variable value , with units

• Performs a limi t test en the value , if necessary

• Converts the value to IrKS units , if necessary.

In the limit test operation , the inpu t 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 mo re

ful l y 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 norma l limits , with a note to the user

that such has happened .

Superscripts refer to references listed at the end of this report -

18
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The only limits related specifically to DATIN are those for ink

temperature . II ink temperature is less than 50F or greater than 90°F ,

a warn ing message is delivered . This is because ink propert ies were

measured and cu rve—fit only between these temperatures . \ s  ink tempera-

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

After DATIN has printed , tested , and converted un its for the

i n p u t  pa r ame te r s , control is returned to the executive routine . The

executive routine immediately branches to ORIFIC subroutine .

2. ORIFIC

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

through the orifice.

The anal ytical basis for this subroutine lies in the traditional

fiuid mechanics equations regarding onilice h o w . Veloc ity of the jet is

a funct ion of pressure differential across the orifice , fluid dens ity and

surface tension , jet diameter , and f low losses . Pressure  d i f f e r e n t i a l  is

the excess of upstream gauge pressure over residual pressure in the free

jet f rom s u r f a c e  tension forces . Flow losses are taken into account via

a velocity coeffic ient. Thus , the express ion  f o r  jet ve loc it y i s

v~0 
C
y~~~~(2P

g 
- •l~~~~)

where

= je t veloc i ty o u t s i d e  of o r i f i ce

C = velocity coefficient
~ V

C = f l u i d  dens i ty

19
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P = gauge pressure upstream from on l ice

- = s u r f a c e  tension of i n k
1

d - = je t  d i a me te r .
) 0

With jet velocity known , flow rate is found by multipl ying

vel ocit y and jet cross-sectiona l area . Jet area is not the same as

on fire a r e a  h e c a n~~e o f  the vena contracta phenomenon . This contraction

is described t h r o u g h  a cont raction coefficient . Thus ,

rr 2
Q = C — D  v

c 4  o Jo

~h er e

Q I los’ i ’ . i  t e

C
c 

(• (  l O t  ! J C  t ion c ‘e I t i c  h ot

I) = o i l  ice  diameter .

To v e r i t y  this subroutine , it was necessary  to a c c u r a t el y

m e a s u r e  Q, v , a nd P so that the orifice coefficients could be deter—
g

• m i n e d . - le t v , ’ l c i t ~ was measured by b reak ing  the  s tr e am i n t o  u nh l o r m

drops , as  in  actual printer operation. f ly  o b s e r v i n g  drop— to—d rop spacing

0. - j r the o r i f i c e  under a microscope and knowing d r o p  r a t e , j e t  v e l o c i t y

is found in the express ion

“ . =
Jo

where

f = d r op r a t e , drops /sec

4 = d rop spacing , inches/d rop .
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Flow rate was measured by catching and weighing a sample taken during a

t ime d  i n t e r v a l . This method was found to be more accurate than simply

catching a sample in a graduated cylinder. Ink supp l y pressure  was

measured by a pressure gauge ; the gauge was connected to the ink line

via a “T” a t  the  e n t r a n c e  to the p r i n t i n g  head .

I t was also necessary to know the diameter of the orifice in

the pr in t i n g  head being used . This was done on a precis ion measuring

microscope with 0.5 i divisions . After observing several printing head s ,

several facts were apparent:

• None of the holes was perfectl y round ; major and minor

d iameters varied by f rom 1 ~i to 5 p..

• The “mean ” o r i f i c e  d i a m e t e r  var ied  by as much as 12 p.
between printing heads.

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

The A .  B . Dick Company q u a l i t y  c o n t r o l  s p e c i f i c a t i o n  on o r i f i c e  d iamete r

is such t h a t , with a supply pressure of 43 psig, a flow rate of 3.78 ml/

mm to 4.04 mI/mm must be observed . Thus , variation in orifice diameter

is acceptable . It is also expected that the orifice coefficients will

vary from assembl y to assembl y; a small orifice could be acceptable i i

the coeff icients were large and vice versa.

Fo r work under this contract , a printing head with the roundest ,

most ch ip— free orifice was selected . Its mean diameter was 77.6 
~ ; at

l~f psig, a flow rate of 3.95 ml/m in was observed .

‘ Dur ing verification of this subroutine , data showed that the

orifice coefficients varied slig h t l y with Reynolds number , as was expected .

Reynolds number for orifice flow , R = vdp/p ., is taken in the ink suppl y

tube just upstream from the orifice . A grap h showing the variat ion in

C and C with Reynolds number is provided in Figure 3. When these d a t a

were p lotted on log—log paper , it was found that the data could be approx—

4 m ated by a straigh t l ine . This discovery lent itself to the empirical

21

p

~~~~~~~~~~ ~~~

- —... 

~~~

- -



- -

~- o.75 —
Z Ve Ioc~ty  coet f i c ~en r ‘ C I  .,n~i j on t r a ( ! , o r ,

coe t f i c ~ienr C ~~~~~ as a ~~~ ion f

~~~~~~~~~ “~,j niI ,er t oi t Io ~s upSt~~.’’iU. Iron, f,, o r t t , ce

40 50 60 70 80

REYNOLDS NUMBER - - -- vop p
$A .’05E, 5

FIGURE 3 ORIFICE COEFFICIENTS VERSUS REYNOLDS NUMBER

express ions I or or ii ice cool I’icients as a func t i In o l  R e v n ’,  Ida t s U Ir I t ) e

a p p e a r i n g  in  the  p r o g r a m . I t  was a l so  necessa ry  to relate Reynolds nun—

f r  t corn t ire tests to ink suppl y p ressure . Th is requi red another lu g— i g

i l l  and re~~ul ted in a third empi nical expression with ORIFIC -

To actuall y compute jet velocity and f low rate . i t  is I t a t

c~~— . rtv t o  compute the coot ficient values . Since these ate a fun ction

I iIe\r0 Ids ntimhc i~ , which is a lone t jots of f low • i n i t  e rat i ye •ipp l’ iac ii

w a  requ I red - I n OR IF IC , a R ey n o l d s  n r i r r i h c r  t sors the ‘xpc r ro- i i  t a t  wo i k

raised on i n p u t  p r e s s u r e , is calcu lated . This v a l u ’  is then ~ r o e  t e l  1 -

. a ’ r o t i l r t t o t ’  l iii’ ( f u t l a l  t v  and ~‘ i s c , r — i t ~ o f  the in k in t ! : i ’  ri ni el . A l ,  u p

f f 11 1’ . I c r i l i  t e a  velocit y and flow t i l e  ia~~cd rut t h e  soil i f  i t ’d R e v n t lcf s

, I I O O e  t • f j 5 ( ~ I t a - r i  i l e t e r ,n i t ies  the he~ n i  I d a  numbe r I or I In’ p r ’ -1 1 r t i - i  I low .

- - ‘ ‘ the l w ,  Pt’ ri r l r I r. itrrr , t e r’ i- agt ’ei ; v j t f t t t n  s m a l l  ‘ f i l l  “ - ‘ c , h a  t o ’  r e

., 9

‘b?, .]~~~ 
1 

L~~~. ~~_ im~~ ~~~~



T’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1/T T. ~~~~~ 
—

v a l u e s  of j e t  v e l o c i t y  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 stud y of o r i f i c e  geometry and coeIficient value s points to

a limitation on the existing program . Namely, for accurate prediction of

jet veloc ity and flow rate , the orifice d iameter and expressions for co-

efficient values for the printing head in use must be determined and used

in the program.

I n t he ver i f i c at ion process , accu r a t e  measurements  of i n i t i a l

jet velocity and flow rate were taken. This information is shown in

Fi gures 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 relat ive independence from fluid propert ies 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 suppl y 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.

Opera t ion at  10 psig or below is impractical because of the low stream

momentum . A t  pressures above 80 ps ig ,  the s a f e ty  of the  ink supp l y

s y s t e m  was in doubt  and pressed—on tube connections would occasionall y

separate . Fur the rmore , a t 80 psig and above , the je t is t r a v e l i n g  so

fast that onl y small deflection can occur unless the distance to the

printing surface is large . A final comment on the graph is that .he ,)et

or d rop velocity decreases with increasing distance from the orifice

because of a e r o d y n a m i c  d rag .

The role of ink viscosity should a l so  be mentioned . Viscosity

a p p e a r s  on ly  in  the expression for Reynolds numbe r , on which the orifice

coeff icients are weakly dependent. This dependence of orifice behavior

23
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• , on viscosit y can be inferred from Figure 3, where halving or doubling

the Reynolds number via viscosity change results in onl y 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 , cont ro l is

returned to the executive routine . An immediate branch is made to  the

next subroutine , JETPER .
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3 .  JETPER

Ink is supp lied to the ink jet head through a flexible plastic

line . The head contains a metal tube for ink passage and has a jewe l

orifice in the downstream end . Two piezoelectric crystals surround the

meta l  tube and are r igid ly clamped in an axial directior,. The junction

between the crystals contains a thin electrod e through which a sinusoidal

signal is presented to them . The outer axial crystal surfaces contact

the grounded ink tube and clamping nut. This phy s i c a l  a r r a n g e m e n t  is

shown in Fi gure 6.
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I n k  is forced through the m e t a l  tube and out  the j ewe l o p e n i n g

as a j e t .  The s inusoidal  s ignal  app lied to the c r y s t a l s  creates  an axial

v i b r a t i o n  in  the tube . This v i b r a t i o n  is coupled to the ink  by the jewel

o r i f i c e, which nearl y closes of f  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 magnitud e 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-

sidera t ions  and assumpt ions  are discussed in the f o l l o w i n g  pa ragraphs .

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 oscillati ng 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 end s of the  tube .
26
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At the upstream end of the metal tube , a flexible plastic hose

lead s to the ink suppl y. Since it is as~ urned that this hose is unable

to s u s t a i n  high f requency 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.2 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 assembl y shown in

Figure 6 is physicall y 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 cons iderations yield a group of simultaneous differ-

ential equations . Solution of this d ynamic problem , as described in

Appendix A , gives the oscillatory orifice displacement and the flow per—

t u rh a t ion due to the voltage signal applied to the crystals . Taking

accoun t of the flow contraction throug h the or i f ice then  g ives the

an~plitude of the initial jet velocity perturbation .
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A l’ew p hy s i c a l  d e t a il s  e n t a i l e d  in the p e r t u r b a t i o n  t h e o ry  a l l

not  t r e a t e d  because of the difficult y in doing so . F r  example , the

-amount of e n e r gy  t r a n s f e r r e d  f r o m  the  c r y s t a l s  t o  the o r i f i ce  t u b e  and

c l a m p i n g  n u t  depend s on the mechanical connection . An idea l  c o n n e c t i o n

would provide perfectl y pa rallel faces between the crystals , flange ,

e l e c t r o d e , and nut. Nonparallel faces will reduce the energy  t r a n s l e r

and t h u s  resul t in less v e l o c i ty  p e r t u r b a t i o n .  A n o t h e r  p o i n t  i s t h a t  the

p l a s t i c  block tha t supports the tube will act to absoi’b some of the me-

c h a n ical energy coming f rom the crystals . This , too , has been ignored

and wou ld  reduce the  p e r t u r b a t i o n  m a g n i t u d e  i f  i n c l u d e d .

The presence  of resonances in the  f l u i d  co lumn should a l so  1)0

m e n t i o n e d . I t  is e x p e r i m e n t a l ly  observable  t h a t  when the  head is e x c i t e d

a t  c e r t a i n  f r e q u e n c i e s, the d rop  sepa ra t ion po in t  is nea re r  the o r i f i c e

t h a n  a t  s l i g h t ly h i g h e r  or lower frequencies . Fur the rmo re , these c r i t i c a l

f r e q u e n c i e s  correspond to odd q u a r t e r  w a v e l e n g t h s  of a p e r t u r b a t i o n  w i t h i n

t h e  ink  co lumn . Th i s  suggests the presence of resonance e f f e c t s  in t h e

f l u i d  column , and consequent ly the theory has had to inc lud e f l u i d  com-

p r e s s i b i l i ty .  The a t t e n u a t i o n  due to v i scos i ty  is shown in Append ix  A

to be neg li gible , so viscous terms have been dropped . The error in the

remaining idealization of o n e — d i m e n s i o n a l  f l o w  has  not  been t r ea ted .

Since the orifice end of the tube has a configuration like that in

Fi gure  7 , in i t i a l  and r e f l ec ted  waves cannot  both be p lanar  and moving

a x i a l ly .  Resonance  e f f e c t s  w i l l  be discussed f u r t h e r  in  t h e  f o l l o w i n g

s e c t i o n  c o v e r i n g  the SEPDIS s u b r o u t i n e .

The c a l c u l a t i o n s  f o r  d rop  s ize  and spac ing  are i n c l u d e d  in

.JETPER s i n c e  t h i s  s u b r o u t i n e  p r o v i d e s  a c o n v e n i e n t  p l ace  f o r  t hem . These

c a l c u l a t i o n s  m u s t  f o l l o w  the  O R I F I C  r e s u l t s  and are  s i m p ly  based on mass

conservat ion . The r a t e  of d ro p produc t ion , f o r  a l l  u s ab lc  p r i n t  i ng

app i o at  i n s , i s  t h e  same as t h e  f re q u e n c y  of c r y s t a l  v i b r a t  ion . G i v e n

t h i s  f~~~ f and t he  J e t  f l o w  r a t e  y i e l d s  d r o p  v o l u m e , mass , and d i a m e t e r ;
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METAL INK SUPPLY TUBE

O R E ~~~~~~~~~~~~~~~~~~~~~~~~~~~

JET DI R ECTION “

OR I F I C E

SA-2 055-9

FIGURE 7 ORIFICE MOUNTING DETAIL

Q volumeDrop Volume = — , where Q = f l o w  r a t e ,f un i t  t ime

- number
f = d r o p  ra t e ,

unit time

Dro p Mass = p . Drop Volume , where r~ = ink  d e n s i t y

- 3/ 6 Drop VolumeDrop D i a m et e r  = 1
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The i i i  it ia 1 r h ’  p spacing is f o u n d  f r o m  J e t  ye Inc  i t  and d r o p  r a t e :

prop Spacing = , where v = i n i t i a l  j e t  v e l o c i ty .

distance
u n i t  t i m e

The pr i nary re sul t of JETPER is the prediction a I t h e  amp ude

af velocity perturbation at the orifice . This o u t p u t  d id  n o t  lend i t s e l f

t o  e x p e r i m e n t a l  v e r i f i c a t i o n  because  of the  lack of a d i r e c t  wa\’  o f

m e a s u r e m e n t . I n s t e a d , v e r i f i c a t i o n  of t h i s  s u b r o u t i n e  and t h e  l o l l ow i n g

one . SEPDIS , had to t a k e  p lace  at  the  same time through the observation

of the drop separation p o i n t .  V er i f i c a t i o n  of d r o p  v o l u m e , mass , d i a m e t e r ,

and spacing predictions were not required , since these are simple func-

ti ons of’ jet velocity and flow rate which are accurately found in the

verif ied ORIFIC subroutine .

When JETPER is completed , contro l returns to the executive

routine , which branches immediatel y to the next  subrou ti ne , SEPDIS.

-1 . SEPDIS

A s t h e  ink i ssues in a jet  f r o m  the or i f ice , i t  has a pertur-

b a t ion v e l o c i t y  imposed on its mean velocity. This causes the jet to

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

predicts the d istance from the orifice at which drop separation takes

p l a c e . The theory used in this prediction of drop sepa ration point is

discu ssed in detail in Appendix B , SEPDIS Theory . As with JETPER sub—

m u t  i ire , general considerations and assumptions are presented here .

T i e  distance to break—off depend s on the ratio of initial

vu I r e  i t y  I) e I~tut ba t ion (computed in .IETPER) to m e a n  j et  v e l o c i t y  and n i t

30 
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tw o  nond irii ensiona l p a r a m e t e r s , w and T . P a r a m e t e r  w i s  the reduced

frcquenc.v of oscillation ,

2~~f r
w =

U

and T is the  i’educed s u r f - ac e  t e n s i o n ,

T
1

T =
2

pu r

where  f ( H er t z )  is the f r equency  o f o s c i l l a t i o n, r ( m e t e r s )  is the  jet

rad ius , u (meters/second ) is the jet velocity, p (kilogram/metera ) is the

ink density, and T
1 
(newton;meter) is the ink surface tension . I t  f o l l ow s

that various trade—offs are possible that maintain the same separation

d is tance . Thus a change in the ink surface tension can be compensated by

appropr iate flow velocity and oscillation frequency changes .

The theory for the calculation of the separation distance

(described in Appendix B) is based on linearized equat ions of axisymmetric

pe r tu rbed  f l o w  of a cy lind rical jet. Once fluid has emerged as a jet , it

is assumed to be incompressible and without viscosity. Flow is also as-

surned to be irrotational . This fundamental method was used by ~~~~~~~~~~

for an unlimited jet but apparently has not been app l ied before in the

case of a jet issuing from an orifice . This is an important difference

between Ray leigh’ s stud y and the SEPDIS theory . In Ray le igh’ s work , an

inf inite fluid cylinder of zero velocity was considered , with an initial

spatially per iodic perturbation app l ied the l e n g t h  of the co l umn a t o n e

i n s t a n t .  I n  the  case of the ink je t pr in t e r , the  c o l u m n  is is s u i n g  as a

jet , w ith the perturbation imposed over time as the fluid passes a single

4 point ( t h r o u g h  the oril ice).
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F o r  a perturbation to grow to prod lice a d r ap ,  i t  m u s t  e l i - a t e

art unstable coiid i t i r i n  w h e r e  the  in t e r p l a y  of s u r f a c e  t e n s i on  and i n e r t i a l

far c e s  lead s I - j e t  d i s i n t e g r a t i o n. In  R ay l e i g h ’ s work , i t  was f o u n d

t h a t  such an  i n s t a b i l i t y  cou ld  r e s u l t  onl y i f  the  d i s t u r b a n c e  w a v e l e n g t h

w e re  equa l  t o  or  g r e a t e r  t h a n  the j e t  c i r c u m f e r e n c e .

X � 2 ” r

where X is the disturbance wavelength (meters) . S ince t = , i t  is

seen that Ray leigh’ s c r i t e r ion f o r  dro p f o r m a t i o n  was

2~~rf
U

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

The SEPDIS ana l y s i s  shows tha t u n s t a b l e  o s c i l l a t i o n s  of the  j e t

r a d i u s , fo r  smal l  va l ues of T , were of two kind s . One kind correspond s

to  w 1, as R a y l e i gh d iscovered . These o s c i l l a t i o n s  lead to d r o p  forma-

tion at the pertu rbing frequency . If w becomes large r than 1, the SEPDIS

theory predicts that a new unstable reg ion can be e n t e r e d , where drop

f requency is several times greater than the impressed frequency. Figure 8

dep ic t s  these r e s u l ts. For large  enough va lues  of the s u r f a ce t e n s i o n

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

c ies , with drop rate and perturbation rate likel y to d if f e r .

This theory has implicat ions related to satellite formation .

I f  the impressed o s c i l l a t ion c o n t a i n s  h igh enoug h frequency components .

they will be unstable and could produce satellites . This suggests that

sate 11 ites would be suppressed by reduc ing t l :c  h i gh f r e q u e n cy  c o n t e n t  i f

imp ressed oscillations. The trailing o il of the stability boundary i t t

4 
F ig u r e  8 shows that high frequency instability is also s u p p re s s e d  by

. 
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F I G U R E  8 S T A B I L I T Y  R E G I O N S  FOR C I R C U L A R  JET

r e d u c i n g  the s u r f a c e  t e n s i o n  p a r a m e t e r  T.  U n d e r  typ i c a l  i n k  j e t  p r i n t i n g

cond it ions , the value of T is roughl y 0.01 to 0.1.

The pred iction of regular jet breakup for w > 1 is a new and

u nexpected  r e s u l t  of the SEPDI S a n a l ysi s, and exper imental verification

of th is part of the theoi-y has not been undertaken . The fact that the

drop production rate is predicted to be different from perturbation

frequency in this case makes droplet contro l diflicult and therefore may

preclude using the w > 1 condition in printing applications . Thus ,

SEPDIS subrout ine considers cases only where w 1. The case of poss ib le

d r r p  p r o d u c t i o n  f o r  w > 1 has important implications in fluid mechanics .

Regular drop f o r m a t i o n  with w > 1 has been observed in a small number of

cases .

The m o s t  i - c- l i a b l e  way of v e r i fy i n g  t h e  JETPE R and SEPI)IS sub-

r o u t i n e s  was  to compare pred i c t i o n s  of  d rop  s e p a r at i o n  p o i n t  w i t h  r r b s c r v ~i —

t io n s . U n f o r t u n a t e ly , a tes t  o f  t h i s  k i n d  i n d i c a te s  o n l y  i f  a l l  c o m p u t i n g
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(Ic ta  i I s a i’e e n tr e e  t no I tid c a t  ion is made 1’ whe i c  an c i  , i  h a t —  j c : ’  it r i - I - ’

f the th eirie - t i cal and exp e m u l l e n  t ii l resi ll  t s  do not  c -n i  n c i d e

Ti) m e a s u r e  (I rop sepa rat ion point , ink was I r r rced t f i t -  ugh t lie

p t - j i l t i n g  head at a c o n s t a n t  p res su re . C ry st a l  d r i v e  I requency w,rs then

se t , as was  c ry s t a l  v o l t a g e  a m p l i t u d e . With these q u a n t i t i es  f i x e d ,

the Jet WOS observed . - A t i m e  d e l ay  in the  e l e c t r o n i c s  p a c k ag e  a r t - !  i t  t 1

s t r o b o s c o p i c a l l y  f o l l o w i n g  a s t r e a m  p e r t u r b a t i o n  f r o m  t h e  o r i l i ce  to  t l i r ’

i n s t a n t  of s e p a r a t i o n . T h i s  o b s e r v a t i o n  was done t h r o u g h a m i cr r o  cope on

a t r a n s l a ti ng ba se . A dial indicator on the base allowed distance to the

s ep a r a t i o n  po ii) t to be measured  w i t h  0.001 inch r e s o l u t i o n . Such i 4 e a s t l i - —

t u e n t s  were  made f o r  numerous  c o m b i n a t i o n s  of p ressure , f r e q u e n cy , and

v o l t a g e  . - ‘~t each m e a s u r i n g  p o i n t , the q u a l i t y  of d rop  f o r m a t i o n  and

p i - es ence  or  absence of s a t e l l i t e s  were noted .

F i g u r e  9 shows d r o p  s e p a r a t i o n  as a f u n c t i o n  of c r y s t a l  drive

v o l t a g e , w ith crystal drive frequency as a parameter. Experimental data

and theoi’etical pred ictions are shown for four different drive f requencies .

One a c t - s  f r o m  t h e  f i g u r e  t h a t  theory  and o b s e r v a t i o n  of the  d i s t a n c e  I i a - I

t he or i f i ce to the  po in t  of dro p sepa ra tion show sim il a r  t r ends  in tha t

t h e  d i s t a n c e  g e n e r a l l y decreases as e i t h e r  d r i v e  v o l t a g e  or drive fre-

quency i n c r e a s e s  An e x p e r i m e n t a l  v a r i a t i o n  of about  0 . 020 i n c h e s  in

the rbsc-rv at ions of each po in t  p a r t l y exp la ins the q u a n t i t a t i v e  d i s c r c - p —

• u ncv at 2 ( 1 k h I z . A t the other frequencies , the theory simply fails to

‘x ; i l a  in t h e  o b s e r v a t i o n s. A possible reason for this is t h a t  t h e  rnecha—

nism is -utt i ciently irnpcrtect in alignment , t i ghtness of f i t , and

ev l in(I rica 1 - v i e w - t r y  of the parts that the lowest mod e resonance i i -  ex-

c i t e !  a t  a ny driving f requency . Th is fundamental frequency is slightly

~ r e a t e r  t h a n  20 k h i z .

A dditional do ta f r o m  the  SEPD IS verification work  a re  shown in

I igutw - s l() and 11 . Fi gure 10 shows ae p a r a t  ion point versus voltage at

3-I
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E X P E R I M E N T A L  DATA 

—

\
20 kHz

350 — \ —
40 kH z  v \~~

-

80 k H z

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

40 kHz
100 — —

50 — 60 kH z  .~~~~~~~~~~~~~~~~~
, 

—

~~~~~- -._..
— ~

. -,- —
80 kHz — 

— — — =~
0 

-,---,- --.- --.---.---a-- --
0 20 40 60 80 100 120 140 160 180 200

CRY STAL DRIVE VOLTAGE VOLTS — zero-to-peak
SA-2055-1 l

FIGURE 9 DROP SEPARATION POINT VERSUS CRYSTAL DRIVE VOLTAG E
Data taken with A.B , C ’ k  ink ió-1000 ; Supply Pressure = 30 psig
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• —  65 kHz
~ 50 — •—  70 kHz —

A —  75 kHz

0 I I I I I
0 20 40 60 80 100 120 140 160 180 200

CRY STAL D R I V E VO LTAGE . VO LTS — zero-to-peak
SA-2055-- 12

FIGURE 10 DROP SEPARATION POINT VERSUS CRYSTAL DRIVE
VOLTAGE , NEAR RESONANCE
Data taken with A.8. Dick ink 16-1000; Supply Pressure = 30 psi g

f r e q u e n c i e s  nea r  a c r i t i c a l  tube resonance (~ 69 kHz). Here it is seen

th a t  the  d i s t a n c e  to the s e p a r a t i o n  po in t  can a c t u a l ly inclease wit h an

increase in crystal voltage , which is contrary to expectat ions when more

energy is delivered to the system . Figure 11 shows distance to sc -parati in

po int versus v-rystal drive frequency , with crystal vol tage as a parameter.

Here it is also clear that peculiarities exist near the tube  r e s o n a n c e .

Add itional data from the stud y of jet breakup are included in the Data

Package .

Regarding resonance , the m e t a l  tube c a r r y ing ink to the oril icc-

r c t s  like an organ pipe open at one end and (nearly) closed at the n i h  i-~

I n  such  a case , the f u n d a m e n t a l  pipe f r e q u e n c y  is :

c
f = — , where  c = s o n i C  v e l o c i t y

4 
L = pipe length .
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CRYSTAL DRIVE FREQUENCY — k H z

SA-2055-13

FIGURE II 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 , f
1 ~ 

23 kllz, which is too low for most applications . The next

i m p o r t a n t  harmon ic is near 69 kHz. At these frequenc ies , resonance

e f f ec t s  w i l l  ge n e r a l l y act to impar t  more p e r t u r b i n g  energy to the

issuing jet. Figure 11 shows a decrease in separation distance near

these f requen ìc ies .

