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C. A. Bruce 

Dependence of Ink  Jet  Dynamics  on Fluid 
Characteristics 

Abstract: Measurements of jet velocity,  separation  length, and  stream stability (freedom from  random  fluctuations in drop  position) 
were  made  for several fluids, including two  inks. The  data  were then compared with modified fluid  flow and  jet stability  equations. In 
one  case velocity is related to applied pressure  drop through  a flow equation  that  depends primarily on the  shape and  size of the nozzle 
and on fluid viscosity. In  the  other  case Weber’s equation is modified to include  forced  oscillation, so that separation length is related 
to  the voltage  applied to a  piezoelectric crystal,  to  disturbance growth rate,  and  to velocity. These  two  equations were  applicable to 
“normal” liquids (those having good stream  stability) having viscosities  between 0.9 and 4.3 grams/  (second . meter)  and dynamic 
surface  tensions  between 20 and 60 grams/s’, but not to dilute  solutions of a high molecular weight polymer, owing to  their viscoelastic 
character.  Furthermore,  the stream  stability of the polymer  solutions was  poor and depended inversely  on concentration and  molecu- 
lar weight. 

Introduction 
In ink jet technology, uniformly spaced droplets  are  ob- 
tained by superimposing a periodic disturbance  on a high 
velocity ink stream, which is pumped  through  a small 
orifice. Some of the  drops  are inductively  charged as 
they  break off from  the main stream,  and their trajecto- 
ries are then modified by high voltage  deflection  plates. 
Printing is achieved with either  the charged drops  or  the 
uncharged drops. 

Figure 1 Ink  jet  apparatus. 

Piezoelectric 
crystal u Microscope 

Constant  jet velocity  and separation length must be 
maintained to print  stably. Separation length (or time) 
affects charge synchronization  and has a significant ef- 
fect on drop placement.  Velocity  affects  separation 
length,  total  deflection,  and  print  height. The  stream is 
also affected by satellite [ 11 drops  (small  secondary 
drops)  and by poor  stream stability (random fluctua- 
tions in drop  position). Both satellite  formation  and poor 
stream stability  lead to  reductions in print  quality. 

This  paper  reports a  study of the effects of ink physi- 
cal properties,  such  as viscosity and  surface  tension,  on 
jet velocity, separation length, and  stream stability, for 
both ink and non-ink fluids. A high molecular weight 
polymer  was added  to both types  of fluids to  determine 
the effect of  fluid elasticity on  stream  dynamics, al- 
though  previous work [ 2 ,  31 had  indicated that poly- 
mers  are undesirable. 

The  dependence of velocity and