* 
In summary , the large discrepancies between theory and experi-

— - in e n t a t i o n  a t  f r e q u e n c i e s  above 20 kHz are likel y to result from the

presence of more than the single frequency of the driver . A s seen in

Figure 10, the fundamental tube frequency seems to be excited for all

dr iving frequencies . The observed shape of the jet before breakup shows

swel l ings and l igament s  t h a t  are f a r  f rom s inuso id a l . Neat’ breakup, non-

4 
linear behavior is necessarily important , w h i l e  the perturbation flow
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t h r oug h t h e orifice is still an uncertainty i n  the a n a l y sis . The 20 t ’

25 percent d isagreenient between theory and observati on at 20 kHz, w i t h

the  observed v a l u e s  low , is p r o b a b ly  a reasonable ic i l i -c t  i on  of  t h e  st a t

of t h i s  t e c h n o l o g y .

I t  should  be noted t h a t  t h e cr itic al  ink  prope rt ie s f o r  j e t

b r e a k u p  a re  s u r f a c e  t ens  ion and d e n s i ty .  S u r f a c e  t e n s i o n  f o r c es  ~ au s e

the i n i t i a l  p e r t u r b a t i o n s  to grow;  as they grow , i n e r t i a  of t i t e  f i e l d  is

overcome . Separ a t  ion point data were taken for the ink with h i g h e s t

s u r f a c e  t e n s i o n  (16—6000 ) and lowest s u r f a c e  tens ion  (16—1000 ) , w i t h

d e n s i ty  n e a r l y c o n s t a n t .  The results showed a d e c r e a s e  ol 20 to 10 pt-i -

cen t in separation distance as a function of crystal voltage lot’ the hi gh

s u r f a c e  t e n s i o n  ink . V i s c o s i ty  p l a y s  an i n s i g n i f i c a n t  role in  j e t  break-

up and is not i nc luded  in the  model , f o r  the same reason t h a t  i t  was

neglected in the JETPER theory . Also , Ray leigh has stated that the

ab il i ty to r e g u l a r ly break the jet into uniform drops is evidence ol the

u n i m p o r t a n c e  of v i s c o s i t y .

In  the ink j e t  p r i n t e r , the charg ing e l e c t r o d e  covers a d i s t n - t

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-third s of

the  e l ec t rode, as explained in Section III—D—5 . Thus , SEPDIS subroutine

t e s t s  the  s e p a r a t ion po in t  p r e d i c t ion . If it l ies within this region ,

it is accepted ; if not , separation point is set at  the  m i d p o i n t  o f t he

charging electrode. This is justified , since the separation point li st

l i e  near  e lec t rode cen te r  in  any  p r i n t i n g  con f i g u ra t ion .

The printing head d isplays numerous jet profiles and drop

— separation characteristics , depend ing on i nk  p res su re , c r y s t a l  v o l t a g e ,

and f requency . Some of the possibilities are shown in the series of

photographs of Figure 12, wh ich illustrates acceptable drop separation ,

as well as f ast and slow satellites and irregular jet pr o f i l e - . This
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(a) P
9 = 40 psi; V 150 v , z - p; f 35 kHz; v 0 785 ips; = 224  mils; X/d 0 8.9.

~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~ 

. 

S. I

IbI P 40 p s u ; V = 8 0 v . z - p ; f 4O kHz; v 0~~~785 ips ; X 19 .6 mi ls ; x /d 0 7.8.

~~ .. ,-

(c) P = 40 psi: V = 160 v . z - p; f = 45 kHz; v 0 = 785 ips ; X = 17.4 mIs; X/d 0 = 6.9.
p.?ote mini—satellite.

4 - I  I •‘ -

IdI P9 40 psi ; V 200 v . z - p ; f = 5 O kHz; v 0 = 785 i p s ; x = 1 5 . l mils ; iJd 0 = 6 . 2
Excessive satellites.

~~~~~.. I. I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

t
Ie) P = 40 psi; V 65 v , z - p; f = 60 kHz; v .0 = 785 ips; X = 131 mi ls ; k/t 0 = 5 2

No satellites.

t t ~~~~~~~~~ • • • • • • ~~~~~~~~~~
- 

.1w -

If ) P
9

40~~ s i; V 80 v . z - P ; f 60 kHz; v~0 785 i~ s ; k = 1 3 . 1 mi Is ; x /d
10 52 .

One mini—satellite present.

H ~~~~

- 

_ _ _ _ _ _ _ _ _ _ _ _ _ _-N

(g) P9 40 ps i; V 65 v , z - p ; f 65 kHz; v .0 = 785 i p s ; N = 1 2 l m i l s ; x /d 0 = 4 . 8.
Fast satellites.

SA 205b 424

FIGURE 12 PHOTOGRAPHS OF DROP FORMATION
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(h I P = 4 0 p s u ; V =  100 v , z - p : t 65 kHi ; v 0 785 ips ; .~ 12.1 mi ls ; .’ /d 0 = 4.8.
No satellites.

11111U1P4111P4 ‘S 4 4 • S S*  —

(if P — 4 0 ps i; V 120 v , z — p ; f = 8 0 kHz; v 0 785 ip~ \ 9 8 m u I s . - 1u1 1 - 3.9.
Slow satellites.

•••• • • • • • •  I S S ~~ 
~~

(
~) P = 40 psi; V = 35 v , z p; f = 111 kHz ; v 0 = 785 ups; k = 7 1  mil s ; A/ d 0 = 2.8.

Break-up beyond Rayle igh ’ s regime .

• I I I • •‘.-~~~
-
~~~~

-
~~~~~~. —

1k ) P 30 psi; V = 80 v . z — p; f = 50 kHz; v 0 = 660 ips; x = 13.2 mu ls; k/d 0 = 5.2.
One mini—satel l i te present

Ill P9 = 2 0 p s i ; V = 1 0 0 v , z - p ; f = 6 0 kHz; v 10 = 520 u P s ; x = 8 . 7 miIs .~~/d 10 = 3.5.
Two slow satellites.

(ml P~1 = 2 0 psu . V = 1 4 0 v , z - p ; f = 5 4 5 kHz; v 0 = 52O u p s A 9 5 m u I s . /d 0 3.8.

— - ; - ~M -. -.~~~ . - - ~~ -‘ !~-~i~1.
I SsppsssS*s*~~..a.iussSsa$ ujj .~~~ ~

- 
-r

In) P 20 ps 1; V 65 v , z - p ; f 69 kHz ; v 0 520 ups . X = 7 . B mu ls; A/ d 0 = 3.0.
Slow satellites.

SA 2055 42H
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(o) P 3O psi; V 65 v . z - p ; f 69 kUz; v
0 660 ips; A 9.6 muls: A/d 0 3.8.

(p1 P 40 psi; V = 65 v , z - p; f = 69 kHz ; v 0 = 785 ips; A = 11. 4 muls; A/ d o = 4.5.

SA- 2055 -42C

FIGURE 12 PHOTOGRAPHS OF DROP FORMATION (Concluded)

i l l u s t r a t c - s a c r i t i c a l  a spec t  of  i n k  .j e t  p r i n t i n g . N a m e l y , t h e  oper ating

p o i n t  m u s t  be chosen  w h e r e  j e t  b r e a k u p  is a c c e p t a b l e .

An a t t e m p t  was made to d e f i n e  “a c c e p t a b l e” dr o p  t i - i c i t i o n .

F i r s t , t he  s e p a r a t i o n  p o i n t  had to l i e  w i t h i n  t h e  c h a r g i n g  e l e c t r o d e .

Second , no more t h a n  f i v e  s a t e l l i t e s  were  a l lowed  a t. any i n s t a n t , a l t h o u g h

e i t h e r  f a s t  or slow s a t e l l i t e s  we re pe r m i t t e d . O bse r v at  i ons  of drop fo rma-

t i o n  q u a l i t y  were  ttade d u r i n g  d a t a  t a k i n g . C o n d i t i o ns  of a c c e p t a b l e

p e r f o rmance  were t h e n  mapped ou t , as in Fi gure 13. Additional maps  are

found  in the Data Package .

The p r i m a ry  cause  of u n a c c e p t a b l e  d r o p  f o r m a t i o n  was  the p1’es—

ence of s a t e l l i t e s. I nder  most c o n d i t i o n s , t he  jet p e r t u r b a t i o n s  w ou l d

grow i n t o  p r i m a ry  nodu les  connected  b y t h i n  l i g a m e n t s , as 51- I -n  earl ic - c in

F i g u r e  12 . The 11 gamen  t. w o u l d  f r e q u e n t  lv s e p a r a t e  at both end s and t h i  - i i

move to combine with either the lead in g  or t i a l l  i ng  d r o p .  o c c a s i o n a l ly

j t h e  s a t e l l i t e  w o u l d  r e m a i n  b e t w e e n  the m a i n  d r o p s  f o r  a l a r g e  d i s t a n c e .

The f o r m a t i o n  o f  f a s t  and s low s a t e l l i t e s  i s  shown i n  F i g u r e  IL ‘rhi-

r e l a t i v e  v i l o c i t y  o f  t h e  s a t e l l i t e  i s  i a c c - d  to the end of t h e  l i g a ; ; i e n t

t h a t f i r s t  sepa r a t e s , and  i t  is caused by ii m o m e n t a t - y  i m b a l a n c e  o f  s u r —

f a t -c I t - n s  i nn  f o  i ce s  . A s dr  ivy  f rcqt~ency inc i t  -a set) , t he sa t i ’l l  i t  c-s a t h u

I
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JET D I R EC TI ON

a-

(a) MAIN DROP WITH LIGAMENT JUST BEFORE SEPARATION

JET DIR ECTION

Ø o ~~~~~ o~~~~~
/

R E L A T I V E  SATE L L I T E  V E L OCITY

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

JET D I R E C T I O N

c ° c —..°_c
R E L A T I V E SAT E L L I T E  V E L OC ITY

(cI SL OW SATELLITE CONDITION. DUE TO INITIAL SEPARATION AT
POINT V

54-2055-15

FIGURE 14 FAST AND SLOW SATELLITES

s m a l l e r , u n t i l  t hey  were e s t ima ted  to be 1/10 to 1/20 of the  dro p d i a m-

• 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 . S a t e l l i t e s  had to

be either fast or slow and quickly join the main drops so that they

would not be forced apart in the deflecting field .

The presence of satellites has implicat ions in ink jet printing ,

si nce they are u n d e s i r a b l e .  An attempt to define the conditions for

satell ite presence was fruitless , so t h i s  could not be included in the

program. Thus , SEPDIS subroutine will predict a drop separation point

4
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f o r  any  imposed cond i t i o n s , b u t  t h e  p r i n t i n g  s y s t e m  Use s’ m u s t  ex p e r i s i e n —

tall y ve rif y the acceptability of the operating point . \‘a r lt t l ,ns in

d r op f o r m a t i o n  and s e p a r a t i o n  p o i n t  w i t h  d i f f e r e n t  p r i n t i n g  head a s s e n t —

bl ies are- also expected .

The s tud y of drop  f o r m a t i o n  pro v ided l im i ts on seve r a l  o p e r a t i n g

p a r a m e t e r s .  Pressures exceed ing 80 ps i were  not  used , because- (1) at high

p ressure , j e t  v e l o c i ty  is so hi gh t h a t  t i m e  fo r  d e f l e c t i o n  is l i m i t e d ;

( 2 )  the  c o n d i t i o n s  u n d e r  w h i c h  d rop  f o r m a t i o n  is a c c ep t a b l e  a l e  less

common a t  hi gh velocity; and (3) the ink supply system is more l i k e ly  t o

f a i l  at hi gh pressure . Pressure level is tested in DATIN subroutine , and

a wa rning message is printed for pressure levels ove r 80 psi.

Crystal voltage is limited to 200 volts , zero-to-peak. DATIN

also tests this inpu t value and can deliver a warning message . Thi s

l imit is set by the observation that voltages from about 150 to 200 volts

usually did not apprec iabl y improve drop formation or shorten separation

d i s t a n c e . Also , hig h voltages were more likel y to produce an irregular

j et profile and satellite formation was more sensitive to small voltage

changes .  F u r t h e r m o r e , the ampl ifiers used in experimental work had dit-

ficulty providing high voltage , hig h frequency output.

Drive frequency is limited by the requirement that —

w � l

Therefore , SEPDIS subroutine tests w and terminates the program if the-

comb in a t i o n  of f r e q u e n c y  and j e t  v e l o c i ty  is too l a rge . Figure 15 shows

t h e  a p p r o x i m a t e  f r e q u e n c y  l i m i t  as a f u n c t i o n  of supp l y p res su re . Soii e

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

has been observed .

44
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F(GURE (5 PEAK OPERATING FREQUENCY
V E R S U S  SUPPLY P R E S S U R E

When SEPDIS s u b r o u t i n e  is comple ted , co n t r o l  is i - c - t u r n e d  to the

e x e c u t i v e  r o u t i n e .  The e x e c u t i v e  p r i n t  c o n t r o l is checked and an o u t p u t

of drop characterist ics can  occur . C o n t r o l  t h e n  t r a n s f  er s  t o  C HARGE

s u b r o u t i n e .

5. CHARGE

In the ink jet printe r , the area near tile drop separation point

is  s u r r o u n d e d  by a c h a r g i n g  e l e c t r o d e . W h e n  a v o l t a g e  s i g n a l  is d e l i v e red

t o  t he e l e c t rode , it causes a charge of opposite polarit y to be induced

in the  c o n d u c t i ve -  j e t .  When  the  d r o p  sepa i’a tes  f r o m  the  le t , i t  c a r r i e s

t h e  induced  cha rge  w i t h  i t . C o u p l i n g  to the drop being formed is capaci—

t i ye S u b r nu t  inc  CHARGE is used to compute  the  q u a n t i ty  is! c h a rg e  t h a t

w i l l  be (J eposi  t e d  on each  d r o p  to be c rea ted  in  the  c o mp u t  i - i - run . —
- 13



The charge induced on a drop is affected pt i -na i i  l v  by the

c h a r g i n g  electrode gap and voltage . Gap is the  spac ing be tween the vet-

tic a l  l eaves  o f the e l e c t r o d e. The charg ing configuration is shown in

F i g u r e  16. Induced charge is also affected , bu t to a lesser degiee , by

o the i~ f a c t o r s  such as the charge  on p r e v i o u s  d rops , p r e s su re  of the  f l u i d

s t r e a m , and m a g n i t u d e of the  d e f l e c t i o n  f i e l d . N o t e  t h a t  the  c o n t i n u o u s

p o r t i o n  of the  ink  j e t  is grounded by i t s  c o n t a c t  w i t h  the  me tal ink

s u p p i v  tube .

~~~~~~~~~~~~~~~~ J~~~~~~~~~

fNT

~NG

~~~~~ C H A R G IN G ELECTR ODE~~~~~~
FR ONT V I E W  ‘ SI D E  V I E W

SA-2055-35

FIGURE 16 CHARGING STATION

To d e t e r m i n e  the  e f f e c t s  of the r e l e v a n t  p a r a m e t e r s , two method s

were consid~ red for developing an anal ytical model for drop charging . In

the  f i r s t  method , the  n u m e r i c a l  s o l u t i o n  to Lap lace ’ s e q u a t i o n  in the

volume of interest would be obtained by r e l a x a t i o n  a l g o r i t h m s . Since t h e

geome t ry i i !  the charging conf iguration is relativel y complex and the corn—

p u t i n g  a l g o r i t h m s  i t e r a t i v e , t h e  a m o u n t  of computer core memory and the

time required for a s o l u t i o n  s l I g g ( - s t ( - c f  t h a t  t h i s  was no t  an a c c e p t a b l e

method for calculating t Oo - induced charge .

The se -ond method  • wIt ie ’ h Wa s used i n  f o r m u l a t i ng  the  s u b r o u t i n e ,

consisted of cor i-i - c t ing an dpprox lhhl.ite closed form analytical solution to

L a p l ac e  ‘ 5 e q u a t i o n .  The i r r e c t  ion to the approximate model was (ibta m e d

46
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by f i t t i n g  cu r v e s  to c x p e t ’ t i i i e t i t a l  d a t a .  ‘ the t j i p i i i x l r u . a t i -  ut , - h - 1  c - h —o tt

Was  tit le t l5c- d  b\ Swee t  - -

Sw ee t ’ s m e t h o d  f o r  c a l c u l a t i n g  t i le i ncluced c h a t - g e  wa s  to a s s um e -

a c h a r g i ng capa citanc e- and m u l t i p l y  t h i s  by the  c h a i - g i n g  v o l t a g e . l i i i -

c h a r g i n g  c a p a c i t a n c e  was  modeled a f t e r  a cy l i n d r i c a l  c o n d u c t o r  ol d i a m —

e t c  t- d - ( - e l i t e  red be t  wue n two i n  f i n i t e  (- o nd (let  ~ ng planes w i t h  spa  c - i t t  d
N

t h e  p l a n e s  a r e  a t  t h e  same p o t e n t i a l  - The c a p a c i t a n c e  p e r — u n i t  l e ngt h

was  n u l  t i p l i ed  by one w a v e l e n g t h  ol  j e t  d i  s t u t b a n c e  , , to ob t. in t he -

c ap a c i t a l R - e  t h a t c o n t  t i b u t e s  to t h e  c h a r g e  on b i l l y  d r o p .  The m o d e l  thus

;issIlllles t h a t  a eul i turin distr Ibuted chat- ge is on t h e  c y l i n d r i c a l  c o n d u c t o r .

T h i s  moc(el is an a p p r o x i m a t i o n  since the a c t u a l  cOcc i. t o d e  is

finite in s ize  and t h e  c e n t e r  e l e c t r o d e  ( t h e  j e t )  is n o t  a s m o o t h  cv !  i n d e r .

The-se t w o  deviations f rom t h e  model  are no t  severe  e n o u g h  to n e c e s s i t a t e

a tiioci if Lct~( t i~ i ll of t h e  model . Th e- s i g n i f i c a n t  d e f i c i e n cy  of the model I s

t h a t  i t  does  t o ,  t a l l o w  f o r  a n o n u n i f o r m  charge  d i s t r i b u t  ion . II t h e

c h a r g i ng v o l t a g e  is ti le -  same b r  each d r o p  ( i .e . ,  s t e a dy — s t a t e  o p e r a t i o n ) ,

t h e n  t h e  ef  l e t  ive cha rge  p e r — u n i t  l e n g t h  w i l l  be t h e  s a l u t e -  as in Swee t ’ s

model . I I , ht ,w e-ve ,- , the  c h a r g i n g  v o l t a g e  changes  f r o m  d r op to d r o p,  t h e n

t h e  c a p l iv c  cha rge  w i l l  va i ’ v . When  t h i s  c o n d i t i o n  occu r s , t he re  is no

longe r a u n i f o r m  c h a r ,be d i s t r i b u t i o n  a l o n g  the  c e n t e r  e l e c t r o de -  and Sweet ’ s

model  f a i l s .

• W i t h  a nonuniform charge  d i s t r i b u t i o n, tile e f t e - c t  of c a p a c i t a n c e

be tween  a n e w l y formed drop and the  n e x t  one to s e p a r a t e  can be o b ser v e d  -

If a single drop is g i v e n  a cha rge , and t h e  c h a r g i n g  v i l l a g e  f i t ’  t h e  I i —

l o w i n g  d r o p  is zero , t he- f o l l o w i n g  d r o p  w i l l  be found ttt c ar- v a snua l le t

c h a r g e-  o f  opp osite- s i g n  to t h a t  ni t h e  f i r s t  d r o p.

Swe e t s ut ‘dc I was  m o d i f i e d  b y o b t a i n i n g  expc r t m en t a  1 d a t a  a

by d e r i v i n g  s o l u t i o n s  to l a p l a ce ’ s e q u a t i o n  f or  other e l e c t r o d e  con! i g ; t i - a —

t i n t s  s~u - u  i f  i c a l l y , t h e  c- ,n f  i g u r a t i t i t i s  t h a t  w e- i - c- cott sid,- i- ,- d ac-re two

- 17
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equal—si L e t )  conduc t i iig spheres u t  f r e e space and one concluc t ing  sphere

b e t w e e n  t w o  i i i f i n i  t i  c o n d uc t i n g  p l a n e s .  Tile r e l e v a n t  c a p a c i t a n c e s  I or

t h e s e  tw o  c o ni  ig u rat i o n s  wet-c appl  ied to Sweet • s model , and t h en  an

e m p i r i c a l  c o rr e c t  con I a c t o r  was g e n e r a t e d  to f i t  t h e  u - c - s i i l  t in g  model  to

tile e x p er i m e n t a l  d a t a .

The a n a l  y t  i cal  model  f o r  the  cha rge  ind ite -e d on the  i — th d rnp,

q ,  is of the f o r m
1

q = — CV ~ — F (q + C V )  — F , (q  - I V )  -1 i 1 i — i  1 2 1— 2 1

w h e r e

C is  tile primar y e l e c t r od e — t o — j e t  c a p a c i t a n c e  d e r i v e d  f r o m  S w e e t ’ s
model

q Is tile charge on the (i—1)th drop,
i — i

q is the charge on the (i-2)th drop,
i— 2

V . is the cha rg ing vo l t age  f o r  the  it h  d r o p ,  and
1

F and F are r a t i o s  of c apac i t ances  of the d rops  and e l e c t r o d e s .

The d e r i v a t i o n  of  th is e q u a t i o n  and the c a p a c i t a n c e  models  is desc r ibed

in A p p e n d i x  C , CHARGE Theory . B a s i c a l l y  t h i s  model  i n d i c a t e s  t h a t  the

c h a t - ge- i n d u c e d  oil tile i t h  d r o p  i s  tOt e produc t o f  C and V . Th i s  p r o d u c t

is  the  s t e a d y — s t a t e  cha rge ; When  the s y s t e m  is  in a t r a n s i e n t  s t a t e , t h e n

t h e  s t e i d  —state charge m u s t  be c itnpcnsa ted accord ing to the  charges  on

t h e  lw pi’ -i-e d i ng  d i’ops , q 1_ 1 and q 1 9 . T h i s  c o m p e n s a t i o n  is in the f o r m

of t O t e  d i f f e i ’ i - t ~~~e h c - t w i - i - t  t h e  st - a d y — s t a t e  cha rge  and t h e  two p r e v i o u s

c h a i - ~y - - s u n ( - i -  t O t e  (~~
‘
~~~ w i l l  he n e g a t i v e  f o r  p o s i t i v e  c h a rg i n g  v o l t a g e .

and F ,, s c a le  t i l t -  d i f f e r e n c e -  to tile proper  m a g n i t u d e , as d e t e r m i n e d  by

s uch  f i c t ~~~’s a s  d r o p i-tile ( f , d r o ps i  s e c o n d ) ,  e l e c t r o d e  gap  (d x ) • and j e t

4 (1 i , i b t l i - t  i i  (d
l i i
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Tli c e x i t c - r i T i e i l t , t i  cOil(i i t l u l l s  cuidi’ u v.’h i c - i t  t b  u - j - W I  h a s  I n - i - i t

veri lie- d are :

• l- r e q u eu l c V  • f , w a s  v u u - i  i - c f  f r o m 2G . ~ t i  51 . 5 k Ili .

• (‘ha i g  i ui g c - l i - c t  i’ode spacing, ci , W a s  V o i  t i - t i  I i -  i t t  l I t
x

to 100 H i l l s .

• Cha rg i ng voltage- , V , w as v a r i e d  I t u t u  0 to 1( 1 ) )  v o l t s .
1

• Gage p u ’ c - s st i r e  of t h e -  ink  was  kept  constant C i t  30 p s i g .

• D e f l e c t i o n  p l a t e  a n g le -  wa s  varied l i ’ t t nt 0 t o  21) d c - g t e - e s .

• i)e f l e c t  ioil p l a t e  v o l t a g e  was v a r i e d  f r o m  ( I to — - I  kV ,

The ye- i - i  I i c - a t  ion p r o c e d u r e  compared  t h e  h u t e - a s u  i - i d  I nd h i t - i t i

c ha rge  on m d  i v i d ua  1 d rops w i t h  the  cil a rge as i - a  he - u la t e d  b t h e -  u t t i , h  c-I

T Ot e  s t e a d y — s t a t e  c h a r g e s  were  a l s o  compared  - Charge-  w a s  d e t e - i - t u t u t i e t f

e x p e r i m e n t a lly  by m e a s u r i n g  til e c u r r e n t  caused by tile 1110(1  ng c h a r g e s  and

t h e n  d i v i d i n g  by t h e  f r e q u e n cy  a t  w h i c h  the  d r o p s  a re  charged . I - - i-

s t e a d y — s t a t e  o p e r a t  ion , t i l i s  f r e q u e n c y  is f , the rate at which drops a re-

fo rmed , s i n c e  a l l  d rops  a re  charged . I I  onl y one of eve i v  2 d r i p s  W e - i c

charged , the  d r o p  c h a r g i n g  f r e q u e n c y  was 1 - 2 - 1 .

The e f f e c t  t h a t  each of the s i x  p a r a m e t e r s  had on d r o p  c h a i - g i n g

and t h e i r l im i t a t ion s is d iscussed  below .

• F r e q u e n c y — — T h e  charge  induced  per d r o p  is r o u g h ly  propor-
t i o n a l  to t i le i n v er s e  of f , p r i m a r i l y  b e u- au s c- the  charg ing

c a p a c i t a n c e , C , is d i r e - c t  l y  p r o p o r t i o n a l  to ~~~, the l e n g t h
o h  t he  j e t  s t r e a m  t h a t  f o r m s  one d r o p ,  and X = 

~~~] t )  ~~~,

The f r e q u e n c i e s  used in  the  experiments we t-c limited to

t hose  a t  w h i c h  s t a b l e  d rops  cou ld  be f o r m ed  . I i so t e l l  i t c-s

f o r m e d  a t  a p a r t i c u l a r  f r e q u e n c y , t h a t  I t c q u c i l c v  w t i u l d  be
used o n ly  i f  t l t e -  s a t e l l i t e s  re fo r m e d  w i t h  t h e  m a i n  d r o p s
i n  l e s s  t h a n  f o u r  d r o p  sp a c i n g s  , -\ Iso , t i le s a t e l l i t e -  had
to he ci) i lne c  ted I t ,  t h e  m a i n  d cop a t  I) i c - a k —  - i t  f . Drop
f t , i t ; t a t i o n  was no t  too i- i - l i a b l e  i t  f r e q u e n c i e s  t i i ’l o w  about

2G ki lL . \ t f i e  q I l e t t c  i r s  above a b o u t  32 kHz , d r o p  t o t ’ u t t —
l o t  was mo i-c suscc-pt i b l e  to s m a l l  v a i - i ,l t ions  in operating

d 

coitd i f i n n s .  b ite I r e q ucn c v  r a n ge-  f i-ont  2G t o  32 k l i .’~ w a s

t h u s  ch o s e n  h i t -  I ( ~~ t fo g  t h e  l t o d i ’ l

- ‘9
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l- i’equencv has  an i m p o r t a n t  role in  d et e r m i n i n g  the  c f  I c - c t
iii p i.e- c- i ous drops  on a d rop be i ng cila rged . S ince  k = v~~0 - f
frequetncy determined the distance between drops and thus
the  in d u c t i v e  capac i t ance  between drops .  I t  was de te rmined
exper i m e n t a l l y t ha t  the capaci tance between nonadjacen t
drops  could be neglected if there were more than one drop
between them . Thus , onl y the two previousl y charged drops
have a s i g n i f i c a n t  i n f l u e n c e  on a drop be ing  cha rged .

A t  t he  lowei-  f r e q u e n c i e s, a drop a t  b r eak -o f f  was no t
i m m e d i a t e ly  sp h e r i c a l  but  r a t h e r  e l o n g a t e d  and cy l i n d r ic a l ,
as seen in Figure 12 . Since the inductive capacitance was

modeled on spheres spaced X a p a r t , a co r rec t ion f a c t o r  was
introduced to model the effective separation as a function

of frequency.

C h a r g ing  E l e c t r o d e  Sp a c i n g — — C h a r g i n g  c a p a c i t a n c e  C is
i n v e r s e l y p r o p o r t i o n a l  to the  l o g a r i t h m  of e lec t rode
spac ing .  Thus , induced charge is roughly related in the

same nannei . A t  cl ose spac ing  the  f i e l d  s t r e n g t h  was
hi gh enough to cause satellites to form w ith only moder-

ately high charg ing vo l t ages . This effect was acceiltuated

at low frequencies , since drop diame ter and ~e increase
with decreasing frequency. Figure 17 shows maximum allow-
able charg ing voltage as a function of electrode spacing .

I f  d rop  f o r m a t i o n  is m a r g i n a l , a h igh c h a r g i n g  v o l t a g e
can seriously d isrupt jet breakup . The charg ing e l ec t rode
a l so serves the im p o r t a n t  f u n c t i o n  of sh ie ld ing the  jet
f r om s t r a y  f ield s , such as the  d e f l e c t ing field . Gener—

L ally , the  s m a l l e r  the d
x~ 

the more comp lete is the shield-
ing effect.

Charging Voltage—-Induced charge is linearl y r e l a t ed  t o
c h a r g ing voltage . As p rev ious l y noted , a n excessive
charging voltage could cause satell ites to form . For

single drop charging , the maximum pulsed charg ing voltage
S available was +400 volts; therefore , the model has been

ver i f ied onl y to that value .

4
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F I G U R E  17 M A X I M U M  C H A R G I N G  VOLTAGE AS A FUNCT I ON OF
E L E C T R O D E  GAP

Ink Supply Pt’essure—--Ink supply pressure was kept at 30

ps ig  t h roug ho u t the  ver i f ica t i o n  pr oce d u r e . Varyin g i t

would mean tha t an i t i c - i c - u s e in  pressure would restil t in

an increase in jet velocit y , and v ice vci’sa. Since

i s  d i r e c t ly  p r o p o r t i o n a l  t o  v e l o c i t u  f o r  a c on st a i l t

frequency, the ind ite-ed charge w t i u l d  i etc reuse - The

exper imental variation in t- was realized by v a r y i n g

frequency rather than by adjusting pressure .

De fle c- t i - a t  P l a t e  A n g l e — — T u e v a l u e -  o f  t h e  d e f l e-c t  ion

plate- ang le had a meg Ii g i b i  e i -fle e t on the  an t - )u i l t  o f

c h a r g e  ind uced • pii nt ari ly  h e - c a u s e  tile m o v a b l e  p l a t e

wtt ~ a t  ground potential. Thus it was not nece su—al-y t u

4 includ e plat e angle as  a p a r a m e t e r  ill t h e  m o( ie l  -

31
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Deflect ion Plate Voltage——The effect of the deflection

plat e voltage was to reduce induced charge , because i ts

polar ity was opposite to that of the chat-ging potential .
Since it is a dc voltage , i t ind uces an equal  cha rge  on
a l l  d r ops . Th is effect may be compensated si m p l y  by

chang ing the baseline level of the charging voltage to

a sl igh t l y posit ive value to offset the fringe field of

the  de f le ct ion plates. Figure 18 is a plot of the ratio

of compensat ing charging voltage to deflecting voltage

as a function of electrode gap. A t low values of d , the

e f f e c t  is negl ig ib l e , but at large spacing, the defle cting
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FI GURE 18 CHARGING VOLTAGE COMPENSATION FOR DEFLECTING
F I E L D  EFFECTS
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l i e - I d  e - I h t - - t i s  s i g t i i f i t - a n t .  T h i s  c - f  h i - i t is also

it’ cu l t i &-llc\ dc- pcil(ICil t - h - i g u t - ~- 1)4 .-~I,ows th e - w o r s t  c a s e - s
-t t -nuntet -ed , ge t t - i t l i v  ~i t  1, w I l - - q uen c  i i  s .

Si ll ,- the- c-I l i - c t of li- f  let - I  i n g  H i - l e O  is  t - a si h y  i - u n t t i - t t t — , i t C d
by au adjustm ent oh t h e  c h i i g i  ng s i g n i h  b a s e l i n e , the

model  d oes not i n c l u d e -  a c i i t’ ec t i on  l a e - t~i i -  -

The reseil t 5 of t lie anal v t H_al and i - ~~pe- r I mi tt  t o !  w- - rk i i  - 1  a t  i’d t o

(I cop cil a rg i n g  , w h i c h  y ie tOed tile equations at the beg inning of t h i s  si - c - —

intl and in Appendix (‘ . a t e -  d i s c u s s e d  in  t i l e  f l  l u i w i  ng p a r a g r a ph s .

N o error s g t ’ e a t e - u t i l a i l  10 p erc-eit t w e t i -  c - i l c - o u n t e r c c l  wh en  m I t t —

p a r i n g  t i l e  p i- e-d i e t e d  ( 110 1) e b t a  m gc-  a - i  t h t h e -  inca sured el la  i-ge- f - i r t i l e  pa t O n t —

e l e c t s  i n  t h e  rang e-  of e t i f  i c a t io n , In general , t h e  C 1 t i ) t ’ S  we re in  t f i c -

r ange  of 2 to 5 p e r c e n t .

The  large- st c-r t - uu rs t ended  to  be a t  l ow I i c q e i e n c  ic- s and with

s m a l l  e l e c t r o d e s p a c i n g . U n d e r  t i lese cond i t  ions , t h e  1i~~~ t 1 C I  1 drop shirpe

d e p a r t s  si g n i f i c a n t ly  f r o n i  a sphe re  and t h e  inductive capacitance be-

tween  t w o  d rops  is d i f f i c u l t  to t t t ode l .

For p a r a m e t e r  v a l u e s  beyond t h e  range  of  v e r i f i c a t i o n , t h c

model  should  be r e a s o n a b ly  a c c u r a t e  f o r  m a n y  c ase s .  I n  p a r t i c u l a r ,

e le c t rode gap  can he a l lowed  to t ake on v a l u e s  f i - u , tt t 2t) to l It )  i n i l s  w i t h

u s a b l e  r e s u l t s  (en -n r a  l e s s  t h a n  20 pe r c e n t ) .  For I r eqt t encv  b e t w e e n  52

and 80 kHz , t h e  model  w i l l  be u s e f u l  b u t  will slightly overpredict the

c h a r g e . Charging voltage may he increased with no addition al errors

u n l e s s  s a t e l l i t e s  a re  f o r m e d .

I t  i s  e s s en t  i a l  t h a t  d r i p  f o r - m a t ion  he s t a b l e ;  f e w , i f  a n y ,

s a t e l l i t e -s are a l l o w e d  f o r  til e mode l  to be a c e - o r a t e .  I t  was  f o u n d  t i l a t

poor  d r o p  f o r m a t i o n  was  t h e  cause of most o i  t h e  p r o b l e m s  i n  c i i i  l e c t t i n g

a nd i n t e r p r e t i ng d a t a .

4
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i ’hm c e’ f l ec  I of the preced i ilg d rons on a d fop being c-ha rged was

5 j~~tl i i i  c a n t  i n  dc te rmini ng t h e  c har g e  f o r  t r a n s i e n t  o p e r a t i o n . ‘Fh i a

e f f e c t  was  t h e  most difficult to model because of the lack of exact

s i  l u t  ions t o  l a p l a c e ’ s equa l ion and the di fficul t of a -c u r a  t e l  y measur-

ing the c h a r g e  on single drops .

Tlle d ifficult y in measi~tning the charge on a single drop, when

only one of a group of 2-1 is charged , is t h a t  the  o t h e r  d r ops mus t he

totally uncharged or else tileir small charge when multiplied I )V 23 bec otm i e s

a si gn ificant part of the measured current. The best proced u re found was

to  t t h s - rve  the cit - op stream w i t h  no charging or deflectioul vi)! t age- s . flu te

its position , and then apply the desired deflection voltage , The u- c -s u i t—

ing o f fset was then compensated by adjusting the baseline of tile charging

c o t t a g e  to gi ve the or ig inal  d r o p  s t r e a m  pos i t ion . At th is point . zero

s t r e a m  c u r r e n t  should  r e s u l t .  Next , the  des i red  cha rg ing v o l t a g e  sh o u l d

be applied to the appropriate drop and the charging vol tage baseline i-c—

e-itecked f o r  its correct value . (Since the baseline is not electronicall y

independent of a cha rging voltage pulse it is necessary to reset it .)

The actua l charging voltage is the difference between the charg ing voltage

relative to ground and the baseline voltage . At this point , a few drops

f o l l ow ing t h e  s ing le charged drop will be deflected downward because oh a

d rop—induced charge of opposite polarity . This is nullified by app l y ing

tu ) t he se  d rops  a cha rging voltage sufficient to bring them back to the

or igina l stream position. The current created by a s ing le cha rged d ri)p

i n  e a c h  g r o u p  of 2-1 can then  be measured and its charge calculated .

F rom the experimental work , three recommendations can be made

regarding drop charging.

• The elec trode gap should be as small as is conveniently

set. Th is reduces t h e  relative influence of the two

prev ious d rops and provides the best shield i n g  from

o t h e r  f i e l d s .

5 ,
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• D r o p  se pa i- t i  I i i  in  shi  i i i  I d t ak e -  p 1 ti (c at th u - iid ~~O i l l  t - i f

I u t i ca - i t h u - n igh  t i t , -  c- h c- c t rode , sin ci- t lie- chat-ging

I i t - i d  is most ( i l l  i f o r m  t i l e - i - c- .

• -‘ hi gh e- h a t-ging v ti l t og - w i l l  reduce tIl e inf hu i c- m o- e of
s t u - u t y  f i e l d s  ami d t h e  c-ha m’ge-s on p m - i - \ iOu s  d r o p s .

One t e a t  i s  i n c l u d e d  ill  s u b r o c i t i n e  CHAR GE - Wi l cil a s i g n a l  is

a ~f) l ie-il to  t ile ella mg log elect rode , an m d  uced c-ha ige appea ls m ) i l  I lie- 0 cop

be i ng, formed . The time requ ired for this is a function of electt -odc -ti-

je t c a p a c i t a n c e  and jet resistance . Tile resistance of tIle J e t  d c - p e m m u i s

on i t s  d u r n e i l s in n s  and ink  r e s i s t i v i t y ,  The c i l a r gin g  t u n e  s i lni i ld  be a

sitma l I t r a c t i o n  of  t h e  t tune f o r  a d r o p  to form ( 1 f I to e - m t s u i m i  t h a t  l i i i !

cila m’ge- is dec-c loped - Charg i n g  t ime i s  c om p u t e d  in  CHARGE m i s t  ng Sweet ‘ s

methocL~ I I  t h i s  t i m e  is g t e a t e r  t h a n  0 . 2 f , a wa r n i n g  t m t e s s a g e  is

p r i n t e d , i mal i c - a t  log that ink resistivity is too i l i g h , S i n c e  a l l  t i le

- \ .  B. h )t -k i nks hi a c - c- low u’ c - s i s t i v i t c  , i t  is d o u b t f c t l t h a t  t h i s  1) t’ i u b lefli

w i l l  c - v t - i -  arise ,

A I t i - i -  (1IARGE s ub rn u  t inc is (_-omp le  ted , c i n t  rol r e t cu r -n s  t - i  t h e

c-xe e-ut c i  - t ’ou t i nec - rh i a c-one 1 tid e-s the 0 i-op for-mat uni t sect iot l  t )  I t i le

(‘omu ipti te e -dcl , al l  ich i la s ( I i -  t e n t h  tied d r op  c h a r a c t e r i s t i c s  and m i t  i al

c i - I - i i - i t v .  Th u e - u-i- m a i utdc- r of the pt-ogramit deals with d r o p  b a l l i s t i c s. I t

s hou ld  h e - m i n t  ed t h a t  i n k  p u - ip ~- r t  ic- s p 1 a~- a role  o n ly  in  the  d rop fo rma —

t i m  s t - c t i~~~~u , ( l t t i the il l - -ps am - c- I o r m m r e d  and c h a r g e d , t i l e i t ’  b a l l i s t i c

b i e - h a v i - i r  i s  i n d c - f t u - i t l i e - ul t n i  t i l l  i t lk p r op e t ’t i c s  e x c e p t  d e n s i ty , w i l i c h

( I i - t , - I ’ t t i i l u i - 5  h u mp 111055 .

The - 5 1 - C U t  i c - i - u ’t i l i  t m ile pt rf orni a s i - c - i  - t -~ i 1 f um l c - t I - i n s  he t i m - c- c- al  1! ng

I he t i i - ~~ si t  l u -  - I l  I i nc . I - i m s t  . i t  l u l l  t i-s a I i nc  i n  I i - r v u i  1 f - i r i t lc i c n t i - n t  i rig

the i i  t o ps I - iwo i -I  the pr  l i l t i r ig a i m  u i  a c - c -  T h i s  i s  i i i  i t  i a l l y set it 1 I

Then , a uoti n t e- m , N Il’S . i s  s t - I  I - -  ,‘ o - i - I ,

\ t  t I n s  p 1 1 1 1 1 , l I t , -  l oop  t o m -  f o l h t i w i n g  f i t , -  b a l l i s t u c -  lw h a v j u m -  oh

4 l h i e-  ~j i - ~~~~ i s  - i t b i - m - , - i f  . \ t e  a t  a i t h i u t  t h e  loop - l i - t c - t ’ m i m i c - s  i t  a l t  t he-

33
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dc-si red d u ’ m i p i —  mac- c- lie-c-n c- i-i_mated . If t h e y  have uim , t , t h e  dro p m o u n l c - i’

\h”l S I inc reu uic l l  ted h~- 1 amid CREATE s u b r o u t in e  i s  ma l i e d  , wh i cii c - i - i _ m a t e - s

- O i l -  ur i c) m e -  d no)) - F’ r’oIui t h e t a -  , the deflecting , repe u Is I cc- , a uud  ui_c rod vnatii i c-

h - m t ’ ~~e s  nil a l l  i - x i s t l n g  d r o p s  a t e  couuipu t ed  . i- ach t i l t m e -  t f i n m n i g h t i l e d u m p

b a l l  i s  tic’s loop, art add it inna 1 0 mo p is d i e C i  ted , until MAXPTS d r ’ ui p s c - x i s  I -

Once t f t c -  des i u’ed nu m b a  m - of d rnps  has  been cu-eated (NPTS =

‘m l \ \ l i ’h ’S ) , CREATE subrout i lIe i s  no longer  c a l l e d . .-\ t e s t is pci ’ !  oi’mcd t i m

se-c I I an~- drops s u e  n e a r  tie print ing  surf ace . I f  no t , a l nm t g e r t m c -

I i c - m i _ - t m - I t t  (5 f) is used for increment i rig the drops . I I  any  d i-m ips m m - t-

u - a  i’ t he s u r f  ac-c ’ , t lie t u ric i ulcrerrien t is again s e t  t - i 1/I . \ I I i  - r t lie- t i m e -  —

i i l l  c u -va  1 c h e c k , the suhrout i nes to cc mpute lt )rc-c-s u n  t he ci u - t i l l s  0 i i ’  t t c t m  i n

ti c— co -

-i I t e n  the forces on the  d mops hac-e been found , the- correspond iu~g

a m - c e  h e r a l  i o n s  a r e  d e t e r m i ned , Then , t i le  v e l o c i t y  and p t m s i I i nn  a r e  i n c - u - c —

men t e d , I n  t h i s  way , the  d r o p  ball istics loop steps the drops through

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

F i g u r e  2 , snd is further discussed in the following sections ,

6. CREATE

A s shown in the flowchart , Figure  2 , CREATE subroutine is used

t o  cre a te  an ink d r o p  and initialize i t s  st a t e  vec to r . CREATE is used

to form one drop each time through the drop ballistics loop, uu ltil

MAXPTS ncu mbe r of drops has been formed . When t h i s  p o i n t  is reached ,

( ‘ l lF . \TE is n ot ca l l ed  on aga in , and the e x i s t i n g  d rops  c o n t i n u e  t m  he

i n c r e m e n t e d  th ro c ig h space to the  i m a g i n a r y  p r i n t i n g  s u r f a c e - . The v a l u e -

u)f 1L-\XI~TS is set via a user—made punched card in t he  execct t Idc - m’ - u t i t i n c .

Prope m -ties of all existing drops ti m_ c cu )iltaim led in a s t u t e -

vec t ni’ . ‘rite st ate vector is an a u-ray in  the form ST,-\TE (I , -J) , wh u ,- u c -  I

4 i s  ou t integer’ between 1 and NPTS and •J is an intege r bet w ce-mt 1 a mid 11 .
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1 m e t e r s  l u  t h e  m l u u m i b c m -  of a d m’o p ;  J u - c - h e m - s t i  v a r i o u s  p u ’n p e t ’t i e s  of the

I— tb drop, For’ examuip le , STA h i- (1 , 1) 15 tile x—c oo rdi u iate of th em d t ’ t i p ,

S i t i l i  la  u ’ l  V

= 2 i- c fe i- i-- t m  the ‘i’ —coc,i’ol jut-a Ic- of the ci i - p

J = 3 r e t er s  to the i—coordinate of the drop

J = -I rele i’s to t h e  x — c m u u n p o n e n t  a t  ye loc i  ty  of the drop

J = 5 r e f e r s  to the  v - c o n t p o n e n t  of v e l o c i ty  m l  t he  dro p

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

J = 7 re f e r s  to the x — c o m p o n e n t  of a c c e l e r a t i o u l  i)f t he  d r o p

J = 8 r e f e r s  to the  — c o m p o n e n t  of a c c el er a t i o n  of t h e  d r o p

J = 9 re f e r s  t t )  the  z—componen t  of a c c e l e r a t i o n  of the  di ’np

J = 10 refei’s to the electrical charge of the drop

J = 11 r e f e r s  t )  t he  e l a p s e d  t i m e  in  f l i g h t  fro mui  the  o r i f i c e
tt u the  present drop posit iorl .

The -~i u m ’din ate- directions eused in the cl r’op ballis tics section

of  t h e  p r o g r a m  a t e -  shown i n  F i g c u r e  19 in  w h i c h  x is t h e  d i re c t i o u l  of t h e

jet as i t  l e a v e s  the  p r i n t  j og  head ; y i s  the v e r t i c a l  d i u ’ c c t i o n , pe r ’pen —

d i c u l a r  to t b -tc lc,wer deflection plate ; and z is t h e  d i r e c t i o n  m u t u a l ly

perpend ic u l a r t o  x and y accord i ulg to tile r i g h t — h a n d  u ’ ul e . D u r i n g

¶ C I JE A TE , a l l  the  p o s i t i o n , v e l o c ’i ty , and a c c e l e r a t i o ul  cnm p c)n e u lt s  a r e  s e t

to zero  e x c e p t  f u r ’  the x—coord m ate of posit ion and the  x — c o m p o n e n t  o f

velocity - The x — p o ~~t t inn is taken as the d r o p  s e p a r a ti o n  d i s t a nc e  p l u s

J ET DIRECTION 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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t h e -  d r o p  r a d i u s . The x — v e l o c i t v  is  se t  to t h e  initial jet velocity ,

The c h a r g e  on eacil d r o p  is established earlier in  CHARGE s ub r o c i t i n e ,

I u i i t i a l  elapsed t iu tu e equals position divided by veloc ity. N uu cer i fica—

1 ci i i  of  ( I i  l ATE sLib i’ OU t i n e  is needed

A f ter’ CREATE has fornied the desired drop and assigned i n i t i a l

v a l u e s  to its state vector’, mont i’ol is r e t u r n e d  to t h e  e x e c u t iv e  r ou t  in c .

If IL-\XPTS neimber of d rc,ps has not been formed , contro l branches to ELECT

t - t u b n ’ o u t i n e , w i t h  the time int e i’ -al for drop stepping set at t i l e  u ’ec i p r o c a l

of drop rate , If all the drops have been formed , the increment uml g time

i n t e r v a l  is inc reased  to f i v e  t i m e s  the  e a r l i e r  l a t e -  - Once o i ly  d m’ ip has

traveled 95 percent of the way to the printing surface , the time in o -t ’e tm t eul t

f or  d rop s t e p p i n g  is reduced back to 1/f. After checking and adju stiu lg

t h i e ’  stepp ing interval , control branche s to ELECT subroutine ,

7 . ELECT

A s the drops leave the charg ing electrode with their trapped

c h a r g e , they en ter an electrostatic field which teuld s to de flee- t them

from a free trajectory . ELECT subroutine , together w ith the function

PHI (described next), computes the force on each ink  d r o p  caused by the

e l e c t r i c  f i e l d  t h a t  the  d e f l e c t i o n  p l a t e s  produce . F u n c t i o n  PHI p i ’ov ides

ELECT w i t h  the value of electric potential at the coordinate positiom i of

t h e  I — t h  d r o p  and a t  a d j a c e n t  l o c a t i o n s .  F i e l d  s t r e n g t h  i s  t i len c o m p u t e d

a~ t he space d e r iva ti ve of the  p o t e n t i a l . For example , to o b t a i n  the

y - m o u t m p o n e n t  of f i e l d  s t r e n g t h , t h e  p o t e n t i a l  a t  d r o p  l o c a t i o n  ( x , y , z) and

a t  l o c a t i o n  (x , v 5 ,z) is found , Field streng lh in the  v — d i r e c t i o n  i s

t h e n  t h e  d i f f e r e n c e  of t h e s e  v a l u e - s d i v i d e d  b )v t i le i n t e r v a l  ~~~, I n  ELECT ,

- i s  t u i k i - n  to he 2 percent ol the d c l  lcm t ioul plate separation.

When the x , v , and z c o m p o n e n t s  of f i e l d  s t rc n g t h t  h a v e  been

4 f ound , t h e  r i r r e s p n u u l i ui g fo u -m e s  on t h e  i n k  d rop in  q u e s t  inn a u - c- c ’ a l c ’ i u l a t e - d

I r u ) m i u  t he s i m p l e  re 1 a t ion
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F = qE , ‘A ltec me F = for c e  c)il ink d ri~p i n  x d l i i i  t ionx x x

Cl cil a rge c)il t h e  ci rop

E = field strength in x—ctirect ion .
x

T u e  c l c e t i - m u s t a t i m  f ire-c- s on evem’ v ex isting d r’op in t ile X , v , and z

c l i  !‘ect i-o ilS a r e  s t o r e d  t u t  t he  a r r a y STA I’IC f t r  l a t e r  use ,

A s shown i t t  the  f l o w  c h a r t , F i g u r e  2 , ELECT i s  t h e  f i rs t of

hree su b r or i t  i n e s  i n  t h e  d r o p  h a l l  ist ics loop th a t  a re used to compcite

t h e  v e c t o r  cc )mponent  S if lo rces on the  d r o p s ,

EL,ECT s eu b r o u t i n e  is q u i t e  s i m p l e , r e l y i n g  o n l y  t i n  b a s i c  p b t \ 5 1 C 5 ,

I t  r e q u i r e s  no verification by itself , b u t  r a t h e r  is cons idered  a l o n g

w ith the more complex function PHI, Each tinte ELECT is called , t h e

f u n c t i o n  PHI  is called trom ELECT four times,

8. PHI

The function PHI prov ides ELECT with the electrostatic poten-

tial at points within the deflecting f ield . The d e f l e cti ng f ield  is

generated by the two deflect ing plates , the top plate being grounded and

the bo t tom p late held at a negat ive potential . The inc luded  ang le be—

tweeu 1 t h e  p l a t e s  can  vars-  f r o m  00 
to 25~ . The f i e l d  ex tend s beyond the

end s of the p l a t e s  because of f r i n g ing effects,

The calculations used in PHI are based on several assumptions:

The deflecting plate- s are assumed to have inlinite
la tera l length (in the z—direction in I’igeu re 19)

Th is assumption reduces the problem from three t o

twc) d imensions , and is valid as long as t ile s t r e a m

passes  t h r o u g h  the lateral center of the field and

if plate separat ion is small compared with the

p late width. Naturally , this approximation is less

acceura te near the exit of the deflecting f icld w h m c u t
p l a t e  ang le is l a rge , since plate separation can be

4 q ui t e  large there .
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• h’ Iie- p l a t e s ht t t ’ i Z e ’ i ’ o t h i c k t t c - s s  amid  t he  c-r ids u f  t h e
p l a  h e - s s i c -  v cu ’t i c ’ a l l v  iul 1 i m t i - whet-c t h e  jet eu lt er s .
N i - i  t i le t ’  m i t  these  a s s u i r n p t i m u m t s  i s  m m m m n p l c t c - l v t r u l e - , s ince-
t h e  p l a t e - s have ’ f i n i t e  t h i c k n e s s  w i Ut rounded  edges

and si nec t h e  dippe r’ p1 ate pi c o t s  a lu m t a po lil t nil t at

i t s  cr10 - The phv s i - - a l  ar t ’ a ui g e u u u e n t  c a n  he- s eemi  i n

F i gure  1,

• l ire p la t e - s a t - c p e r f e c t c o n d u c t o r s , Wh l i c’ii 1 m m  prac- t i c a l
Pui’Pt ises is t u n e - .

• The e f f e c t  on t lie field due to t u e  prcscml ce of t r a v e l i n g

cila r - gc-d d r ips was t u g  leo-ted -

• ‘fhc- pre  s c m m c - c’ i f  t lie ch ia rg i rig c - lee  t u ncl e was  n e g l e c t  ccl -

These ass e imn pt  ions were  need ed m - make the aul a l y t  i c - a l  p r n b l e u m i  m a n a g e a h l  e .

G iven tilese a s s e u u m m p t  i ons , a c i l ~p lcx v a r i a b l e  theo ry to d e t e r m i n e  the

p o t e n t i a l  be t wecul  and near t h e  d e f l e c t i u l g p l a t e s  was j u s t i f i e d ,

Dun iulg ( l i e  p r o j e c t , t h e  co mur p l cx  c a u ’ i a ble  p r n b l e u m i  w a s  solc’ed

under progress ive l y more d ifficult conditions , Tc) get a feeling f o r  t ile

pr oblenu , the f ield within an infinite pa rallel plate capacitor’ was stumdied

first , Nex t , the sem i—infinite parallel plate case was examined , pci’—

mit t ing a field stu’cngth investigation within and near the end of the two

p l a t e s . ( I n  t h e  con te x t  of th is d iscuss ion , in f i n i te ” means e x t end ing

f i’oni + h o  — ~-~- a l o n g  til e j e t  di i’eo-tion , and “semi—infinite ” means cx—

t end ing to + o n ly ,  The p l a t e s  are  a lw a ~-s asscumed t o  have  i n f i n i t e

la te r a l  l e n g t h , as ment ioiled above,) Finall y, the finite parallel—p la te

capaci tor proh)lemui was solved losing soltutions given in a stand a r-d re feu’eulce

k ’ sh o o k ,

h a v i n g  i n v e s t i ga t ed  the  p ar a  l i e  1 — p 1  a t e  field theory , a non—

paral li_ - I pta IC c o n f i g u r a t i o n  was  o - x a m l t l e d  . A g a i n , a s e m i —  i m t f i u i i  t e  n o n —

p a r a l l e l  p l a t e  c a p a c i t o r ’  amid r e s u l t  r u g  f i e l d  we re l u st studied , This

pr o b l e m  w a s  s o l v e d  us i u~g c o l t  I - ) n u b  1 niap~
) r ig  t e d - h u t  ic 1 t ic- s I m m  c’oumup 1 cx

van ’ iai)le then rv - ~ F i n a l l y  I he I I n t l te n o m lp a i ’ a lIe 1 p l a t e -  pi’c ) l ) l emf l  was  s o l v e d

u s i n g  a complicate d set of c o m l l m i ’ m m i ~~1 t r a n s b u m ’ t t t t u t j o n s ,
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1-’ i geuii - I I I  m- - ht iw m- t i l e  - i - m m i l u c - t i - i e - s  studied with ~~m lue ~ Ii t o u i u m l - u c  -

I ’ t r l  ( m )  0 1 t h a t  t i g u i - c-  i s  t h e ’  c m u i u t i g c i r a t in n  ni p i . i l m t m r - y  i r t e i - u - s t  -

1 - 4

(a) INFINITE PARALLEL PLATES fbI SEMI-INFINITE PARALLEL
PLATES

Ic) FINITE PARALLE L PLATES Id) SEMI-INFINITE NON-PARALLEL
PLATES

SE PA A AT I ON
JET O F F S E T

LENGTH

(a) FINITE NON-PARALLEL PLATES
SA -2055 - 18

FIGURE 20 DEFLECTION PLATE GEOMETRIES

O n a p p r a i s i n g  the  s o l u t i o n s  t o  the  l i v e  cases  m e n t i u m r u e d , i t

wa,s funuui d tha t little accuracy would be lost aild mucil sintp licitv gaiuted

if the semi—infinite- nonpar allel plate cont i c - uu r a ti o n was ~iy c-ct 1 m m  l e - s e r j l u

t h e  l a h m m r a t o r v  ar’ lal t gc ut e l u t  . A m -co rdi ngl y , t h i s  solution t m m  the f i e l d

pn b l i - m  is the a r ìa l vt im -a l tuasi s ol P11 1 . A separate s i - u - I  ion t u h  P i l l  is

ru si-d H i  t i - i - a t  t h u r  se m i — h i t  m i t e -  t m r a l l ’ - l  p late case , w b te t ti- m-e r ti u m -  att al ’-

u e t w ~~~~u 1 t h e  ~m 1 u t i - s  is lc~ s t i t a n  0 , 111 r a n h i a u l s .  The- c q e u a t  j ilts u t~~m -uI in P h i l
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cu . t m  1 cia I c -  p~ it cul t I a 1 tm I a pu in t a i i  - sui t uut a u i / u - t I  l I t  A ppetid ix I), Phi I

i-.c~uat i m l u i S  - Ole ulm m ; m p t m  u - p h d  pta I t  sc -u t ioul ol Pill is I hu e - only part of CIte-

e-o lu upui t u-u - a mulc t t h a t Uses ci)ruuplcx a rith m et i c .

C ica I c-em s  tde u ’ mu t Co i l s  h ave-  he-eli inc 1 u ui f em f in P i l l  to tie tile

_i its lv t ie’al nuuidc 1 1m m  the apparatus. t m  ii exatuip h e , t i le  I m c -  ld actual lv Ii ll s

a l l  s p a c e , a l t h o u g h I t s  s t i - e - n g t h  d r o p s  t’ t i p i d l v  a way f t - m i n i  t h e  p l a t e - s .

\Ie - t a l  p a r t s  n e a r  the d e l  l c c t i u l g  l i e - I t t w i l l  ( l i s t  u u u b  i t  - s i n c e  f i e l d  1 h Or s

w i l l  f l o w to t h e - s e  p a r t s - \ l so , t t e -  use’ 01 a s e t i u i — i m t f i n i t e  p l a t e -  l e n g t h

co u l d  1 ea i f  t m  f a l s e -  la u g -  pu -eel i c -t e d  d c  11cc t io u ts , e s p e c i a l l y i f  t h e  I 1 ig h

pa t h  - d c - i c  l o n g .  I - m i t  t l u c r s c -  i e - a ~~m m b u s , l i u u u i t s  t a c t .- h o e-n p l a c e d  on t h e  d i ’ - —

t a n i ce  m m c c i  w h i c h  the d e f l e c t i n g  f i e l d  a c t s .  The f i e l d  is  a s sumed  to

begi n a t  t ile d m m w t i s t  u’ea t t u c u d  m i t  t he  c h a u - g i n g  e l e c t r o d e  - btei ’e t h u e  f r i n g e

I h e l d  is ra (bier weak , bel t it s St u’eng th builds m’apid lv rica u - cr I hue- p la ic- s -

‘r ite f i e l d  is assumed t o  end whe u t  t h e  d rops a u - c- l l l m ui’e C h a n t  tO pei ’cent  i l  t h e

pl a t e  l e n g t h  beyond t h e  end of t h e  lower  p l a t e ,  B o t h  l in r i t s  au -c  b u i l t  i n t o

the p r o g r a m ;  the  f i e l d  s t u - c n g tl l  is assut t ied to hue zero beyond thenr N mite

t h a t  the  e n t r a n c e  f i e l d  is more i m p o r t a n t  t h u a n  that at the exit , since a

deflecting velocity imposed then-c has a longer time Cu , cause d e f l e c t  u m u n .

A l s o , en t r a n c e  I m u r c e s  are h ighe r t i t an  t h o s e -  a t  the f i e l d  e x i t  whenevc ’i -  ( t ue

plate ang le is greater than zero .

One measur’ed value is requir’ed by °t i t and is  c o n t a i u t e d  u I  a

DAT,\ card in the progi-am, That value is tile je- t offset distance (see

F i g u r e  20) - This value- is c o n s t a n t  for a given p h y s i c a l  a s s e n u b l y ,  N o t e

that plate separation distance is uto t consta nt , but vauies with angle- .

T h i s  n e c e s s i t a t e s  m c c a s i o n a llv  m e a s u r i n g  s e p a r a t i o n  d i s t a n c e .

The p o t e n t i a l  d i f f e r e n c e  be tween  t he  p l a t e s  c a n  he - - a u - l e d , b u t

general limits do exist; arcing will muccur with hli gh entought c’ m m l t a g c .

The l i m i t  f m u r  a m - u - j o g  v a r i e s  w i t h  p l a t e  a n g l e -  - as se-ctt in  F i g u r e  21, Note

h a t  a t  l a r g e  a n g l e s , p l a t e  s ep a r ’ a t  i u , u ~ i s  sma 1 l i t ’  and a rc  i rlg occu rs he—

tweeri the plates , A t  s m a l l  a n g l e - s  Cite a r ’ c - i u t g  p a t h  is  t m  t h e  ch ui u ’g in g

) 
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FIGURE 21 PEAK DEFLECTING VOLTAGE VERSUS PLATE
ANGLE

e l e c t r o d e ,  Coron u noise was iteard at over’ about 6500 v o l t s , and so

D A TIN s u b r o u t i n e  d e l ic - er s  a w a r n i n g  tnessage in such  case . C o r on a

p r e s e n c e  will alter the char’ge on the d rops in fli ght auld u’ender  the

compute r  model i n v a l i d . F u r t h e r m o r e , h i g h  de f l e c t i n g  v o l t a g e s  can a f l e c t

the  induced  d r o p  char ’ge . Thus , a p r ’ ac t ic a l  l i m i t  on lowei- plate vm m lta g c

i s  r o u g h ly  5000 v o l t s .

N m u  expe n’ m ien I a 1 ve t’ i f  i c - a t  ion mu I t h e  f i e l d  pr’ed i ml i m p s W U  S per—

f o r m e d  , p r i m a r i l y  because o f  t h e  d ii  f i c u l  t y  of d m m i n g  so . \ e r i f i c u u t i on

would  have  r e q u i r e d  i n u p o s i u m g  a h i g h l — v o l (age  ac I m e l d  m u t t  ( C u t -  p l a t e s  and

seas  i ng I he i n d u c e d  p o t e n t i a l  onl a c a p a c i t i v e  probc’ . TIt i s  wou ld  htuvc-

u - -c~iu i r t r u h  a c- cr y  f i n e  p u ’mu he u u e c u u u ’ a  C c lv  p l a c e m h , and i t  was f e l t  t h a t  p i l e - —

qi u a H -  u ’ e s m m l u t  i o n  w u ,u ul d hue’ O i l  I li - t i l t  t i  o b t a i n . I n s t e a d , Pil l m d  F; h E(’’r

w i - r e  r - c a l u u a ted bc n u t  i m u g  t he  m a g n t i t  itches at td d i r e c t h u t s  i f  I m i n es a c t  u u l g
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mlii t Ire- rIta I’ged d m o p s  as I hey passed th u m o ugh t h e  f i e l d  - ‘I’he sc tia c-c- b ) eemt

found  t o  be e m t t i r e l v  r ’easonable  . 1  p l o t  u I  f i e l d  st u ’ e u l g t h  i n  t I t e  y —

d i m - c c  ti -oi l feur one t e s t  case is shown i n  F i g u r e  22 . The d a t a  were deric’eul

I t o u t  Cite op t  io uia 1 pr’m ugr’attu out p u t  m u f  t he  I i i  u -ce an’ rays - In  the  case sitnwn

the  lower’ p l a t e was held at  —3-150 V ;  p l a t e  aut g l e  was 15 ; u n i r l i m u i n  p l a t e

s e p a r a t i o n  was 0 .09 i n c h .  F ie ld  s t r e n g t h  for  a paraflel plate ca se w i t h

s i m i l a r  v o l t a g e  and spac ing  is shown in F i g u r e  22 for comnparisu )ul .

16

15 — 
FIELD STRENGTH FOR PARALLEL PLATE CASE 
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—

x
13 — —

LOWER PLATE V O L T A G E  - -3450 V

~ 12 — PLATE A N G L E  15~ —

PLATE SEPARATION = 0 090 inches
~~~11 — —

L 1 0
_ —

0 g — D E F L E C T I O N  PLATES E N D  —

I I  
-‘-‘

~~---,a
’~8 — M O D E L  F I E L D  E N D S  —

L1L~~
3 M O D E L  F I E L D  B E G I N S  —

: ~‘ ] 
‘
~

‘
~
‘
~‘ DEFL ECTION PLATES BEGIN 

I

a . X-CO ORDINATE — cm
SA-2055-3 8

F IGURE 22 DEFLECTING FIELD STRENGTH VERSUS X-COORDINATE

An important check on t he  model  was  to note  the  v — f o r c e  on a

g i v e n  d r o p  i n  the  parallel plate case , Here , the field strength i s

simply p uu tentia l differ’ence divided by plate separation. The computei’

4 unu ,del exactl y agrees in this case , showing that t h e  parallel plate
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a u t a l s i s  L~~ c’ uu i ’ i’&’d t - h o c h i ~-ck  t ile t l m i t i u . i r a l Id p l a t e -  t h e o r y , a vc ’i’~

st t ma  11 a u g  Ic ( ( I  - h ) w,m s t i  ~ s u i tite-u h . I i i  (it is  m a s t - , all (hue - c m i u m i p l e ’ x v i  r i  able’

C Item u rc was uusc’d - T h e -  fo rce pt’eui ic ( j o l t s  were  a b i u u i  t 3 p e t e - c - m I t .  snr a 11cr t h a n

t h e  pal’a l ie - i p l a  Ce ’ case , w i t h u  f t u i- d c -  d t o p p i n g  sl  owl v t h i - u n i g i t  f l u e  I i e ld

W h i e n u  t i r e  x , v , and z com p o n e n t s  of de l  I c - c l i n g  h e ld  f m m t c e  out a l l

d r o p s  have  been c ’ou mup u ted  and s tored , cout t ro l is r e t u r n e d  to the  e x e c u i t  i c e

r o u t i n e  . . -~n i m un i e d i a t e  b r a n c h  is made to M U TtA I  s u b r o u t i n e . N a t e -  t h a t

the two—dimensional model in PHI causes all z—ior’cc- s to he Z e r o .

9 . MUTUAL

In  the  p r i n t i n g  p r oc e s s , uul(used drops  are giveul no c h a r g i t ug

s i g n a l , and am , w i l l  t r a v e l  a l o n g  t i l e f t ’ee -  j e t  t r a j e m t m u i - v  t m u  sit - ike an

i n k  catc’ller . The printing dr - m ip s hold specific charges of like s i g n , sum

l ila t they c-an h a - deflected above t h e  c a t c h e r  . MI l’ [A l. subr’u u Cit inc i s

t o  c o m p eu t e  tile c- lect ru static forces between each  d r o p  a uld i t s  u u e i g h b o ” s ,

Tile fo r - c -e s  a r e  p r i t m t a r ’ i Iv  r e p eu l s i v e  and tend t o  p etsh t h e  d r o p s  t u ~u~u r’t -

a l t h o u g h  s m a l l  a t t r a c t i v e  fo rces  can be preseul t when  a pm u s i t i ce c h a i r - gm i s

trapped on a d ruip (see Section III—D— 5) .

‘I ’he c o m p u t i n g  r o u t i n e  is s t r a ig h t f o r w a r d  - The p m u s  i t  ion  aild

c h a r ge on a p a r t ic u l a r  d r o p  are  noted , as a re  t h e  c h a r g e  aut d t ’ cla t  ic e

p o s i t i o n  ml t h e  three preceding and three tra r lim lg drops. Tile l m i ’ ce

be tween t h e  0 t ’op in  q u e s t i o n  and one of t h e s e  ne ighbor’s  u s  then found

-‘ f r o m  t h e  u ’e l a t i u m n ,

q • q
F = k—~ , w h e r e  k = electrostatic constaut t ,

~ 
n — r n 2

8.987 x 10 
-)

coul

q = e’hua l’gc- on i t  il ml r ap
1
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q - c l i p  rgc ’ 1)0 j  t l i  0 r u m p

= d i s t an c e  b e t w e e u t  d rops  i and j .

T h i s  fou’ce  is a V e ’c ’to t ’ , ly ing alottg a line m m m n n e c t i n g  C h i c  t w o  d r u m p s ,

\IUTtAI, subrocut inc I i nd 5 tile o r t h o g o n a l  comnponen ts 01 the  j u i c e  be tween

tite d c-op im u q u e s t  no u t  and i t s  t l lree leader’s and t h r e e  f o l  l o w e r s , The

x- coru ipon en t s  o h  the  s ix  Iu ,r c e s  are surrutned and then s tored in REPEL arr’a~ ’;

the  same is t rue  I i i ’  the y and z f o r ce  componen t s . Thlis procedure is

f o l l o w e d  for’  ever~’ d r o p  in  f l i g h t .  When a d r’op does nu ,t  i tave t h u - c c -  o t h e r ’ s

in  f r o n t  or bei t ini d , those  f o r c e  com p o n e n t s  are  set to / t e t ’o ,

Three  a s su n u p t i o n s  a r e  i n c l u d e d  in  MUTUAL s u b r o u t i tt e .

• Drops beyond the ad,jacent s i x  i tave  nm ) e f  I c - c t . T i t i s  is
justified primari ly by tile 1 ~~ factor in tile force equa-

tion . Also , the magnitude mmf u ’e ’pu l s ive  f o r c es  is t y p i —
cal1~ - one or’ nto t’e ord e r’s of m i r a g n i t u d e l e s s  t h a n  Cite d c —
f l e e t i n g  and a e r o d y n a n u i u -  d r’ag l m n cc s ,

• The ci rops are con s i d e r e d  t im bit p o i n t  c h a r g e s  r a t h e r  t i t a n
spheres  w i t h  a cha rged  s u r f a c e .  ‘n t i s  i s  v a l i d  a t  n o r m a l
d r op spac ings . Whe n twit  0 t op s  get  veu’v c’ tm u se t o g e t h e r ,
charge red istm’ibut io u l on flue- surface will occur , This wi l l

lower’ the actual repulsive force below that predicted ,

• W i t h i n  a c o l i n e a r  g r o u p  of d rops , the drops immediatel y
ulext to tite d r’op in question will not shield it f rom those

f a r t h e r  a w ay .  I n  f a c t , such  s h i e l d i n g  does occur  and
r ’esu l t s  in l e s s  i n f l u e nc e  f r o m  the  more d i s t a n t  d rops ,
Shield ing e)ccurs when the field is altered because one

drop  is d i r ec t l y between two others. Ignoring this

phenomenon is ju s t i f ied by the  s m a l l  u r u a g n t r t u d e  u l  l u m t ’ c ’ e
f r o m  distant drops and the anal yt ical di f f i c u l t y  of des—

cr ib ing the interd rop f ie l d s .

MU r U A I ,  subroutine also provides a c o n v e n i e n t  check p o i n t  l u m t

r e l a t i v e  d r ’ u m p  positions . Under some circumstances , two du ’m m p s  w ill

c o l l i d e  in  f l i g h t , r e s u l t i n g  in a s i n g le lau ’gc u ’ d r o p .  The c om p u t e r -

model  w i l l  not  t r e a t  such a case , since it is of no v a l u e  in p r i m l t i n g

I~~ _ _  

_ _
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a pp ! i c a t  i u u u t s . I i i  Mt l’t \ l . , t h e  dh i’op—to—(l r’op d i s t a n ce s  ace- c m i m u u p u t e d  t u m  I i uu d

h u m  u - e n -  - I I t h  I s d i s  t acn e i s  l e as  titan a d t’m )p d i  aruie t en ’  be tWee ll a ny  m l  t he

I n -  I I t - u - t i - u i  0 t op s  m d  in -at i ng a e’ m m l l i  s i ot i  , an e r r o r ’  t : mc- s sa g c  is p c - i  u t t e d  t i t l d l

C h i c -  p m u g  n u tt u st m ps . If 0 rops C Ito t we c-c g i veIl no c-ha rg i tug s i guru 1 eu u l l i  dc

t ire p r o g r a u u u  c m i i i  Li nues t i  run , s ince  these a r’e a ssumed tm u be u n u s e d

Na u - x p - n i u m u e n t a l  ce - u’i I i c a t i o n  of MUTUAL s u b r o u t i n e  was  p c i - I  m n a u - m I

be-cause of Ch i c ’  s i m p l i c i t y  of the  model and tile d i f f i c u l t y  m u f  o b s e r v i n g

l u r e  repul  s i v e -  e l l e n - C s . The computed  fo r ce  v a l u e s  w e r e  found  to a g t ’ i .-e’

w i t h  i la uld i  c - a l e - u l a  t i ons  based on p r e d i c t e d  d r o p  p o s it  i o n s  aci d c h a r g e - s .

‘rite r e l a t i v e - I c  s t t u . i l l  u u i a g n i t u d e  of t ’e pu l s i v c -  fo t - c - e s  h I d  l u - a t e - s  t h e i r  at t u a l  I

r u l e -  in d i’m i p  C u’ t u ,j em tor’~’ . R e - p u l  si cc l o  rcc- S t i r e -  ut i o st  s i  g u u  i i i  c a u l t  on t lie

lead ittg and 1 t i s t  d u ’ u m p  m i l  a d e f l e c t e d  g r o u p ,  s i nce  t h e - s m -  see a cita u’ged

i) i)( l \  Oil m mml lv mine s ide

( I o u - c -  t b u i ’  C u u t a l x , v , and x fcmi’ ces  on a l l  e x i s t i n g  d rops  t t t u c c

been foun d  and s t u > r ’ eu l i n  REPEL a r u ’a v , c o n t r o l  r e t u r n s  t m u  t he  e x e c u t i v e

u ’ c u u t  m e  An  i t u im ur ed ia I t ’  h ) r a n c h  is  t h e n  t irade  C m i  AERO s u b r o u t i n e .

10 . AERO

The i nk d r ops m u  f l ight  are  a f f e c t e d  by a e r ’ o d v n a n u i c  d r a g,  Til e

r m u a g n i t u d e  o f  tile drag force on a drop depend s on its velocity and its

p o s i t  ion  r e l a t i v e  to  u t e i g h b o r in g  d rops  and the  u n d e f  1cc-ted j e t  - hl’hen

4 AF RO s u b r o u t i n e  is c - a i l e d , the  s t a t e  v e c t o r  f o r  a l l  e x i s t i n g  d r op s  i s

k n o w n . AERO t h e n  c o m p u t e s  the  o r t h lu m g o n a l c o n u p o u r e n t s  of ae r ’o d v n a u t u i c -  drag

I m m u r e  u r n  e a c h  e x i s t i n g  drop. Thuese force values are s tored  in DRAG ai ’uav -

Aet’uud
~’nam ic d r a g  e x p e r i e n c e d  b y  a single sphere ttu u tV imlg u I  a

I l u i d  m e d i u m  has  been ex tensivel y trreasum’ edi . The standard drag c’uu e- ffic ier i t

v e r s u s  R ey n o l d s ’ nut tube n’ c u r v e  i s  w e l  1 — k n o w n , 7 Tite same c’anmlot be sa i i i

howeve r  , when the number’  t I  spIte’ rca bee- mutt uc- s greater’ than oute -\ 1 t hoeigh
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i t  it — k m t m a v u i  t h a t  t i r e  pu-cat-nec oh other aphe c-cs in  i t  s pc-ox imi t v w i l l  s i g —

u h f  i c a n t l y  i n f l u e n c e  tile d rag in t ire sp here  of in t e r e s t , quan titative’ in—

l u  i t u ua t i on  is c i -  m v  ii u n  tech ,

‘I’h i s f a c t  r e q ui  med  an u - x p e t ’ i u u i c n t a l  a p p r o a c h  to c r e a t i o n  i i i  t i m e

s C l b r u u u t  m e , u t  w h i c h  t h e  s i ulg l e  sh )hie i ’c -  d r a g  c - m u d  f i m i e n t  is mod i f i e d  by

e u u i p i u ’ i c u l  I a c t u u r s  dei ’ ived f r o u m u o b s e r v a t i o n s . I n t e r f e r e n c e  d r a g  c m m e l  I i —

c i e nt s  t o t ’  an i n k  d m ’ m m p  iii various ll igh l t fumrur uations we t-c obtained by

ut ica su r i n g  Cite inn C u  on u I  C he dro p ye m’s ems C jute

I f  the  d r o p  i m f  i m l t e r e s t  were a s i n g l e  sphere  i s o l a t e d  in  space ,

th i n ’  d r a g  coef  I i c i e n t  wou ld  s i m p ly  be

2-1 4
( C )  = — ÷
D sS R l~ 3e (it )

e

w he t’e
O d v
a o

R =
e

a

the Reynolds numbe r b r  the drop; p is a i r  d e n s i ty , d is d r o p  diameter’ ,a
v is drop speed , and p. is a i r  v i s c o s i tc - .o a -

A drop formation pattern is shown in Figure 23. whe u’c thue drop

of i n t e r e st is preceded by two drops and followed by anothuen’ and is near

t o  the  undeflected jet. Such a configurati on results in a modified d rag

c o e f f i c ie n t  of the f o r m

C = C  •(C )
D D Ds s

whe re

C
1~ 1 - 0 . 84 e x p (-  y - d )  - [i - exp(-y 0)1 [(c~~~~+(c ) ±(~~~~ ]

4
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2ND L E A D I N G
DROP

PATH OF UNDEFLECTED JET 1ST TRAILING DROP
SA-2055- -20

FIGURE 23 DROP SEPARATION AND OFFSET DISTANCES

aul d

(C
0

) = I I  . 135 dXi) -u ) .t) 2 0 ( 
l~~~ 

— 0.188( /dr ~

( C )  = 0.178 cxp —0 .1J22(  - ‘/ 0 )  — O .188( -‘ d)

(C ) = 0 .217 exp [—o ,1-17( el) — U .1 88( ~ /d h ) 
2

D 1 T  2

The ‘ ‘s and ‘s are define-el in F t gt mma - 23 y i s  f lue  v e r t i c a l  d e f l e c t ion
m m

of t h e  drop of i n t e r e s t  . flue- subsc m -ipts IL , 2L , and iT u- i-Icr t i  t h e  two

l e a d i n g  and one t r u t i l i r u g  d rop , respect  i ve - l \  - The t e r m  0 .8-1 e -xp(  — v d)
‘0

is used to  a c cou n t  for’ t h e  t n- i c-n e s s  t m  t i r e  u n d c fh e - c t e d  j e t  . N m u t e  t i t a t

witen t I r e-  dn ’op is  t i r m e e  m u m  [0 C m ’ d i t u m e t e r s  fr ’ouuu t h t e  j e t  , t ltc  e t t u a t  ion

essen ti a l l y b c ’ cm u ummi -s

= 1 — (C
9
)
11 

— (C
9

)
91 — (C

D
)

1T

4

j  
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The coeff icients in tluese equations are based on exper-imuiental measurenients .

Tlrcse- equations and an account of t h e  mtme astm r ’ing procedure- arc d e s c r i b e d  in

Appendix E , AEIIO Derivat ion .

The r e s u l t i n g  d r a g  c ueffici ent equation demonstrates several

f ac ts . Firs t , tire presence of neighboring drops ac ts to reduce the aero-

dynamic drag below its single sphere value . Second , in t e r f e r e n c e  e f f e c ts

diminish as spacing between drops increases. Third , the effect of near—

ness to the  Cm n d e f l e c t e d  j e t  drops r a p i d l y  as the  drop moves a w a y.  Tilis

empirical result is act uma ll y a measure of the boundary layer surrounding

the jet .

A neumber of assumptions were required dur ing t h e  c r e a t i o n  of

ti l ls s u b r o u t i n e . The drag on a p a r t i c u l a r  drop was assumed to be a f f e c t e d

only by the two closest leading drops and the one closest trailing drop.

Other neighboring drops also have an effect but of diminishing magnitude .

Tite measuring procedure also becomes much more complicated as tile number

of effective drops increases .

The a e r o d y n a m i c  R e y n o l d s  number  of drops f rom t ite  p r in t  head  can

be varied within limits (from about 100 to 200). Over tit is range , the

dependence of C
9 

on R
e 

was not evident . As a result , it is assumed that

tire functional dependence of C on R is the same as for (C ) - This is
e D s s

reflected in the fact that C is not a fu nction of R
D e

A third assumption was that aerodynamic effects are independent

of all electrostatic effects . The main reason for this is the fact that

d ft’ag force is typically an order of magnitude or more greater than the

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 usuall y r e su l t  in  dr op “wobble ” t h a t

damps out after separat ion .
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A l i m m u i t a t i o n  on AFRO sCmb r ’oCi t in e  is t h a t  d e r - i v a t  i m m i l  of l i r e  e q i u , u —

t ion for ’ C’ was  based on i n k  drop d a t a  t a k e n  Wileil II 130 . ‘Cite e q u a l , i onI) e
u v i  11 e ivc -  less a c - c - t i c - a t e  d r ag  e s t i m a t e s  wheml R eyn o l d s  number ’  g r e a t l y d i f f e r s

fr ouur  t h is v t u l t m c  . It i t h in  the  l i m i ts  o f t h e  a p p a r a t u s  , R cannot be- rachi—

cal  l \  c i t t r u r g c ’d f r o m u t  t h i s  v a l C u e  .

AFRO s u b r ou t i n e  computes  d rag  c o e f f i c i e n t  for  tile dr -op  of i n t u - r —

est uSim lg  t he  e q u a t i o n s  g i v e n . In  the  process , t h e  mos t influential pre-

ceding and Crailing drops must be found . To do titis , tire program first

finds the value of ( C )  due to all preceding deflected (irtips and stores

the  largest valume . Then , the val u,me of (C)
2 

is found dime to all pr- d-

eed ing  d e f l e c t e d  drops except  fo r  t i te drop g i v i n g  t i re  l a r g e s t  ( C )

v a l u e . Again , til e maximum value of (C) is stored . Thin- same testing

procedure is used to find the largest value of (C
9
)1,~,. Using these tllree

values will c-nc -icc -fly y i e l d  the smallest drag coefficient C
9
. Nate tha t

Cite presence of ne igh b o r i n g  drops is a l w a y s  su c h  t h a t  the  d rag  on t i r e  di’op

of  in t e r e s t  is r e du c e d .

Once tile drag coefficient valume is obtained , t i r e  drag foi’cc is

found from tite relation

— 2 2
D — ~~~~d C v

8 a D o

where 9 is drag force . This force is a vector in a d i r e c t i o n  o p p o s i t e  to

the drop v e l o c i ty  vector . Tire force on each drop is broken into its x ,

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

The c a l cu l a t i o ns  in AFRO r e q u i r e  va lues  f o r  t u e  d e n s i t y  aul d

v i s c o s i t y  of  air . These are entered via a DATA ca rd . Tile va lu mes  used

are fo r  71 ’F and sea lcc’el conditions.
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No specific verification procedure  was  used for  AERO s u b r o u t i n e ,

since it is based on ii large body of e x p e r i m e n t a l  d a t a . The aer od y n a m i c

d rag  model was c r eat e d  to fit the observations . The l ack  of pr ior  work

in t h i s  area  of u t r u m l t i p l e  spheres ir t  f l i g i t t d i c t a t e d  t h i s  a p p r o a c h .

A nu mr u rber  of  cases were s t u d i e d  d u r i n g  the  AFRO e x p e r i m e n t s .

These included a drop shielded by one preceding drop , by two preced ing

drops , and by two preceding drops plus a trailing drop . The procedure

o u t l i n e d  in A p p e n d i x  E al lowed the lab ur r ea su re nueu t t s  to y i e l d  d r a g  co-

eff icient values for the se 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 R 130 , is
e

(C ) w O .98. The tabulated values of C under the conditions shown
D s s  9

were used in deriving the empirical expres s ions  g iven  a t  the  b e g i n n i n g

of t h i s  s ec t i on .

When AERO s u b r o u t i n e  is completed , cont ro l  is returuted to tile

executive routine . The execu t ive  r o u t i n e  then  checks the  v a l u e  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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Ttib li- 2

DRA G COEFF ICIEN ’I’S OF A DROP
WITHIN VARIOt’S DROP FORMAT IONS

C
1 1 2 LI

Drop sitielded by 3.5 -
~~ 0.54

omle preceding drop 7.3 0,56
10.8 0.59
21.3 0.6-1
75.0 -w 0. 75

Drop shielded by 3 .3 6.0 0.40
two preceding drops 3.3 19.5 0.13

3 .5 73 .0 0 .50

Drop shielded by  two 40 ,0 72 ,0 2 .5 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 poin ts

relative to the forces acting on the drops . In the x—direction , the domi—
—6nan t  force  is from aerodynamic drag, with magnitudes on the order of 10

to 10 newtons . Deflecting field forces can get as large as 10 newtons

in the x—direction; these result from the curved field lines present Ill

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

as large as 10 newtons in the x-direction .

Iml the y—direction , tile dominant force is due to tile d e f l e - d t i u l g

f i e ld , w i t h  peak m a g n i tu des on the  order of lO~~ ne wtons . Typ i c a l  dr - tug

v—forces can get as large as 10 newtons , especially if tile drop  is

strongly deflected . Repulsion forces in the y—direction can also pet as
—7

l a rge  as 10 newtons .
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Tltc ~e results indicate that predictions of drop delle -ct ion

di s  t a m u c e  and ar ’u’ ic ’t r l  t u t u - p r i m al - i  l~ dcpemid on a c - c - c u r a t e  c o m p u t a t  io mt  of

f i e l d  a tr ’ eng  Ci r  and a e r o d y n a m i u i  e d r a g ,  c-es pc-ct i v e l y ,  Drop repumls ion p 1 tu - s

a m inor’  b u t  i m u u p o u ’ t a n  t role .

—8
G r a v i t a t i o n a l  fo rce  Oil tile drops is on tile order  of 10 n e w t o n s

in t ite  v — d i r e c t i o n . Th i s  is considered  to he sma l l  enough  to j u m s t i l y

ignoring t h is  force .

A f t e r  the  e x e c u t i v e  r ’oumt ine  Ilas c h e c k e d  t i re  p r i n t  c o n t r o l  and

possibly printed the force values , it computes tire acceleration of each

drop in til e tirrce component directions . The simple dynamic equation is

:1-

a
1 m

wltei’e

a = acceleration in tile i—direction

— 
m = drop mass

- = sum of tir e 3 forces in tile i—direction .
1

A c c e l e r a t i o n  is c a l c u m l a t e d  in t h i s  manner  each t ime  the  p rogram passes

t h r o u g h  the drop ballistics loop. Titus , acceler’ation is constanilv up—

d a t e d  to  a c c oun t  for  c- cu r r e n t  fo rce  va luies , ‘the new v a l u e s  of drop

acceleratiomi thren replace t h e  p rev ious  v a l u e s  in the state vector . At

this point , the executive roumtine calls STEP scrbroutine .

11.

STEP su u b r o u u t i n e  is used to increment the state vector for’ every

‘, existing drop . At the time STEP is called , the updated acceleration corn—

ponents are known , as ar’e the drop position , velocity , and elapsed time

for  win ch the  forces  w i - r e -  computed . Tire i n c r e m e n t a l  t i m e  i mi t e r v a l  6 is
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also knov.-mr . l i m e -  s t a t e  v e c t o r  is then  uip dri t m - m t  ~~~e m m j ’ u j j m r ~ Co t i r e  i’ m l t m  t lou t s

X ~i C )
mr ew old

~~ =~~~~ +~~~
- -~urew old

t = t  4-new old

where  the dot ind icates a t ime  d e r i v a t i v e . Pos i t i on and v e l o c i t y  in y—

t unti  z—c u ii ’ec t ions  are s i m i l ar l y t r ’eated . T h e  u u p d a t e d  s t a t e  v e c t m m r  is th en

used Cite m r i - x t  t i r tue  thr’ough the  dr’op b a l l i s t i c s  loop.  Fo r’ces a r e  c o m p u t e d

based ou r t ine new pos i t i ons  auid “e loc i t i es  , T i t u s  inc r ’ e tu m er r t a l  pr oc -ce l t ic -c  is

f ollowed u n t i l  Cite drops have propagated t imrough  space to  s t r i k e  the

im a g i n a ry  p r i n t i n g  su r u - f a c e .

T wo ch e c k ’s on drop f l i ght  a r e  made w i t h i n  STEP . F i r s t  , t i le

x — p o S i t i o n s  of a l l  the drops are suu r , - ey ed . If a ny have  t r ave l ed  95 per’ —

cent  or more of t ire d i s t ance  to the p r i n t i n g  su r f ace , the  indica t or YE 1~R

is se t to 1. This wi l l  resul t  in decreas ing  t ite  i n c r emen ta l  t ime  in~ el—

val  when control  is re turned  to the executive routine . This is (loir e to

more accu ra t e l y f i nd  drop a r r i v a l  t ime  and deflected distance .

The second check deals w it h  the  x — p o s i t i o n  of each dr’op , I f

i t  equals or exceeds the  d i s t ance  to tire printing surface , tire state

vector for that drop is frozen; its position and velocity are riot in—

crementcd  f u r t h e r . \V ite n all  e x i s t i n g  drops m ove- reached t h i s  p o i n t  , tire

indicator IDONE is set to 1. This wi l l  a l low an e x i t  from tire drop

ballistics loop witen control is r’eturned to the executive roumtine .

D eca cm se of the s tr a i g ir t f o r w a r d  natrmr e of STEP , no yen fication

was requ i red . One s u b t l e  inaccu ml ’ acv  in t r o d cm c e d  in STEP , h m u w e v e - r’ , sir m u m l d

be m e n t i o n e d . The f r e e z i n g  of tite s t a t e  vector  f o r  drops tilat have

- ‘~~~~ ~~~
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a i ’ m - i v e-eI in iplies  t i r e  e x i s t e n c e ’  of it dr ’op I i’ozemr in space w i t i r  a u-t i ye- n

\‘e- lm cit y tum id c-ittur’g e’ . l u - I n - u i  fo rces our t i r e  dr ops  a r e  m- e-cou u i p u l  ted in a I ol I mm i , —

i ng  pass  t h u r - o e m g h  t i r e  m u m  up  h a l  l i s t  ic-s  loop , thre~ will be based umu r t h e se

positiouts and velocities , Drops that are  fr o z e n  am ’e mOu t  a f l e - c t e d  S i n c e

thrc y cannot be moved . Drops about to strike the surface c-an be in iluenc -emi ,

hicmwev er’ , s imtc e- t h e\  w i l l  see m rs p laced pr’cccch i rig cir’m)ps tit a t a 1 1cc-i tire i r

ae r o d v m r t u n m i c  dra~,& t u m u d  produce ’ r e p ul s  lye f mr’ces , witen in r e a l i t y such drops

woum l d a lr e a dy  be depos i ted  on tire p r i n t i n g  seirface . Thi s  i n a c c u r a c~ does

not caurse s i g n i f i c a rt t pr’oblems because t i re  t iu mm e for ’ the er roneous  forces

to t i c - i. is smmr u -u l l  ; i n f l u e m t c - e  of thr csc  far ’ces our f i n a l  dr o p  p o s i t i o n  w i l l  be

u - y e - m m  sm t u t r l l e r  because of t ire doumbl e  i n t e g ru t  ion presemt t  lil t i r e  s t e pp i u t g

rue tir od .

After STEP is completed , con t ro l  is retur’ned to the execu t ive

r - o u m t i n e . I f  v ar iable NEAR = 1, tir e s t epp ing  t ime  inc renuen t  w i l l  be

shor tened  wheur t ire drop b a l l i s t i c s  loop is reruun , since t i re drops are

n e a r i n g  their’  d e s t i n a t i o n . I f  tire va r i ab l e  IDONE = 0 , in d i c a t i n g  t h a t

some or’ a l l  drops are s t i l l  in flight , the print control is checked . If

I PRT = 1, the  umpdated va lues  in til e s t a t e  vector  -for  all  e x i s t i n g  drops

are printed . Tirese appear in the order: x , y, z, ~~, ~~, ~~, k’ , i-’, ~~~, q,

and t. From this point , the drop ballistics 1oop is rui n again . I f  a l l

drops to be created do not ye t  ex i s t , CREATE subroutine will be called ,

If all drops have been created , a new computatiour of forces will begin

imummediately , based on the new state vector’ qum aultities and beginning witir

ELECT . If IDONE = 1 , indicating that all drops irave arrived , tire state

vector will not be printed and tile execumtive routine will leave the dr-op

ballistics loop by calling DATOIJT,
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12 . DXI’OUT

l)A1OIJT s u m b r o u u t i n c  is umsed to  de l i ve r  t i r e  o u t p u t  p a r a m e t e r

ytulueg r e s u l t  im ig  front t ile o p e r a t i n g  c o n d i t i o n s  imposed on t i re  c o m p u t e r

uurod e l  . T h i s  s u m b r o u u t  inc is ca l led  a f t e r  a l l  drops to be studied (~ulA\ i~j ,3)

have  t r r r i ve d  at  t i re  i m a g i n a r y  p n i n t i m l g  s u r f a c e . Mu-m v of t i re  o u t p u t

valumes ar e comiverteci to comm on units before printing.

Tile output parameter’s with units as de l ivered  by tire Analytic al

Counpeuter’ Model are :

• V e l o c i t y  of j e t  just outside the orifice , inc ires pen’ secomr d

• Flow rate of ink , c-umbic centimeters per minute

• Rate of drop produuction , drops per second

• Diameter’ of drop, inches

• Drop spacing juist after- formation , filches

• Size of a character (distance between the most  d e f l e c t e d
and least  d e f l e c t e d  drop) , inches

• Di stance from or’ifice to drop separation p o i n t , i rlches ,

• Drop charge level , coulombs , for’ all  c rea ted  drops

• Drop deflection distance , inches , for all created drops

• Drop fligir t time , seconds , for all created drops .

At the time DATOUT is called , all the output parameters are

known except  for c h a r a c t e r  size . T h i s  v a l u e  is de t e rmined  f rom til e

v—position values in  the s t a t e  v e c t o r  a r i ’a y .  I t  is assumed t i r a t  on l y t h e

drops given positive charg i ng voltages are to be used in a char’acter; otiuers

may  he deflected because of drop— indumced char-ge , but ar’e assumed t o  hiC

t i re  ink  c a t c hI e r . F u m r th e r m o r e  , i t  is assuumed t h a t  t i r e  d e f l e c t i o n  d i s t a n c e s

and arrival times for tir e first 24 drops w i l l  be ignored . T h i s  is because

these drops have no predecessors , whicir has a great effect on t ine computed

aerodynamic drag and repuls ion forces. Later d rops , w h i c h  have  th e s e  u - us

4 1 u -e -ru inn cr s , a rc  mor’ e c - l m r s e l y  r e l a t e d  to t h e  drops in r eal  a p p l i c a t io n s .
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‘r i rums , t i r e  y — d i s p l a c - e u u r e n t s  of u - i l l  die f l e c te d  drops a f t e r  t i m e  first 2-1 tun e

surveyed . ‘f i i e t  di I I e ’ m ’ e - u r c - e  be tween  t h e  u t r a x i m u m  and m i n i m u m  v a l u e s  is th en

tire piedic Ic-md character size .

W i t i l e  t i r e  o u m t p u m t  vaLues  are s e l f— e x p l a m i a t ox ’ y , a comment is in order

about tine drop deflection distances and arrival times . As m ent ioned

above , t i r e  f i r s t  cii’ops b reak  t i r e  wu -r y  for  those following. Thus , distance

and t i m e  for’ t ire l ead ing  drops are u n r e a l i s t i c. Drops following the first

12 or 2-1 are  more likely to portray actumal performance . In fact , by ob—

s e r v i n g  the p o s i t i o n  of t h e  sautre d rop  in success ive  groups  of 2-1 , t i re  t ime

for’ tile startui p transient in tire model to die out can be noted .

The \- —positions and arrival times together yield an indication

of ciraracter appearance . In this type of ink jet printing system , t he re

must  be a r e l a t i v e  v e l o c i t y  between tir e printing head and printing surface

in the z—direction (see Figure 19) . Knowing tir e y —position gives one co-

ordinate on the surface . Knowing arrival time and relative z—ve locity of

the surface gives the other . Thus , if a slanted bar is to be printed ,

the outpuu t should show decreasing y—deflections wi th increasing arrival

times for the drops used .

The testing and vector holding procedure used in STEP halt tir e

drop onl y after its x—coordinate equals or exceeds the distance to tine

printing surface . Since the stepping interval is 1 ‘1 a t  th i s p o i n t , t h a t  i s

the possible error in arrival time . The y—coordinates are fixed at the

par’ticular arrival time , so they also may have a small error as a result

of t h i s  t e r m i n a t i o n  procedumre ,

After the oumtput valuies have been printed , control is returned

to the execuitive routine . Tire executive then calls EXIT , and tir e analysis

of the ink jet conf iguuration studied is finished .

78

I

~~~~~~ ~~~~~~~~~~~~~~~ -
~~~

-
~~~~ -~~~ 

“-‘- - - “ ‘ ‘ -‘~~~~~~~~ “~~

— —,— ,—-—- ——- —= — __ _ —,‘--, - —— ,.. ~~ _ —



- --~--~~ —r —.---- - ----- -
~~~~~~~~~

I~ ’ PROG RA\1 PERF’O RMANCi - :

‘I’he \ m i , u l y t i e - u - u l C o m p u t e m -  Model as- a comp le te -  too l wu - u s e v a l u a t e d  b

u ’ o f l u p u - u l ’ i n g  i nter’med i a t e  and li nal program preci i c t  ions  ii I t h  l t u b o r a t  m , rv  Oh ) —

s e m ’ v u - u t i o n s , u s i n g  the main e input conditions in both c u - u s e ’ s .  ‘I’his cou l d

be done onl y u - r f t e r  u - ill the subroutines had been verified , and  onl y a f ew

tes t s  of o v e r ’ t u l l  p rogram p e r f o r m a n c e  were made .

The compar i son proceeded as f o l l o w s .  In the lahor’atmmrv , u-mn o p e r ’a t in g

pressure , f r e q uer r c v , and voltage were chosen so that drop formatiou l would

be s t a b l e  and few s a t e l l i t e s  would be p r e sen t . Dr’op s e p t u r a t i o n  p o i n t  haci

to h)e w i t h i n  the  f i r s t  h a l f  of the c h a r g i n g  e l e c t r o d e .  U n d e r  t h e s e  con-

d i t i o n s , u-m pattern of charging voltages and ti deflec’timrg voltage was im-

posed , suich that the deflected pattern was of  pr inting size . The labo ru-m —

tory inpu t conditions were noted and these values used in tile computer’

a n a l y s i s .

Two compar i sons  between the corresponding computer output and ohser’—

vations were made . F i r s t , the opt iona l state vector’ ou t pu t was noted t i t

a t i m e  when the drops were near the downstream end of the de llection

p lates . In effect , this provided values of drop coordinates u - ut a p u - u m ’ t l c —

ul u-ir moment . The same situation could be observed in tire lu -uho ratorv

tinder stroboscopic illumination , allowing comparison o l  t i r e -  a c t u a l  and

pred icted flight patterns. The second comparison cvu - u s t h a t  0 1 t h e  p t ’ (m It m ’ I-

ou t p u t p a r a m e t e r s  w i t h  m e a s u n e d  v a l u e s .

Two ti- st cu-uses are described , urot as exceptionally good or’ bach case- s .

hu t i- t ithe r’ as an indication of levels of performance that can be expected.

Pred ictions with more or less accuracy probably exist f o r  dif le- r-ent im rput

conditions .
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I ii e t u c h  e x : u u u u p l e ’  , 36 d i’ops we’re’ cr’eateei (MAXPTS = 36) and  f l e w  to an

m ttt u u g m n a m ’ y  p r i n t  i n g  st i r l a c e  2.5 inc-hem ow-a . The f i m s t  12 d rops  C ’I ~ C’ c on—

‘ - u - u  d c - r e-u i  u - u s  fur e i ’un n e r ’ s  , b r e a k i n g  tile wu -u y for- those.’ following. Their no—

t r u t  was i gnu) i-eel , s i rice in mc tua 1. o p e r a t i o n , t h e r e  is  Ire c-c- n a ‘‘ I i  rs t ” drop ,

bu t  uu l u e t u y s  u - u st r ’e t u t t u  . The r ’eun a i  n i  ng 2-I dir-ups ncr-c broken into four groups

of  6 dr ’m u h u ~ c - t u e-h i ; two groups were given no charging voltage , wh i le the

o t h e r  two g r o u p s  wer’e deflected as ii to print . The drops given no charg—

im u g volt ,uge- could also be neglected , since from -a pract ical standpoint they

would not be uised for printing . Thus , a t t e n t ion in the  examp les was l u —

c-used on 12 dellected drops .

A , Test Curse l——Par ’allel Plates

The input parameters for this test case were as follows :

Type of ink used A . B, Dick 16—6000

Ink temperature 70°F

Ink density 1.026 gm/cm3

Ink sum i’face tension 37.0 dyne/cm

Ink resistivity 62.1 ohm—cm

Ink viscosity 1 .75 c-p

Ink sonic velocity 1573 rn/sec

Ink supp l y p ressu re  40 .0 p si g

Crystal voltage 45 V , zero—to—peak

Crystal dr iving frequency 65 ,270 Hz

Charg ing electrode spacing 0.040— inch

Deflect ion plate length 1 .25—inch

Deflection plate separation 0.130—inc-h

Deflection plate angle

Deflect ion plate voltage —1350 Volt s

Distance to printing surface 2,5 i nches
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i)r ’op Cir u - u i ’gi  ng I)rop Chu-m rg i ng 1)r’op Charg lung
Nr iti uh e’ i’ V m i t  age N um um u be  r ’ \ u m  i t  age \ tm r uibe r ’  \ e )  i t  age’

1 9 2 50 17 1)

2 0 10 225  18 0
3 0 11 200 19 300

-I 0 12 150 2(1 275

5 0 13 0 21 251)

6 0 1-1 0 22 225
7 300 15 0 23 200

8 275 16 0 2-I 150

I n  t h i s  cu -use , the c h a r g i n g  sequence is repeated for m - ~~cl t  of the  two

deflected groups . Also , the entire sequence is started over’ for followir rg

drops , so thu -ut drop 25 sees 0 volts at the electrode , drop 31 sees 300

volts , and so on .

The pr’ed ic-ted and actual drop coor’dinates in flmg b r t ar’e comi)ared in

Figure 2- -I . Tire agreeunuent a t  t h i s  i m l t e r m e d i a t e  p o i n t  is  good.  For the  12

deflected drops , the errors in y—c-oordinate range fronu 9 percent low to

11 per’cent high in the worst cases; 8 of the 12 drops are within 5 per’cent

01 pred icted positions . In the x—direct ion , the greatest dev iation is less

than two drop d iameters.

The output parameters given by the program are shown imr Table 3, a l o n g

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

of onl y one group of 6 drops are of concern .

These results indicate considerable accuracy of the predictions in

th is case . The error in character size is primaril y due to the er ror  i n

deflect ion distance of drop 31 . These results are discussed fur’ther in

Section IV—C .
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DEFLECTION PLATE VOLTAGE -1350 V
DEFLECTION PLATE ANGLE 0 

—

INK SUPPLY PRESSURE = 40.0 prig
— FREQUENCY = 6527  kHz — 50

— — 45
U

— e — 4 0

- U — 3 5 E

.
- — 3 0 w

.
z

- — 2 5~~
0

— U — 20~~~
>~

- - 1 5

• Measured Locations 
— 10

• Predicted Locations 
~~~~ JET DIRECTION

— — 5

.••~~~. ~~~_ •  0
•

I IS I
2.00 1.95 190 1 .85 1 .80 1 7 5  1.70 0

X-C OORDINATE — inches
SA -2 055-39

FIGURE 24 IN-FLiGHT DROP COORDINATE S , TEST CASE 1
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Ot h’Pt ‘I PA1tAMETE:ks , TEST C.\Sh-~ I

Pr’echic-t ed  ~m 1ea sumr ’ed
Ot m t pum t P u - r r a m e t i ’m ’  Err ’or

Value Vu -i lue’

Imn itial jet velocity 78-1 .8 in/sec 783.2 in/see-

l u r k  f l o w  ra te 3.80 cm3/min
Drop r’ate 65 ,270 drops/sec 65 ,270 drops /sec
Dr-op diameter -1 .88 m i l s *
I n i t i u - u l  dro p s p a c i n g  12 .02 m i l s  12 .0 m i l s
Char ’u-ic-te- m’ size 67.1 m u m  56 mils

- - P r e d i c t e - d M e a s u r e d
Char’ging Predicted - -Drop Deflection , Deflectio n
Vol t a g e , Charge Level , 

‘ - E r r o r
Numumrber’ —12 m il s mils ,

v o l t s coulombs x 10
x = 2 .5 in . @ x = 2 .5 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”~
3-1 225 —1 .24 62 ,3 61,0 2~
35 200 —1 .10 55 . 1 54 , 5 ± 1m~
36 150 —0 . 78 3~~.2 39 .5 — 3~~

These terms were not measured , since they are a direct consequence of j e t
veloc ity and drop spacing.

B. Test Case 2——Anglo Plates

The i n p u t  p a r a m e t e r s  f o r  t h i s  tes t  case were as f o l l o w s :

Type of ink .-\ . B . D i c k  16—6000

Ink temperature 72°F

I n k  d e n s i t y  1.026 gm/cm
3

Ink surface ten rsion 37.0 dynes / cm

I n k  r e s i s t i v i t y  60 .8 ohm—c -n

I n k  v i s c o s i t y  1. 70 c-p

,Ink son ic - ve locity 157-h rn—sec
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l u r k  s u m p p  1 y pr’esstmre 32 .9 ~ 
m g

t’ i’ v s t u - i l v o i t u - u g e ’  i l l )  ~ m u 1  t s  , z e i e i — t m m — p ~~u - ik

C m ’y s  tu -r 1 eli’ ic i m u g  f r e e l u m e - u c - v  53 , I I )  l u Hi

Cl r a i ’g in g  e l e c t r o d e  s p u - u u - i n g  () . I ) I 0 — i nc)r

Deflect iorr  p late length 1.25 jurche ’s

De l l e c t ion p late’ separat ion 0.090—inch

Deflection p itute’ angle’ 15 .(I

De f l e c t ion p l a t e  voLtage —3450 volts

i )istuu m ie ’e to printing sem i-face 2.5 inc h e s

I)m’op C h r t u r g  i ng I)s’op C hru - u  r ’g i ng Drop C h a r g i n g
Number ’  \ m m l t a g e  N t m m m r b e r  V o l t a g e  Nuut r ber  V o l t a g e

1 0 9 88 17 0
2 0 tO 7-h 18 0
3 0 11 55 19 86
-l 0 12 38 20 75
5 0 13 0 21 65
6 0 1-I 0 22 55

7 135 15 0 23 48
8 115 16 0 2 - I 65

In th is case , the charg ing pattern is different for each of tile two

groups of deflected drops. -\s be fore , the  f i r s t  12 drops c rea ted  act  as

f o r e r um n n e r s ;  drops  25 throuigh 36 , w i th the same c h a r g i n g  pu -n t t e r n  a s the

f i r s t  12 , are considered instead .

Compa r’ison of the p r’edic’ted and actual drop coordinates in fligh t 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 pred icted de-

f l e c t i o n s  a re  too low , some by as m u c h  as 22 percen t , In the x—direc-tion ,

the greatest error is about 2 drop diameter’ s.

The u r t m t p u t  p a r a m e t e r s  f o r  t h i s  t e s t  case are  g iven  in  Table  -1 . lu r

this exanup le , t h e  deflection distances for both g u - o i m p s  of 6 deflected drops

o u r of interest , since their charging patt erur s ivere different .
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— DEFLECTION PLATE VOLTAGE = -3450 V 45
DEFLECTION PLATE A N G L E  = 15
INK SUPPLY PRESSURE = 329  psig

— FREQUENCY = 53 k H z  — 40

— a U - 3 5

— — 3 0 E
• i’m •ui

I-
-- U

U -J I-
• U °-

• U  
• — 2 0 ~~~

— • •  • 8
• 

— 1 5 w
Lu •0

— U —~~~0
U Measu red Loca miur rur

• Predicted Locations I — 5

I 
Ui -.—-—— JET DIRECTION

0

It I I •I I
‘ 195 1.90 1 85 1.80 1.75 1 7 0  1 .65 1 60

X-COORD I NATE — inches
SA-2 0 5 u-~-4O

FIGURE 25 IN-FLIGHT DROP COORDINATE S , TEST CASE 2
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Table -h

Ol”l ’I~ I ‘h I u \ f L u ,.\U .I’I ..U~ , 1’I-~~T C.1~ E 2

Out  pu t  1u 1 u -a n e t  e m -  P i e d  i c - t ed  \ a lu e  lI eu -u s u m  r e d  Vu -u lue Error

In iti a l jet c-el ocitv 706.2 in/sec 713 .7 in/sec —1.1%
Ink fluiw r ut e’ 3. -13 cm3/nn in
Drop i- u - ut c- 53 ,000 (im’ops( se- c 53 , 000 di ’ op~~/ -a-c
Dr-op u liauuue ter 5.06 m i l s
Init ial dr-op spacing 13.33 mils 13 .-i3 mils —l. 0

Cira r-ac-ter - size , 1st Gm-oup 37.6 35 -7 .0

Chtm n’a ct e- m - siu - ’e , 2mrd Groum p ~5 75 +13

- - Predicted \lc-t sur c- d
C h a r g i n g  P r e d i c t e d  - -Drop - lect ion , Deflec tion , -\ol ttu ge , Charge I~u - c-el , - ErrorN uumber  —13 m ils , mils ,
volts coulombs x 10

Ii- x = 2.5 f m .  @ N = 2 .5 in .

19 86 —6 .57 65 .5 67 —2~
20 75 — -1 ,51 - 12 .3 52 —1 9~
21 65 —3.89 35 .6 -1-1 — 19-:

22 55 — 3.31 30.8 37

23 -18 —2.9 1 27 .9 32 — 1 3 /

$ 
2-1 65 —-1 .30 - 11 .1 45 —9

31 135 —10 .31 10-1 .9 100
32 115 —6,87 65.6 78 —1 6~
33 88 —5 .07 -17 .9 60 -20’

34 7 - 1 — - 1 . 46 - 1 1 .6 -18 —19

35 55 —3 .19 29.3 36 —1 9

36 38 —2. 15 19 .7 25 —21%

These terms were not measured , since they t u n e  a d i r e c t  coul sequenc-e  of jet
velocity and drop spacing.

These resu i t s  m i  c u - u t e  1 u - ~~s ac-cu r ’t u c v  t h r u m  thosc-  i n  Te-st  C i s c -  1 . The

errors u-Ire o f  large r’ magnitude and with one excep t ion  show a low p r ed i c t i o n.

86

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f—. - - -’ ~~~~~~~~~~~ 
I ~~~~~~~~~~~~~~ ‘~~~~~~~

‘ 
~~~~~

- - :._ - ,~~~~ , _  -~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~ ~~~~~~~~~~~ ______



~~~~m ‘~~~~~~— ~~~~~~~~~ — - - - -- - - - - - -  ~~‘ -~~~‘ “ “  - ~~~~~~~~ -.,-— L~~~
-
~ - ’- -‘— - - - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ - — -

— C - ( i u m m i i i u i - m u I ~—u

I’Irc’ (iii e ’ x u - u u m m p l ( ’ r-4 i I i u m u i u i s t i . u t -  a m a n i l a - c  of ti um m u g s  about ti e - A n a l v t i  u - u - u i

( e p i l u u u l , ’ m ’ \ I u u u h m . I . F i r s t  , t ire m s m u t u - l  pr ovide ’S u- u g e- i r m a  1 pictu u - - at how the

drop s w i l l  fto-imu - v u’ in flight amlei wher’e tiuev will land . The t u e  cu irtucy of t he

pI’eu i i e l  b u s  uto- p e -mu d~ tin I hue’ i urput courd i t i o n s  used . ‘I’he p r e d ict  i ens i n  Tes t

(‘u- us e ’ 1 we r i - q u i t  e g u u o u i  : er r -or - s I u i - ge -u - in Test C u - u s e  2 , hut a qualitat ive

v i ew  of  d rop  h e h u t u viuu u w u - u s  s t  u 11 d e l i c - e - m ’e r h . Sec-on-i , the  p r e d i c t i o n s  of j e t

v e l o c i t y  and (tro l l  c h a r a c t u - m - i  s t  i c - s  t i m e  ver y a c c u r a t e ; c r u e t ’ s  g u ’ e’at e r  t h a n

3 pe u c e- m it ac-em’ the  u- u - surge of p a r a m e te rs ar’e not e x p e c t e d . T h i r d , d rop

separ’ u - i t i o n  p o i n t  w a s  not accurately predi c-ted irs either case- ; the v , u l u e  s u m s

too low , so a chummy v a l u e  s to red  in SE P DI S cvu-us umse - u l instead.

L a b o r a to r ’ v  m e a s u r e u u u e n t s  \ve i’e- r equ i  r’ed to make the  c o m p a r i so n s . I n  mos t

e uses , these n ,u v cen t  u - m m er- r’ors as l u - u r g e  as 5 pe r’cen t . T h i s  i s  p a r t i c u —

ltsrlv t r ue  a t  the c h ar -g i n g  v o l t a g e  leve ls , since the chtui’g ing signal was  no t

a l way s  f l a t  d u r i ng dr-op s e p a r a t i o n . I l e a s u r e u m u en t  s of x—coordinates for the

in—flight comparison were repeatable to within 0 . 0 0 4 — i n c h ;  y— c o o r d i n at e s

were  accu ra t e  w i t h i n  2 ml ls. I t  was  no ted d u r i n g  m e a s u r e m e n t  of drop co—

o r d i na t e s  t h a t  the  drops oeuld sometimes drift. This was att i- i buturbie to

t u i r  c u r r e n t s, p r e s s u r e  v a r i a t i o n s, and phase  shu t between the  c h a r g i n g  s i g —

nal and d r’op separal 1 a t m . T h i s  tirade the n r e a s u sr e m e n t s  d i f f i c u l t  ; t hu s , t ire

reported values shrouid not be t tu k i- ur as absolute .

It is fel l that three inter- m’c- l u-ut ed sources of error exist . Fir’ st , the

mie t i sem u’emc-nts of inpeu t and outp u t  p a m - t i u i u c - t e r s  c o n i t u i n  some erro r’. Second , t h e

a n a ly t i c - a l  t r e u - n t n u e n t  r eqer i red  t h a t  numerous  ap p r o x i r n a t  i n u r s  and a s s ur np t  s o u r s

h i -  macic . Th ird , tire c h a r g i n g  c - l e c tm ’ode  p l a t e s  and the d e f l e c t  io in p l al  (‘ s

could not hen p i-u ’fect [v aligned .

The em’r ’om’s in predicted drop positions come i c-vim the suhr’out m r s  used

l m  compute charge tunc i f o r c e s  on tie ’ drops. Most of the eriot ’s are random

4 i n  nut t cu r-c , u-u i t h i  pr - cd i c i  ed vu-s leros be i ng s 1 i gir t 1 y greater or Ic’s s I h, n act mia 1
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ChI~\htGE ~ u miu u ’u u m t i m m e -  u - l p h n e ’ i u s  I i -  h i ’  r - u - ~~e u m u u s i t i1e  f o u  pau -t i i i  l i i i -  e r u u , u -  jun u n - —

uii e’ted it-I  Ic - c t m o n  t h i s t a m u t - ’ s . ‘h’iris di~~t u - uui c e is a sh irt-cr fm imrctr cr n 01 lIst -

\ — t  ( r i t e s  m i i i  a it u - olt ; th e’ pr iuflu -si’ v—t om - c - u is tire r ruuuhu u e - t of u i - t i e - c t  i mrg f l - i d

i-u t i’c ’mmg th u - m d  (h tm l ) c-m u-u m ’cc ’ . S i mIce u - u i 1 ii rops p.i -us through the ~ t u i ~ie I I e’l ei

- u- u - u uuuhiumi i iii f t c - u - i-ia- t n, i u r ~-u’ nuu - ) us cu - sun tic’ u - r I t r’ibuteeh to - im i i’ge dls- u - - t’ t- p an c-me s .

Error ’ s i n  i m r m i u e - i - i I  f u u rge i_ re l i c t  iomr a re  e- x p l t u i m r a b l e -  b t i re  s t r o n g  ui ’ - ; ui -u - u d -utce

our tire’ geu ea’ t rv ii Iii- J t - t  u-sod u t u i u i ) ~- me-u - s r t t r e  dr-op s e - p t u r u - u t j o u r  p a l u l t  - i i

t i n s ge-on e - t r y  dc’s ju -it e+ t r’ iiit th ru - u t um sen i n  the  e ’r np i r ’ ica l  c o m ’ r ’e ’c t i o n  I a c - t o m ’ s

er-n o r’s w i l l  r ’e s cml t .

Drop e i e f l c - c t i o r r  is i n u l u e m r c ’ r d  i - i  u - u 1 u - ~~- -~ -r  e x t e n t .  by r ’e p uis i vc- forces

, 

be t s c ’ e m u  ( 110 1)5 . h - r c’ors c-air e x i s t  h e r e  I~ c- u i — c -  i t t h e  ,i - t s i s u n p t i o n  t h u - m t  l i i i -

drops tm u-c p o i n t  c-ha s~~c’s ins  te-~~~i i t t  i u i e -  m’e~ , n t  c i i -  i n  p u u s  i t ion of t i re

l ead ing  drops  i n  tir e tes t  g r o u p s  is siam’ i -  p i t s  j t ly e  t h u - r n the  e r ro r-s  f o r  t e l  b e —

- ing drop s. I t  t ime ctu u-m r’ge ’s on t ime e l m - a n n ,  u i i ’ ~ tn’ i h m m t t -  I h t - -~— e l v e s  to  for-n a

- 
di pole- , the r e p u l s i v e  f o r c e s  u -u i l l  be- redcu e’cs d , as s i l l  t ire d e f l e c t  j our  caused

— - by these t o rr e s  . The f i e l d  st r ’ c -n gt h  p r e d i c t  i o n s  t ),i si - u l on tire a s s i m m e d  go- —

o n u e tm - v  ar-c t i n u m i u g h t  t o  be good , especially fo r- small p lo t  e u - r n g l e s  . The

- : - la r ge e r r o r s  in  tir e satir e d i r e c t i o n  i n  Te st Cisc 2 in d ictut e that u - t c - t t u~ 1 field

- streng th is greater t h an  t h r a t  p i - e u t i c - tcd , p a r t i cu r l a r ly  at  tile f i e l d  e n t  u’~umsce

- This is p r o b a b l y  c - a u m s e d  by the  non icle- , u 1 g e o n m e-t  i-v u-nt t b -  eun t s- nc-c amrd be-

cause the drops pass oni v about  fou r- d i a m e t e r s  u - m u - v u-n v f r ’onu - t h e  u mp l rc n r p l , u t  e

a t  t h a t  poim l t . Since more t ime ’  e x i s t s  for- e n t r a n c e  for-c-es  to a t  I c - c t  drop

d e f l e c t ion , small errors in u u - -u mtr mnc - e t i m - i d  s t r e u n g t h  can  become pm - i u p o r t i o m i —

a t e l y  l a r g e r  irs  t e rms  o f  d e f l e c t i o n . Th u m s , tir e s v s t e nr a t i c  e r ro r s  in  T t - = u t

—~ Curse 2 u-ire mainl y dume to the d i  f feremmce be tweeum the u - i c - t ot 1 aurd i n e t s  I i  z i-I

- f i e ld  ge-o il m en t r y . Tire a e r o d v r t n r i - (l i-ag c-a len lu - u t  ions u-s i-c- acceptabl y ic c - u t i t -

: l I e u - u s u - m r - e r n i ’ m r t i t  I m ’ a n s i t  t i m e ’  t o t ’  one d r-op in  ‘I c- st  Cu -us e 2 sinore i ’d an u - u - I -o r

l e s s  thu -n fl 2 p e r c e n t . Tirus , c~u ’ r m i r s  its predicted ~ei lect u u u n  u - tr~’ - m u~~t ul -

inaccuru -ute’ r-e’s u th-nce I inc in tir e - deflect jung field .
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As mentioned in the subroutine descriptions , the arr;val time of each

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

used , this arriva l 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 P1~~GRAM LIMITS

Throughout the discussions of the subroutines, var ious limits on

program parameters or comb inations of parameters have been ment ioned.

These limi ts are summar ized in Tab le 5 along w ith the bas is for each

limit . In most case s, 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 propert ies 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 geometr ic limits are based on the

physical apparatus and practicality . For example, a larger charging
4 electrode gap could be des igned , but since a small gap is most des irable,

t here is no reason to do so. Trade—off s are also available regarding

the charging and deflecting voltages, and exceptions to the limits prob—

ably ex ist . 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 t ime 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 condi t ions. Thus, although the program w ill funct ion over the
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Table 5

PARJ\I4ETEH LIMITS

P a r a m e t e r  Minimum Maximum Basis

I n k  t e m p e r a t u r e, 
0 F 50 90 Like l y room t e m p e r a t u r e  r a n g e .

ink density , g m c m~ 1.023 1.050
Ink v i - . cos itv , cp 

3 ‘8 ~ l .  ~nk properties are based

Ink surface tension , uii ~he five A. B. flick inks

dyne/cm 36.8 withIn the given temperature

Ink resistivi ty , ohm—cm 55 22~ 
rango .

Ink ..onic velocity , fll SCC 1553 1617 
-

Ink supply pressure , psi g 10 Jet velocity too low below this.

ink supply pressure , p s i g  80 System safety; excessive jet

momentum .

Crystal Voltage , v ,z-p ISV Poor breakup without some

modulation .

Crystal Voltage , v , Z—p No benefit from higher

voltages.

Drivin g f r e q u e n c y ,  kHz  15 Poor breakup below this value .

1)r~~ving frequencY , kH z  rid t v  � 1.0- jo jo

Charging elec trode gap,

inch 0.020 Practical limit.

Charging electrode gap ,

inch 0.120 Physical limit.

Deflection plate length ,

inch 0.5 Needed for deflection .

i)eflection plate length ,

inc h 2.5 Little benef it from longer plate .

D e f l e c t i o n  p l a t e  ang le .
degrees o 25 P h y s i c a l  l i mi t .

D e f l e c t i on  p l a t e
separation , inch 0.060 0.130 Physical limit.

Deflection p 1 i t (  —500 Needed ror deflection

Vol tage , vo l t —  —6500 Danger of arcing above thi s level .

Drop Char ging Voltage , Needed to deflec t above catcher.

v o l ts  20
Dr op C h a r g i n g  V o l  .o~i , 4oo H i g h e r  i-UI t ages  i n t e rf i , e w i t h

v o l t —  1et b r e a k u p .

I . ,  P r i n t  in g  u M i n i m u m  d e f l e c t i o n ;  short
5 i i r f a e ~~. i n c h  d e f l e c t i o n  p l a t e s .
l i t  — t  is  t o  P r i n t i n g  . 0 Danger  of d i s t o r t i o n  a t
5 ur l a . ~~ , i n c h  l a rge r  d ist a n c e s .
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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

distinc t 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 p1-ate geometry plays

a role in relative jet location and fringing effects . Both facts require

4 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 HARDWA RE

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 conta ins

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 M illipore 3 -
Corporation , typically held a Teflon element of 10 p. 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 I inserted .

One leg of the “T” went to an accurate pressure gauge , whose reading was

taken as pressure just upstream from the orifice . Ink leaving the print

head passed into a catcher. A grounded electrode in the catcher dissipated 4

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

95 

JtI ~~~~~~ff~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ±~~~~L_. -~i 
- ___  ___



in
. I

- .‘ -

‘t
a

- iwiIoA

\ I
~~~~~~~ 

- .

iJ . - 

, i..,.. 
~

L ~.-~~~~~~~

——- 

.

H_
~~~~~~~ it

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. ..
w
I—

_ _ _  a- 

.1 -

- ~
‘ . g

;
‘ 

~
i b
I . 

.- .~ 

.
.
,

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

I

.

.

•~• •
: 

t
.~.:

_
i-. 

L~~.(

~~~~~~~ ~~~~~~~~



- -~~ --- -~~~~~~ - ---~~--—-- .—-~~--- ~~~~~~~~~~- —~~~--~_ _ _ _ _

PRESSURE
GAUGE A.B. DICK

IN—L INE
A.B. DICK FILTER

P R I N T I N G H EA D .,
‘

CATCHER ____________

SUMP
I N K  SHUTOFF rh

PRE SS U R E  IGAUGE I
/SHUTOFF / FILTER .

DISPOSABLE
PRESSURE ELEMENT

PRESSURE RELIEF
REGULATOR VALVE

INK PRESSURIZED
RESERVOIR

NITROGEN

NITROGEN A I NK

CYLINDER
SA-2055-.34

• F I G U R E  27 INK DELIVERY SYSTEM

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

plate where the anodized surface was disrupted .

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—

gem 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 applicat ions , such as by use of a quick—a cting

solenoid valve near the print head .
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It was necessary to change the disposable filter element after a few

day s of running . This need was indicated by a difference in the readings

of the two pressure gauges .

The ink collected in the sunip 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 longer flight path .

A stereo microscope was mounted on a translating base near the print-

4 lag 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 0 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 pred ict 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 piezoelectr ic 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

observa tions , the driving frequency is divided by an integral multi ple

of 24. (The integer multi pliers , manual ly  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 nanual 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 p.s 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 slightl y 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-

j
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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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V I I  ItE COMMEN D ,-Vl ’IONS FOR SYSTEM OPERATION

D u r I n g  t h i s  c o n tr a c t  e f f o r t  and p a s t  p ro jec t s , a good deal of ex-

p e r i e n c e  w i t h  i n k  j e t. sy st e m s  was o b t a i n e d .  Th i s  background has produced

a number  of o b ser v a t i o ns  r e l a t e d  to the  o per a t i o n  of ink j e t  p r i n t e r s .

A l t h o u g h  t h e s e  ar e  rIot d i r e c t ly  r e l a t ed  to t h e  A n a l y t i c a l  Compute r  Model ,

they will hopefully be useful to anyone using this technology .

Ink is driven through the orifice by pressure . In experimental ap-

p a r a t u s  at  SRI , compressed  n l t r o g e n  has been used as the p re s su re  source .

Some c o m m e r c i a l  e q u i p m e n t  made  b y A .  B.  D i c k  Company uses a p o s i t i v e  dis-

placement pump ins tead . Each method has advantages and disadvantages.

The gas source provides an even pressure with l i t t l e  chance f o r  contam i-

nating the i nk , b u t  gas b o t t l e s  are bu lk y .  F u r t h e r m o r e , gas p r e s s u r i z a -

t i o n  is not  c o m p a t i b l e  w i t h  a r e c i r c u l a t i n g  ink system. Pump pressure

permits both recircu Lion and s e l f - c o n t a i n e d  o p e r a tl on , b u t  adds  h a r d —

w a l e  t o  t h e  ink d e l i v e r y  s y s t e m . T h i s  can lead t o  in k c o n t a n l l n a l i o n  t h a t

s i l l  s t r e s s  t h e  f i l t e r i n g  sy st e m . /t choice be tween the  t w o  mtt~ O sis mus t

• be based on th e  p a r t i c u l a r  s y s t e m  be ing  considered .

The p o s s i b i l i ty  of p r e s s u r i z e d  gas g o i n g  into solution in the ink

and t h e n  c o m i n g  out  when the ink  le av e s  t h e  o r i f i c e  has  been r a i s e d . I f

t h is occur s , uns table drop formation would be expected . If f a c t , d rop

f o r m a t i o n  at a fixed operating point is quite s t a b l e . A l s o , no e f f e r —

t-escence has been observed in t h e  ink w i t h i n  t h e  c l e a r  g l a s s  r e s e r v o i r

w h en  p r e s s u r e  is r e l eased . These f a c t s  seem to r e j e c t  th a possibility

o f  ink “carbonation .” It is  c o n c e i v a b l e , howeve r , t h a t  some c o m b i n a —

t ion s  of ink , gas , and p r e s s u r e  w i l l  indeed cause this undesirable effect .

I n  Sec t i o n  Vt-A i t  was m e n t i o n e d  t h a t  e x p e r i m e n t a l  appa ra tus  f o r

t h i s  p r o j e c t  p r o v i d ed  r e l a t i v e l y s l ow  s t a r t i n g  and s topp ing  of ink f l o w .
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A q u i c k - a c t i n g  v a l v e  near  the  p r i n t i n g  head is much more d e s i r a b l e , s ince

i t  can m i n i m i z e  the  ink d e p o s i t s  ott t he  c h a r g ing e l ec t rode , d e f l e c t i o n

p l a t e , and o r i f i c e. These d e p o s i t s , if a l l o w e d  to grow , can lead to

a r c i n g , a l t e r e d  f i e l d s , and poor j e t  f o r m a t i o n .

M a t e r i a l s  used in ink d e l i v e r y  sy s t ems  should be c a r e f u l l y  chosen .

Since the inks must  be conduct ive , the y u s u a l l y  con ta in  an acid or

so lven t  component , m a k i n g  them l i ke l y to a t t a c k  m a n y  m a t e r i a l s . Thus

inert materials are favored such as g lass , p a s s i v a t e d  s t a i n l e s s  stee l ,

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 11-

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 sing le type of metal throughout the ink delivery system .

Stainless steel is the most practical , since many purcha~~ ble items are

available in this material.

Clogging of the orifice was occasionally observed , although usuall y

after the ink line Ii , ’nstream 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 regularl y. 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 completel y 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 usuall y meant breaking the line before the

print head and back-flushing through the head . Several tries were some-

t imes 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 m e t a l  tubes .

The ink co l lec tor  shown in Figure  1 was seldom used , since the drops

were u sua l l y  observed over longer f l i ght  pa ths . When i t  was in place , it

was found  t h a t  ink sp l a t t e r ed  and f r o t h e d  in the collector . This should

be avoided ; the s t r eam should be slowed more g e n t l y .  Sp l a t t e r i n g  can

lead to deposits on the deflection plates and evaporation of some ink

components .

- - 
From obse rva t ions  re la ted  to drop charg i n g ,  it was evident that small

cha rg ing  e lect rode spacing  was de s i r ab l e. Small spacing reduces the pro-

portional effects o ’ 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 J
large spacing, centering is less critical.

An alternative to the pre~-ent U-shaped electrode would be a metal

tube through which the jet passed . Although alignment would be difficult ,

( this confi guration would provide excellent capacitive coupling to the jet

and shielding from the deflecting field. It would also be axisymmetrical ,

which the U-channe l is not.

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

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 flig ht path. The effect of this air flow

is apparentl y 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 , severa l

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 supp ly pressure (and hence jet velocity) should be set so that dis-

turbance wavelength (X = v /f) is slightly greater than jet circumference

(~‘d ). 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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V III RECOMMENDATIONS FOR FUTURE WORK

Work under this contract has naturally ra ised thoughts regarding

further effort. Since study of nonimpact printing techniques in gene ral

and  ink jet printing systems in particular will continue at SRI , these

suggestions are presented here .

Most of t h e  e f f o r t  d u r i n g  t h i s  p r o j e c t  wen t  i n t o  c r e a t i o n  of the

Anal ytical Computer Mode l by s t u d y i n g  the separate  physical phenomena con-

cerned. Comparisons between the overall mode l and experimental results

were limited to a few test cases . The results indicate tha t the compute r

mode l 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 additiona l

test cases would yield two results:

(1) The capabilities and shortcomings of the Analytical
Computer Mode l 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—

irnental 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.

I
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IX CONCLUS I ONS

The A n a l y t i c a l  Computer Model is a useful tool. Over the defined

ranges of i n p u t  c o n d i t i o n s , the mode l predict s drop characteristics and

behavior  w i t h  modest accuracy .  W i t h  some combina t ions  of input conditions ,

the p r e d i c t i o n s  are accura te  w i t h i n  a few percent.

The computer  mode l consists of an execu t ive  rou t ine  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

fli ght are generally accurate. Errors are primarily a result of the as-

sumptions and idealizations tha t had to be made to permit analytica l

study . In most cases , the subroutine s were refined on the basis of ex—

perimental observations.

The Analytical Computer Model in its present form should be quite

useful for study ing a wic~Ie variety of ink jet printer operating config-

urations. By simpl y 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 whica the Analytical Computer Model is based has pro-

vided new insi ghts into ink jet printing systems . The printer is seen
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to be a complex physical device ~hose 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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Append ix A

J ETPER THEO RV

1 . R e s u l t s

l’h is ap p e n d i x  g ives  the a n a l y ti c a l  bac~kg round f o r  d e r i v i n g  the f o l —

lowi ng lor it iu la  f o r  t he  p e r t u r b a t i o n  in  j e t  v e l o ci ty  a t  the o r i f i c e:

Am p l i t u de  of i n i t i a l  v e l oc i ty  p e r t u r b a t i o n  
H

= = a /C a (n/ see)
o F c o

where

— 2  2 2  2 2 2 - -
= j . L (d /k  ) (1 + w _ )  / (1 + w tan 

~
)

C o 7  a 8 
-
~~

9
+ w + (w w + k ) t a n  ~~5 5 8  6

2 .  N o t a t i o n

The parameters  and d i m e n s i o n l e s s  r a t i o  used in the a n a l y s i s  are

l is ted bel ow. These are der ived f rom the ph y s ica l  a p p a r a t u s  and the

imposed opera t ing  p o i n t .  The va r i ab l e s  of the theory , such as geometric

coordinates , are defined where needed . Figure A— l shows the idealized

]et perturbation apparatus and some system parame ters .

I
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FIGURE A-i IDEALIZED JET PERTURBATION APPARATUS

System Parameters

2
a axial cross—sectional area of crystal (ni )c 2
a a x i a l  cross—sec t iona l a rea  of f l u i d  column (m )

2
a a x i a l  cross—sec t iona l area 01 o r i f i c e  (m )

0

r r a d i u s  of o r i f i c e  (m)
0

L length of crystal (in)

L
F 

l e n g t h  01 f l u i d  column (m)

L l e n g t h  of or i l ice (in)

L d i s t a n c e  f rom o r i f i c e  to c r y s t a l  (m)

M mass of or i f i c e  hous ing  (kg )

M mass  of r e t a i n i n g  n u t  (kg)

C or i f i c e  v e l o c i t y  c o e f f i c i e n t  (1)
V

f or i f i c e  f r i c L i o n  f a c t o r  (1)

C ,jet  c o n t r a c t i o n  c o e f l i c i e n t  (1)
C

u
1 

mean  f l o w  v e l o c i t y ,  u p s t r e a m  f rom o r i f i c e  (m/sec)

steady f low density , upstream from orifice (kg/rn
3
)

p
1 

s teady f low pressure , ups t r eam f rom o r i f i c e  (newton/rn
2

)
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C Steady f los sound speed , ups ream f i oin or if ice ( i i i  - s e e)

P ~ t m o sp he  l i e  pi ’~ - st i l e  (ties to t i  t )

I C l  ecu l,t I. I t’ e q t t e l t C \  ( r a d i a n  - see)

A a inp l i t i R i e  o i  app l i e d  p o t e n t i a l  ( v o l t s , zero— to—peak)

d p i e z o e l e c t r i c  c o n s t a n t  ( m / v o l t )

Y Y o u n g ’ s m o d u l u s  l or  c ry s t a l  ( n e w t o n / r n
2

)

- tube spr i IIg  c o ns t a n t  ( f le ’ot t On  m

v kitieiti a t i c  i n k  v j s c os i  t v  (i t t  - ‘see)

D i m e n s i o n  less R a t i o s

iL c ‘(c — u
2

)
F 1 1 1

M = ti ‘c
c 1 1

ci = 2dA L
o v c

K = M ‘M
ni o 1

9
k = r L  M ‘Va

c 0 c

K = K  L ‘Va
t ‘ F e  c

K , = ( a r  ) L ( L  ‘a ) + (2 ’ :a C )
l/2 1

F 0 00 0 1- v

2 2 2
K = (l ’2 C ) + I L a / - l r  a

-i V 00 F 0 0

4 K = k / 2M k
; 5 3 c - I

K = ( 1-  M
2 

k ) ‘ 2  M k
6 c -1 c - i

= k — (1 + k )(l + k )
t m

K = (a o c
2 / Va ) ~.l - (1 + k )k /k J

8 F l l  c t n t

w = K r
5 5 0 1

w = j L  k/k c
8 c 8 7 1
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Solii  t i o n  n i  the j e t  pet ’  t i t i-h a t ~oe p1-0 1) 1cm l- equi  cccl ana  lv  si S of t i l e

I In i ci ( 1) 11111111 , 11111)0 Se(I  1)011 tic! a i y  coitci  i t  j  o h s  , a nd 0 r i  1 i Ce  m o t i o n

3 .  F l u i d  Col umn

The equa L i on s  ol o n e — d i m e n s i o n a l  1 low of a v i s c o u s , com press ib le

ha t o  t r o p i c  F Itiici ~~~~~~~

o + (~~ii) = 0
t N

u + till + (1 - 0 ) 0  = ( - I  ‘3 ) -u
t N N X X

dp = c

w h e r e  x i s  the  d i s t a n c e  coorci i na t e clown the  c o l u m n  , t the time , V the

k i n em a  t i c  v i s c o s i t y ,  and v a r i a b l e  s u b s c r i p t s  denote  p a r t i a l  d i i t e r e n t i a —

l i o n . l ’lie I los v e l o c i ty  tm i s  a st in t  of the s t eady  v e l o c i t y  u
1 

and the

pe r t t t r b a  t i o n  U .  In  a s i m i l a r  n o t a t i o n  fo r  the o ther  f low v a r i a b l e s ,

l i nea rized e q u a t i o n s  fo r  the p e r tu rb a  lions read

‘
~;
‘ + 0 ~ i

_ 
+ u ~~~ = 0

t l~~~ l x

it ÷ u ii ± (1 ,~ = (-1 ‘3)  ~i’t l x  1 x xx

-

~~~~~~~ 
P = c

~~~

Osci  l la t i o n s  a t  f re qu e n cy -i. c o r r e s p o n d  to s o l u t i o n s  w i t h  U a sum of

c o n s t a n t m u l t i p les of

i j ( t-  N ) — i i . ( t - - x )
e or e

is  a co ns t au t  and i ~ — l  . For one such term , set

~~i i ( t — - x )
II = it 0

0
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l’h en 
- -

p = p e
1)

O = 0  e
0

and subs titution in the equations gives

o = 0 ‘( 1  — u
o 1 0  1

2
p = c  o
o 1 0

ii i s  a r b i t r a r y , and ~ . is a root of
0

2 2  2 2
~ . (u — c )  — 2u ”~ + 1 — (4/3)v(~~i’i) ). ( 1 — ~u )

I n  the  absence  of v i s c o s i t y ,

= l/(u ± c
1
)

1-or small v iscosity, ~ . changes  to

— 
= [l/(u ± c

1
)Ll- ( 2/ 3 )v ( ~~i-t ) / ( u  ± e )

2
~

-2 2
I - o r  a t y p i c a l  ink and operating point , V is approximatel y 10 cm /sec ,

c is  1.3 x lO~ cm/see , and ii ~~ i s  n e g l i g i b ly sma l l e r  t han  c
1

. A t  a fre-

q uency ol  -10 K lI z , one f i n d s ‘j~ = 2 . 5 X 10 (sec ) so t ha t

2 —8
(2/3) V i./c 7 X 10

Therefore , t h e  a s s u m p t i o n  of sma l l  v i s c o s i t y  is j u s t i f i e d  and , s ince th i s

term is  s u b t r a c t e d  f rom 1 , the influence of viscosity on ). and the remain—

( I - I -  ( i t  t h e  c o m p u t a t i o n  is  neg l i g i b l e .

I h e  nm -—dimensional , inviscid velocity oscillation of the fluid

en Iit :nti is g i ve n  by
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i J ~~t — x ’(u 1— c 1)

II  = C t 0 + t 0
1 0 1

— i J ~~ t -x ’( u 1— c 1) 1 -1i.~~t — X ’(U 1+c 1)j

~ I e + 1 e

w h e r e  t U , U and I are as y e t  u n d e t e r m ined c o n s t a n t s ,  The pressure
0 1 2 3 -

am id d e n s i ty  ~‘ar ia  t io ns  a re

p = Q c  — U e + U e - C e + U e
1 1  0 1 2 3

where  the e x p o n e n t  on e in the term U e is  the same as i t  is in the u
3

e x p a n s i o n .

-I . B o u n d a r y  Cond i t ions

Con st a n t s  U are d e t e r m i n ed  by the b oundary c o n d i t i o n s  a t  the two

end s of the fluid co lumn . A t  the upstream end of the column ,x = L
F

, and

the  p e r t u r b a t i o n  in pressure is zero . It follows that coefficients of

e x p ( iw t )  and of e x p ( — i w t )  are  s e p a r a t e ly zero so t h a t  two e q u a t i o n s are

o b t a i n e d :

-i’LL /(u
1
—c

1
)

• C e  = U e
0 1

r
iwL /(u —c ) im L -’(u +c )

U
2
e = C e

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

c o n d i t i o n 2 reads

p + 
~~~~~

- p = (o  ÷~~
) ~ ( 2 / T a C )

l 2  
(L /a ) 41 o 1 F v  o o o

- 2 2  2~~~ 2+ ~(1 ~2a C ) + (fL /4r a ) ~q
F v 00 0 0
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w h e r e
q = — a (u + u — ~~~ )1- 1 o

x i s  t h e  or i l  ice d i s p l a c e men t , and t i m e  clot i n d i c a t e s  the  t i m e  d e r i v a t i v e .
0

A ! tee subtracting of f the steady—state relation

2
p - p  = -~ k ii
1 o 1 -l 1

t he  l i ne a r i z e d  r e m a i n d e r  nia y be w r i t te n

(u - 
~ 

) c i + ~K ( u  — x ) r  ~c
2
~ + ( k p ’~~ c

2
) = 0

0 1 a o o l  b 1 1

t h i s  cond i  l i o n  becomes u s e f u l  when  x ( t )  is found .
0

5 .  O r i f i c e  Motion

Equn ti ons of motion I or the  masses  M and ~I and the s t r e s s — s t r a i n
o 1

I d a  t ion 1oi’ t h e  p iez o e l e c t r i c  c ry s t a l  are

~~~~~ = — ~~a — E ( x  — x  - L )
1 1  c F l  0 C

M c  = a + K ( x  — x  — L ) — p a
o o  c T 1 o c F

(x — N — L ) L = V d cos t
1 o c c o

sh o r e  is t h e  s t r e s s  iii the  c r y s t a l , a ssumed to be u n i f o r m , and x
1 

is

t h e  d i s p l a c e m e n t  of the  r e t a i n i n g  n u t , mass M .  The applied alternating

potenti al is represented by the term d cos k t .

Elim inating 
~l 

and g i v es

(M k ‘Va ) k~’~ + :~ l + K ) ( l  + K ) “L j
~ + (a ‘Va )

~m i  c 0 t in e 0 F c

- fl — 2
+ ~(l + K )~‘M L ~a p = ci i~ cos i. t

t l c  F 0
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Since , at x = 0,

-~~ 2 - i i t  — i t t
p = o

1
c~ ,.(U — e -i- (11

3 
— 1/

2
) e

one may solve f o r  x to f i n d
0

x (L /k ) E(d /2) + k (C — U  ) J  e~~
JJt

o c ~ 

+ L(:o/ 2 ) + k
:

C
:

11
:

] e~~~~
t } .

6. Solution

Substitution of x , p, and ~i
’ into the orifice boundary condition

g i ves  two more equations connecting the C - . Solving the e q u a t i o ns  gi es
3 - -

C = U exp (2i~2) 
•

C
3 

= U
1

whe re the  bar denotes  the complex conjuga te operation and

-
-

C = (i’~ L d /4k  c )(l + i j k  r ‘c ) e~~~~/

f
~ 1 ±ii.:5

r
0

’c
1~~

cos ~l÷ (
~
L
c
k
8
/k
7
c
l
)Sifl ~~~ + ik

6 
s i n  ~

I t follows that , at x = 0,

i m . t
u = Re C (C + C

l
) e

4 
,~ i(c~+-~t)= 4 c Re U cos ~~i e1 0

sc that

j~ri = -1 
~~1 

1u 0 cos ~
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Taking the absolute value of the complex quantity gives the formula pre—

sented a t  the  beg inn ing  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 (P Z T- 4)  were obtained f rom the m a n u f a c t u r e r ’ 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 u sed in th i s  project  can be found within the listing of subroutine

JETP ER .

I
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Appendix B

-: SEPI)IS  THEORY

1. R e s u l t s

On the  ba s i s  of l i n e a r i z e d  t h e o r y , the  o s c i l l a t i o n  a t  the  o r i f i c e

wi tti veloci ty anmpli tude j u  computed in  JETPER grows to form sepa rat e

drops a t distance x along the  j e t  p a t h  where

x = (r ,/b) arc sinh (B u /Iu I)
1 J 0

b =  1ni -~ ,

B = I m (~~—w )’I 1(~~)

and ~ is  a particular root of

2
(i—w ) = ~f f(~)

= (
2 _ 1)

J e t  g r o w t h  and SEPDIS coordinates are shown in F igure  B— l.

In  the  above e x p r e s s i o n s, r and u a re  the  s t eady  j e t  r a d i u s  and

v e l o c i ty , I a nd I are the m o d i f i e d  Bessel f u n c t i o n s , and f requency
o 1

p a r a m e t e r  s and su r f ace  t e n s i o n  parame ter  T are defined by

w =

T = T /.rna r
1 J J

where ‘L ( r a d i a n/ s e e )  i.s the c i r c u l a r  f r equency  of the applied oscilla—
3

tion , 0 (kg /rn ) the  i n k  d e n s i ty , and T
1 

(newton/rn) the ink surface ten-

sion .
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SA-2055-22

FIGURE B-i JET PROFILE AND COORDINATE SYSTEM FOR SEPDIS SUBR OUTIN E

Finding the roots ~ in general is difficult. However , the limi ting

case with T being small and 0 < w < 1 does apply to the ink jet and gives

the approximate formulas:

l’2
b =  L. T f(w)]

B = b’I (s) ,

where 1 (w) is eva lua ted  in the same way as f(~ ) above . These formulas

are valid if 0 < w < 1 and

T << 2w/

where

= (
2 _ l) : l - I

2

(
~~~~) I

2

(
~~~~) + 2~ I (~~)‘i1 o 1 o

2 . Pe r tu rbed  Je t  Flow

Since the  pressure in the free jet doe s no t  vary  a p p r e c i a bl y  f rom

t h a t  of the  a tmosphere , the  c o m p r e s s i b i l i t y  of the ink  may be neglected .

~ s s ur n i n g  the  f low to be i r r o t a t i o n a l  i m p li e s  the e x i s t e n c e  of a p o t e n t i a l
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h in d  ion I- t h a t i s  a s o l u t i o n  of L a p l a c e ’ s e q u a t i o n . For  a cy l i n d r i c a l ly

symlue t ci c I low tha t is cons ide red to be a sum of st  a tiding waves , I- i S a

sum of I e i~m s o F t h e  f or m

iLix / r  — i - -’N ’r

i- = (r~~~~~ /~ ) I ( f t  r. )(Ae + Be ~ )
where  ~ is a constan t and A and B are functions of time .

I I s i s  t h e  p e r t u r b a t i o n  in j e t  r a d i u s , the k i n e m a t i c  c o n d i t i o n

tha t the t ime  ra te  of change of s f o l l o w i n g  a f l u i d  par t i c l e  in  the j e t

su r f a c e  equa l s  the r a d i a l  component of the p e r t u r b a t i on  v e l o c i ty  reads

i i i  linear approx imation

s + u s  = 1 - - 
, on r = r

t J x  r j

T h i s  impl ies  tha t the term f o r  s corresponding to the s t a n d i n g  wave above

is

i~~c,’r

s = (r Ti j/ u
3
) 1

1
(a) 
(
Ce + Be ~ )

whe re C and D are f u n c t i o n s  of time and are re la ted to A and B b y

= w C ’ ÷ iQC ,

B = w D ’ - i ~~D

The prime indicates differentiation with respect to the di men sio n less

variable ( i t ) .

The balance of forces at the jet surface reads~ in linear approxi—

m a t i o n

o(I-’ + u F ) — T (s + s ’r
2

) = 0 on r = r
t J x  l x x  j

Substitution of the previousl y given expressions for F and s and simpli-

fication g i ve
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2 ,  / 2
w ( “ + 2 i c � w C  - ~ C + 1’ f~~4U 0

2 , / 2
w I)  — 2 j  -~~ a D — ‘~~ I) + ‘I’ f (

~
) D 0

w h e r e  F u n c t i o n  f i s  as d e f i n e d  in the  pr ev i o u s  section.

S o l v i n g  these eq u a t i o n s  and s u b s t i  tu t i ng  in t o  the forms f o r  F and s

g i ve s

F = ~~~~~~~~~~~~~~~~~~~~~~~~~~~

i a~c /r~ — i tnt — i tnt — i ax/r
i 

i tm _ i tm÷

[e ((e — C e  )+e (D1
e - D

2
e )

i CL’c ’ l~ — j t m — i t m
5 = (r J I~~~I/u J )I l (4 [e ~(c1

e +C
2
e

— ] 2 x ’r i t m _ itm +
+ e (De +D

2
e )]

= (u /i. ) L ~ ± ( T f )  
1/2 

~

where C
i~ 

C
2 , D , and D

2 
are constants to be de te rmined .

Since [ ( 4  is an even f u n c t i o n  of ~~ , chang ing  the sign of ~ mere ly

i n t e r c h a n g e s the roles of C amid D.  There fore , one may restrict consider—

ation to one—half t h e  comp lex ~ plan e , here taken to be Re ~ 
� 0. - -

l ’2
Si nce ( T f )  appeal ’s w i t h  both s igns , i t  is necessary only to work

— w i t h  a particular d e f i n i t i o n  of this square root. Branch points for the

roo t occur at zeros and poles of 1 . These are found on the imaginary

axis , Re ~ = 0 , and also on the real axis at ~ = ±1. If cuts from the

branch p o i n t s  are a l l  taken as  r u n n i n g  to the left , the right half o ‘

pla ne , except  f o r  the segment 0 < ~ < 1 of the  real a axis , is a region

in which (11)
1 

is continuou s and has real and imaginary parts whose

signs agree with those oh tIme real and imaginary parts of a.
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Uhi e e x p r e s s i o n s  f o r  F’ an d s above are now unambiguously clef m ed .

.\ l so c o n s i d e r a t i o n  may be r e s t r i c t e d!  to v a l u e s  of a w i t h  Re a 0.

3 . F’ i ’e quem - c y  Conch t ion

Si n ce the  p e r t u r b a t i o n  i s  a s t ead y o s ci l l a t i o n  a t  c i r c u l a r  I r e—

quency  a ,

= L

w h e r e  a l l  Iotii ’ cho ices  of the a m b i g u o u s  s igns  are  permi  t ted . R e a r r a ng i n g

and s q u a r i n g  redu ces t h i s  to the p a i r  of eq u a t ion s f o r  a,

(a w )
2 

= T f (a )

S ince  F i s  a real  f u n c t i o n  of a , r oo t s  of each of these  e q u a t i o n s

occuI~ in  complex con juga  te p a i r s  - T h e r e f o r e , conside r a t i o n  can be re-

s tr i c t e d  f u r t h e r  to  t h e  f i r s t  q u a d r a n t  of the  complex ~ pl an e where

Re a � 0 and Im ~ � 0.

-4 . O u t g o i n g  Waves

S i n c e  f u n c t i o n  f c o n t a i n s  Bessel f u n c t i o n s , there are many roots a

to the  f r e q u e n c y  e q u a t i o n .  The ph y s i c a l l y  m e a n i n g f u l  one s repre sent o u t —

g o i n g  waves  ( t r a v e l i n g  in  the j e t  d i r e c t i o n ) . One may f i r s t  consider  the

case of neg l i g i b l e  s u r f a c e  t e n s i o n , where the  outgoing waves are readily

i d e n t i f i e d ,

- \ !t e r  c l e a r ing  f r a c t i o n s  and s e t t i n g  T to zero one o b ta i n s  the  s in —

pu lled f r e q u e n c y  e q u a t i o n

• 2
(a ± w) I ( a )  = 0

0

R o o t s  of t h i s  eq u a t i o n  in  the first quadrant of the complex a plane are

a = w and  ~ = ik (ti = 1 ,2,3,...) where k is the n—Ui (real) root of the
n fl

unmodified Bessel function J . I n  t h e  absence of surface tension , there
0
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i s  no m n e c i t a n i  Sm for m a i n t a i n i n g  p ressure  v a r i a t i o n s  in  the  j e t  f a r  f rom

the  or i !i c e .  Hence the  per t u r b a  t ions  c a n n o t  grow as x becomes l a rge .

Each i m ag i n a ry  root , a = ik , c o n t r i b u t e s  an e x p o n e n t i a l ly  g rowing  or

d e c ay i n g  fa c  t c ) r d e p e n d i n g  on the  s ign  si th  w h i c h  i t  is used . A g r o w i n g

l a c t or  is no t  p a r t  of an o u t g o i n g  wave , w h i l e  a decayi ng one doe s not

c o n t r i b u t e  to the  i n s t a b i l i t y  t h a t  g ives  e v e n t u a l  b r e a k u p  of the j e t

i n t o  d r o p s .  h ence the real root a = w is the o n l y  u s e f u l  one in the

case 01 n e g l i g i b le  s u r f a c e  t ens ion . For positive T (nonnegligible sur—

f ace tension ), the m e a n i n g f u l  roots  are real ones or ones arising from

i-cal ones as I increases from zero .

In Figure 13—2 , [unction [(a) is sketched for real a as are the pa—

rabolas (
~ 

± w)
2 

for a value of w on 0 < w < I. One sees that the root

a = w f o r  1’ = 0 is a double root that splits into a pair of complex con-
3

)ugate roots as I increases. Since f is proportiona l to a for large a,

(~~+w )
2

FUNCTION
A X I S

SA-2055-23

FIGURE B-2 FUNCTION f IN THE FREQUENCY EQUATION VERSUS REAL a
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t he  i t  - a i~~ 
- t a t )  h u i i ’ t h e r  r ea l  roots , one on cacti p a r a b o l a  , t h i a t  a re  1 a m’g e

‘~m a - i i  1 i s  s m a l l  and r e m a i n  r ea l  a s  1 increases. ‘t’he instabilit y clue to

surI a ct - t e n s i o n  u s  shown b\  t h e  d’cunp leX roots arising I ron a = w . A

h’ a~ to m - -Xp a m i s ti ii 01 t lie I i’equ en cv  edhu a t j el l  about a = w shows t h a t

- - -  - ~ l -  -a = a - - I L~~l l  (a- ) j  -

lit i s I s t lie two— t e r m  m e  sui l t quo te ch ab ove  I t i s  a v a l i d  a p p r o x im a  t ion

i t  T is n e g l i g i b ly  s a ia l l  w i t h  re spect to  2a - f “ (w) , w h i c h  is  the  case

i i i  a l l  OpC I’cit i m i g  cc) ndi  t i ons  t l i a  t sol e examined! .

I f  1 K a , t i m e  d oub l e  root  a t  a = w f o r  ‘t = 0 s pl i t s  i n t o  two i-cal

l o o t s  as  I in c  i-ease s . One of t h e s e  r e m a i n s  b e t w e e n  a and 1, sh i  le t h e

d) t h e  I. mo-s e S O~ t I owarci inc rea si t m g  a to mnee I t h e  c i t - c  i’ -a si dg  l a rg e  rca 1

i o ot  . \s  1’ i l ici-ease s f u r  t h ur  , t h e  two r o o t s  conic toge t her  to f o r m  a

d o u b l e  m o o t , s ay  a = ~~ ( a )  a t  I = i~ (w)  . Then f o r  I > l~ a pa i r  of c o t i —

t u g a t t ’  comp le x r o o t s  a r i s e  i m i d i c a t  i tig th e  i n s t a b i l i t y  b e i n g  s o u g h t.  T h i s

i r - ~p l i e s  t h i a  I t i n d e r  c e r t a i n  cond i t i o n s , an u n s t a b l e  r -g i on  t or -  ic ~ I is

I oh ~ o cct ’ d!  by a s t a b l e  r e g i o n  and  t hen  by a second u n s t a b l e  r eg ion  as  w

g m m t ~c s  l u g e r  t h a n  1 (see F i g .  8 , S e c t i o n  1 1 1 — b — I ) .

S i n c e  t h e  cu r v e s  f o r  ( a — w y  and  I f ( a )  are  t a n g e n t  a t  a = ~~~~~ -I- a

t l~~- s t -  v a l u e s  a l t ’  f o u nd by s o l v i ng

(
~~,

4 
— w) = F~~ ! (

~~
)

2 ( a * — w~ = I* f ‘ (a *)

One f i n d s  f o r  \ ‘e m-y l a rge  w ,

*3w — 1- 3 , T ( - 1 2 7 a ) ( l  6 / w ) , 1

s-lu le I or a near- 1, t h e r e  am - c- t h e  two solu t i ons :

= 1, 8-1 , 1* = 2.-lU , w = 1

2 — w , 1* -
~ -1 . 18(1 — w) , w a 1

1 3 :~
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The s tab i  li  t y  b o u n d a r y  I = T*( w) is  ske t dhu ed i  in  time (w ,‘r) pa rame ter

pl ane in  F i g m m i ’ e 8.

5 , On l i ce  Conch i L i on s

Cons idera ti on of the s igns  shows t h a t  the comp lex root a i n the

I ir st q u a d r a n t  is the s o l u t i o n  to the e q u a t i o n

rn = +W

Hence constants C and D are Set to zero in the solution formulas given

abov e. Along a-i t h  -a , in  the h a l f  p l ane  Re a � 0, is th -  root a. Adding

to the sol u t i o n s  terms fo r  ~ wi th c o e f f i c i e n t s  C and D gives the - a n e r a l
3 3

form s

i ax/ r — i w t  — i~~~’r +iwt
F = (r~l~~I a) I (~~~/rJ )(_Tf)

1/2 ( ~ D c  ~ )
i5.x/r —i~~t —i cx/r  s -i t t

— — — 1/2 ! J J
+ (r~~~u t/ a)  I (an ’r ) ( — T f )  C e  + D 3e

i ax/r — iit -ia’:-’r s - f i t
s = (r l ~~~I/u ) [11

(a)(c1
e + D e  )

i~~ ~r — iwt -i~~~/r +i-i t

+ I
l
(;) (c3

e + D
3
e )]

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
1
1
1
(a) + c

3
1
1
(a) = D

1
1
1

(a) + D
3
1 (a) = 0

The other orifice boundary condition is that the a~ ial velocity com—

ponent has ii known perturbation on the axis of symmne tr-y :

F = sin i t  at r = x = 0x 0

4
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I - t oni th u s

2i:(- (a- a) + t ( T - w ) J  a 1

2j h ( a — w)  + D
3

(~~ — a ) ~ = 1

Solu ion of t h e  h o u r  e q u a t i o n s  g i v e s

= C
1 

, D = C
3 

= -C 1 (a)

C = I
1 

)— (2i) (a-w)I (~~) - (L-w)i 1
(-a)~

so th a t

s = (r (~i ii B) sjn~.(~~— a) x ’2 m ’ ~ sinjas- 4x 2r —
j  0 -J 3 j

where
B = I m ~~( a -  w)

6. I)rop Separation

Drop separa tion occurs at the smallest value of x for which (r
J 

+ s)

can be zero for sonic t. This condition is equivalent to finding the

smallest x such t h a t

( u ‘u B \ sin ( ih x  ‘r ) = 1 , b = Ima
\ 0  J J  J

One obta ins

x = (r 1)) arc s inh  (Bu / lTi I )

13~
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A ppe m u d i x  C

CHARGE THEORY

t h i s  a p p e n d i x  descr ibes  t h e  der i v a t i o n  of the drop charg ing e q u a t i o n

used in the model anti g ives  the f u n c t i o na l  fo rms  of the f a c t o r s  F
1 

and

F,, .

Figure C—i shows the electrod e configuration just as the i—th d rop

is br e a k i n g  ( l i i .  The free d rops. t i c- j e t ,  and the cha rg ing  electrode

are conductive bodies act irig as e lec t r o d e s . The i — t h  drop is being

C H A R G I N G  E L E C T R O D E N~~~~ 

d

d 

d
d~~~~~~~

q q
2 

q 1

H

V 4
SA - 2 055-33

FIGURE C—i ELECTROD E ARRANGEMENT FOR DROP CHARGING

charged to dj by a potential V on the changing electrode plates. Two

p r e v i o u s ly  charged drops w i t h  charges q
2 

and q
3 

are also present  and

arc at  p o t e n t i a l s  V and V
3

. r e s p e c t i v e ly .  The cha rge  on a ny  drop may

be sx ’ i t t e n  in t e rms  of the  p o t e n t ia l s  V uric ! c o e f f i c i e n t  c - 
such that

1,]

1:19
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q = ‘
~
‘ c , V

1=1 
ii 1

The coefficients c - 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 C ,,, I 
~ j , are the coefficients

of inductive capacitance and are the ratios of the charge on conductor

j  to the potential on conductor 1, with all other conductors being

grounded . Other important properties of the coefficients are that

c , - � 0 and c , - � 0, i ~ j , and c , = c
ii  i_I ii ii

Known quantities are V
1
, V

4
, q2, 

and q
3
. It is desired to f ind q

1
in terms of these quantities and the coefficients c , • In the process

ii
it is also necessary to find V

2 
and V

3, 
at least implicitl y. To solve

for the three unknowns requires the three equations

q = c V + c  V + c  V s - c  V
1 11 1 212 313 414

q = c V s - c  V + c  V + c  V
2 121 222 323 424

q = C V + c  V + c  V + c  V
3 131 232 333 434

Note that since the continuous portion of the jet is grounded, V
1 

= 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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C = c c
11 22 33

C = C = C
- I l  -12 -13

C = C = C = C
32 23 21 12

The suco nch t ao  equations may be s~)lvedi for V and V and then su b s t i t u t e d
2 3

i n to  the  f i r s t  e( IUiI t iOf l  g i v ing

(c — c  )q c
Il 31 2 41

q = c V + c  — V
-11 -1 21 2 2 2 2 4

(c — c  ) (c — c  )
11 21 11 21

r q
I 3 41

+ c  I — V
3l 1 (c + c  ) Cc s - c  ) 4

L 11 21 11 21

From experiments it is known tha t

C - l O c and c ~~2Oc11 21 11 31

so t h a t  to a good approximat ion

(c — c  )— ~~c , Cc + c  ) - ~~c11 31 11 11 31 11

2
(c’ — c  )~~a c  . (c s-c )a~~c11 21 11 11 21 11

i l l

~~~~~~~~~~~~~~~~~~~
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The equation for q
1 

thus simplifies to

~ 
q
2 

c
41 ] [q 3 

C
41q ~~~c V + c  I— — — V I s - c i— — — — V

1 -11 -1 21 L c11 c
11 4] 

31 [ c11 c
11 

4

The factors F
1 

and F
2 

are defined by

F = - -~~

F =

so that

q
1 

= c
41

V
4 

— F
1
(q — c

41
V
4
) — F

9
(q

3 
— c

41
V
4
)

This equation may be rearranged to give

q
1 

= c
41
V
4

(l + F + F ) — F
1

q
2 

— F
2

q
3

Since c
41 

is negative, the charging capacitance, C, is defined as

C = — C
41 

.
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This yields the equation

q
1 

= — CV . — F
1
(q
1 1 

+ C V )  — F ( q
2 

+ CV
1
)

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

q. = — CV .(l + F
1 

+ F )  — F
1
q . 1  — F

2
q

2

In steady—state operation, q1 
= q

2 
= q

3
, so that

q
1
(l + F + F )  = c

41
V
4

(1 + F
1 

+ F )  ,

or q = c V . This result is the same as Sweet ’s model.4 The fact
1 414

that c
41 

is negative indicates that the charge induced is of opposite

polarity to the charging voltage. This also implies that V
2 

= V
3 

= 0

and explains why Sweet ’s model is accurate for steady—state operation .

The functional forms for c , c , and c were obtained from kziown
11 21 31

solutions to Laplace ’s equation for simple electrode configurations. To

calculate c
21 

and c
31
, 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

C
kl 

= — 4i-r€a sinhP
k n~ l 

csch(2nB
k
) k = 1,2 ,

where 8
k 

= cosh
1
(d/2a). For both c

21 
and c

31, 
a = d

d
/2; for c

21,

= cosh
1
(X/d); for c

31
, @

2 
= cosh

~~
’(2X/d

d
). e is the permitivity of
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free space, dd 
is the drop diameter, and X is the drop spacing. To

obtain six place computational accuracy the summation needs to be carried

out tu only six terms.

The capacitive model for c
11 

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 c11 
is then

c = 2,-tab £n(4f/rtb)

Since b = d and f = d
d x

c = 2’n~ d Ln(4d /rid )
11 d x d

The ratio of c
1 
to C

11 
jS then

6

sinh 
~ ~ csch(2n@ )

c k k
Id 

=~~ — 

d~

• To experimentally verify that the above ratio is sufficiently ac-

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

q
1
, q

2
, q

3
, and V

4 
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

q = C V (1 - - ~~~) + q + q .
i 41 1 c c

11 
c

1 
i—i c

11 
1—2

1- 1-1

V

- 

L •i~~~~~~4~~~~~~~~ ’~~~~ i _ ~~
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Let all drops up to the (i—l)—th be uncharged, and the (i—i) charged by

a potential V
1
. To measure the magnitude of the charge that the

(i—l)—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
1

to it so that its net charge is zero and it therefore experiences no

deflection . Consequently, the conditions are that q
~ 

= q~ = 0, giving

c
21 21 31
—  q = — c V (1 — — —) .
c 1—1 411 c c
11 11 11

The (i-l)-th drop was formed under the conditions

q• = q , = 0
i—2 1—3

or

C C
21 31

q = c V (l— ~ -’-— - —)
i—i 41 i—i c~ 1 

C
11

which, when substituted into the other equation, gives

c c c c c
21 21 31 21 31— c  V (l— — — -—--—) = — c  V(l — ——— — —)c
11 

41 i—i c
11 

c
11 

41 i c
11 

c
11

or

V c
i 21

V 
- 

~~c1—1 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 c
21
/C

11 
was obtained . In a similar manner, it can be shown that

V c
i 

— 
31

V 
- 

c
i—2 11

Measurements were made for the conditions listed in the main report,

and a family of curves was obtained for V /V . and V /V as functions
i i~ 1 i i— 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 c Ic , the factor k was derived , with
21 11 1

—l —4
k = l.2O+O.l94 x 10 f

C

and to correc t —,

—l —4
k -~ 0.70 s- 0.403 10 f

2

Combining thc- above relations yields the final form for the factors

F a n d F :
1 2

I
6

, n ( - I d ‘—d ) s in h ~ E csch(2n@ )
c x d 1 1
21 n=l

F = - — k  =
f 1 c 1 —4

11 ( 1 . 20  + 0.194 10 f)

1-16
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fn(4d /-rrd )sinh6 E csch(2n8 )
c x d 2 2

F = — --a k = 
n=l

2 c
11 

2 
(0.70 + 0.403 x l0~~ f)

The charging capacitance C = — c
41 

is the same as in Sweet ’s model

and is given by

c = — 2~
—
~~; -‘~ Ln(4d [rid )~41 x jo

where € is the perniitivity of free space.
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A ppendix D

PHI EQUATI ONS

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—l . The origin is located at the edge

of the lower plate that is nearest the orifice. Furthermore, the coor-

dinate system is scaled such that the distance between the plates is

always —V . The potential field itself is called p (x ,y).

JET DIRECTION
IT

______ —

S A-205 5-2 4

FIGURE D-1 COORDINATE SYSTEM AND SCALING CONVENTION IN PHI

1. Semi—Infinite Parallel Plate Solution

In this case, the potential field can be specified withou t using

complex numbers, although trigonometric and hyperbolic functions arc

included . The solution for y S — ‘2  reads

151
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1 1
- - ( x , v )  = N’ — — a r c co s ( q) J

0 2  IT

~tr1d1 for  y > rc-aii s

1
(x , v) = V {l — — a r c s- in ( q ) )- 

0 TI

I n these equat ions, V is the potential difference between the plates,

q is~~ iven by

q = ~~~, and A = exp (x/2) sin(y)

B = [s inh(x)  + c] 1”2

, 2 1/2
C = [sinh (x) + sin (y)]

2. Semi—Infinite Nonparallel Plate Solution

The solution in th is  case requires several conformal t r ans fo rmat ions

and complex algebra .

r A complex variable tV is evaluated in the following way:

W = LA cos
t
(a) + B/C ,

where

A = ( l ÷ b)
t

B = 1/2P 1/2 — cos
t
(a)]
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C = I 2 1  2 cos ( m ) 1

t =

b = ( z / ~~) t u n ( a )

L = X + iy

h e re a is t h e  angle be t aeen  the def lec t ion  pla tes .  The real and i m a g i n a r y

pa r ts  of IV are  d e s i gnated U and V, respectively.

The second variable is defined au

2 2 2 1/2
S 1/2~ (r  — 1) — r(r — 1 + 4V ) J ,

where  r d enotes the scaler magni tude of the complex va r i ab le  IV .

Fo r U > 0, the potential  solut ion is given by

~p (x , y)  = V~~~~~ — ‘
~~ arccos(V/ S)]

For U ~ 0, the solution is

:(x , y )  = v f l i  — a r c s i n ( V / S )]
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Appendix E

AERO DERIVATION
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\ppendix h-

-‘ AERO D E R I V A T I O N

1. R e s u l t s

The d r a g  o~i a sing le sphere in flight is given by7

(C
D
) = 

( R ) 1~~~ 
‘ 

(1)

where
p dv

R = Reynolds  Number =

and

p = air density
a

= air viscosity
a

d = drop diameter

v = drop speed
0

If the drop in question has neighbors in fligh t , the two preceding drops

and the one following modify the drag coefficient , such that

*C = C  - ( C )
D D D a s

The equat ion for the modifier , C , is a function of separation and off—

set distances ironi the neighboring drops . Its value is given by

C = 1 - 0.81 exp (-y /d) - [i - exp (_y /d)][(CD)lL + (C
D
)
2L ~ D~lTj
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and

( C )  = o.-135 exp ~~-O .O2O (\ /d) - 0.l88(~ .
1
/d)~~

(C
D
)
L 

= 0.178 exp ~-0 .Q22 (X /d)  - 0.188C~~/d)
2
~

( C )  = 0.217 exp [-0.147(\ /d) - 0.l88 C
2

/ d )
2

] . (2 )

N o t a t i o n is illustrated in 1- igure E—l . The subscripts refer to the ef—

fects of leading and trailing drops . The terms containing exp ( -y  / d)

j  - account for  the nearness of the drop to the undeflected jet.

If  one denotes  the coord ina tes  of the drop under  considerat ion by

(x , y , z ) ,  those of the f i r s t  l eading  drop by (x , y , z ), the second

leading drop  by (x’, y ’, z~~~, and the f i r s t  t r a i l i n g  drop by (x
2

, y
2

, z ) ,

then tlue X ’s amid T ’ 5 can be calcula ted  by using the following equations.

X = ~ /(x - x )
2 

+ (y - y )2 (z — z )2 (3)
1 1 o 1 o 1 o

~~~‘ = \ ~ (x ’ _ x ) + (~~
’ _ Y )

~~~~~ (z ’ _ z )  (1)

= - X
:

)
2 

+ (Y - + (Z : - Z:)
2

- x )* (y - y )
~‘ + ~~ 

- z )z
— 1 1  1 0 1  1 0 1  1 0 1e = 

_______________ 
(6)

1 
- /.2 .2 .2

-
~ x + y ± z
1 1 1 1

. 1 / F F . 1
i ( x  x)x +(y — y ) ~ s- (z — z ) z

— i i  1 — 0 1  1 0 1  1 0 1
e = cos i 

_________________1 
/ /. ,2 .,2 .,2

X x + v  s- z
1 1 l 1

-ì
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2ND LEADING
DROP

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PATH OF UNDEFLECTED JET 1ST TRAILI NG DROP
SA-2055-20

FIGURE E-1 DROP SEPARATION AND OFFSET DISTANCES

flx — x )~ ÷ (y — y )~ + (z - z ):~-l o 2 o o 2 o o 2 o
2 

= cos 
/. 2 .2 .2 

(8)

= X sin e (9)
1 1 1

Ti ’ = sin B ’ (10)
1 1 1

‘p
2 

= ~~~ e (11)

Once the modififed drag coefficient has been found , drag force on

the drop is determined from the relation

2 2
D = — p d C v

8 a D o

t . 2. Drag Coefficient Determination

When o p e r a t i n g  correct ly  and under  the i l lumina t ion  of a stroboscopic

light flashing at submultiples of the crystal driving frequency , the

s t r eam o. drops o r i g i n a t i n g  from the p r i n t  head appears f rozen  in space

as shown in Figure E-2 . Also seen in that figure is a single drop being
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D E F L E C T E D  DROP~~

v -~~~o

I N K  JET
HEAD

O O O/
~~~

O O O ” - O O  ~~~~~~~~
v~~~dx/dt

t 0

v — v 0
SA-2055-26

FIGURE E-2 INK JET SEEN UNDER STROBOSCOPIC LIGHT

charged and de f lec ted  away f rom the column of uncharged drops . From such

a “st i l l ” p i c t ur e , var ious  ph y s i c - a l  di mensions , such as the drop diameter

d , the regular drop-to—drop spacing in the column X , and the displacement

of the def lected drop f rom i ts  orig inal posi t ion ~, can be measured

r e a d i l y .

-\ less obvious but nonetheless easily deducible parameter from such

a p i c tu re  is the t ime fo r  each drop to reach i ts  present location from

the drop separa t ion  point , or f rom any other  reference point. For ex-

ample , i t  takes 1/f second (f being the c r y s t a l  d r i v i n g  f requency in H z )

for a drop in the column to travel from its presen t location to the loca-

tion now occupied by its neighboring drop on the left. It will take t h i s

drop n/f second to teach a distance n spacings downstream . For the de—

f l e cted drop ,  i t s  p o s i t i o n  in t ime wi th respect to other drops can be

determined by its original location in the column . Furthermore , its

position in space 1/f second later can be found by returning this drop

to its original position in the column and instead deflecting the next

drop to its left with the same charging and deflection voltages.

160
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By usim ig the information and drop manipulation technique just de-

scribed , motion of any  drop can be measured . As it turned out , the abil—

i tv to measure drop motion alone was not sufficient to determine reliable

drag coe ffici ent data. It was necessary to use a more subtle approach in

s e l e c t i ng the  exact  q u a n t i t i e s  to measure . As an example , one of the

unsuccessful measuring schemes used the mo-it obvious method of measuring

the  absolute position of a drop versus time in which drop deceleration

would then  be an i mi d i c a t i o n  of drag  forces and c o e f f i c i e n t .  The problem

with this seemingly straightforward method is that the absolute positions

of the drops do not remain fixed (slight drifting or oscillation of drops

caused by slow pressure variation , natural draft in the room , or other

fac tors is observed). The percentage error in the position measurement

exceeded the percentage reduc t ion  in drop veloci ty due to aerodynamic drag .

-\s a r e s u l t , the calculated drag coe f f i c i en t  was u n t r u s t w o r t h y .

The technique eventually adopted entailed the measurement of a drop

displacement  f rom i t s  undeflected posi t ion in the column versus time .

More  specifically , two separate measurements were required . First the

v e l o c i t y  versus time of the interested drop is measured whi le  i t  is s t i l l

in column . The n , i t s  lag in the streamwise direction as a function of

t ime a f t e r  i t  has been def lected away from the column is noted . R e f e r r i n g

to F igure  E—2 , the f i r s t  measurement gives us v t ) .  When all the drops

lie in a single column , the drag experienced by each drop is not only much

lower than the single sphere drag but also constant for all practical pur-

poses . Because of this , the measured v(t) can be fitted by an expression

of the form

v(t) = v (1 — Ct) , (12)
0

where c is a constan t determinable by the measured data. The second mea-

surement gives f (t). As can be seen in Figure E-2
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8 = — x ’ . (13)

Hence

d5 dx dx ’ /
— = — — — = v — v , (14)
dt dt dt

2~d - dv dv
— — . (15)2 dt dt

dt

Now

dv
— = —c v , (16)
dt o

and

/ P ‘2
= - ~~~ = - ~~~ —~~~— — C  , (17)

dt m 4 p~ d D

where D is the drag , m is the mass of a single drop, p and p are the
a

densities of air and liquid ink , respectively, and C
D 

is the drag coeffi—

cient. Combining Eqs. (12) through (17), one obtains

d o
+ c v

p 2 o
4 £  dt

C = — — — d , (18)
D 3 p  ra ‘ d8

I v ( l — c t ) —
L° dt

This is the  f u n d a m e n t a l  equation used to calculate C
D 

once v(t) and 8(t)

have been measured .

W i t h  respect to Figure E—2 , it is shown tha t the position of the

first detached drop is chosen to be x o and the corresponding time to

be t = o. This is not essential . In fac t , any drop in th? column can be

selected to be the origin as long as both v(t) and 6(t) are measured

agains t the same o r ig i n  and v is the drop velocity at the selected origin .
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3. Ink Drop Measurements

Given the above background , the actual measuring procedure was as

follows. The method of measu r im i g  v ( t )  is illustrated in Figure E—3 .

I N K

~~~ ~~~ ~~~ ~~~ ~~ 0 0 0 0 0 0 0 O.. .J ET

I— — I— H E A D

Al t O)  X (5 ) X(0)

- 10/f t 5/f = 0

= f - MiD) v = f ))51 V f - X (0)

SA—2055-27

FIGURE E-3 METHOD OF MEASURING v( t )

It amounts to keeping track of the numerical order of a particular drop

from the chosen origin and measuring its spacing from the neighboring drop.

A typical result of such measurements is shown in Figure E—4 . Such a plot

670
\,,
\ 

I I

Ink supply pressure . Pg 30 PSI
660 — Crystal driving frequency, f = 30 kHz —

650 — V = 670 Ii — 15 0 
—

~~~640 — —
C

S
630 — —

620 —

_
1 I I I I
0 0.001 0.002 0.003 0 004 0.005 0 006

— second
SA-2055--28

FIGURE E-4 VELOCITY OF A DROP IN THE COLUMN

163 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



is .tpp l i a  hI o t o  . L ! I \  one 0 t h e  drops in Ihit- column as long as the- ink

supply pressure- an(I  t h ~ c rystal driving f requency are unchanged .

‘i he i i i casUrei i lent  of 6(t) is shown in a sequence ol illustrations in

1- igure E—~i , The t o p  i l l u s t r a t i o n  shows that a drop that originall y

occupic-s a slot in the column corresponding to t = t
1 

is charged and

deflected . The drop falls back due to increased aerodynamic drag out-

side the column . (In all measurements , t = o was chosemi to be the tine

when a drop reaches the entrance of the deflection plates.) Because the

x l

6 ( 5
1

)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~L i
A

— — x l

6) t

~

) ? 
1

—0 0 0 0  0 0  0 0 0  0 0 0
J t 2 .’t 1 -~ 2/f

_ x 1

0

— — 0 0 0 0 0 0 0 0 00 0 0
I t 3~ t~ SA-2055-29

FIGURE E-5 ~ (t ) MEASUREMENT

~

. 
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drop is absent from its original position , 5(t
1
) cannot  be directly mea—

sus-ed . Ins tead , x and x are measured , and

5(t
1
) = 

~~ 
(x — x )  . (19)

This procedure is permissible because X remains practically constant

within a span of 10 or even 20 drops.

Once s(t
1
) is obtained , this  drop is returned to its original posi-

tion by nullifying its charging voltage . Then another drop a spacings

down from the first drop is deflected (n is equal to 2 in the example

shown), with the same charging and deflection voltages . The pos i t i on

occupied by this newly deflected drop is then the exact position that

the fit-st drop would have occupied at t
2 

= t
1 

+ n/f ; 5(t
2
) is then mea-

sured . This process is repeated a number of times so that 5 as a function

of t can be plotted . One example of such a plot is shown in Figure E-6.

The fact that 5 is proportional to t
2 

indicates that deceleration , and

hence the drag experienced by the drop is constant within the time period

of measurement , i .e . ,  f rom t = 2.0 to 2.33 ma.

Having obtained v(t) and 6(t) (shown in F igures E—4 and E—6 , respec-

tively), C
D 

can then be calculated by using Eq. (18). For the particular

example shown , C
D 

is equal to 0.71. Note that  th i s  en t i r e  series of mea-

surements is necessary to compute a single value of C
D
.

1 . Cases Studied

Four cases were studied . They are :

• Drop shielded by one preceding drop

• I)rop shielded by two preceding drops

• Drop shielded by two preceding drops and followed
by one drop

• Effect of offset.
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1 3 6 x b 0 4 t2 

I I I I L

— Ink supply pressure: 30 psi —
Crystal drivi ng frequency: 30 kHz
Crystal drivIng voltage : 150 V i—p
Charging voltage: 150 V
Detlec tl on voltage : —3 800 V

1o _2 I I I I I I I I
io~~ io_2

— second

SA—2055-30

FIGURE E-6 b VERSUS

Figure E-7 illustrated how the drop measurements were made in case (3).

A 1 — _______________

A l

0 0 DROP WHOSE DRAG .1P 9 0
I S 8E I N G  M E A SU R E D

— 0 0  0 0  0 0 0 0 0 0 0  0 0 0  0 0 0
SA-2055-31

FIGURE E-7 CASE OF ONE DROP S H I E L D E D  BY TWO L EADING AN D ON E T R A I L I N G  D ROP

To examine the effect of offset , the experiment illustrated in

Figure E-8 was performed . One drop is first deflected to a fixed height

above the column . Then by varying the charging voltage on a drop
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—0 0 0 0 0 C’ 0 0 0 0 0 0
SA -2055-32

FIGURE E-8 WAKE WIDTH OF LEADING DROP EXPERIMENT

following in the column , the trajectory of this latter drop is traced ,

As shown i n  F i g u r e  E — 8 , at a c e t t . m  in o f f s e t  d i s t a n c e , the wake of the

lead ing drop begins to be felt by the trailing drop , causing its tra-

jectory to deviate from the one that it would have been following if

the leading  drop were absent . From such a tneasurement , t he s h i e l d in g

effect as a function of the- o f f s e t  d i s t a n c e  can be obtained .

The effect of the neat-ness of the drop in quest ion  to the undeflected

stream was found by noting the trajectory of a single charged drop as its

distance from the undeflected jet increased . Plotting such data yielded

the exponential term cited earlier .

An empirical formula was derived to fit t he d at a col lec ted un de~

all conditions . (Table 2 in Sec. III-D—lO summarized these data .) The

empirical formula , wi th its variables normalized , is given at the begin-

ning of this appendix .
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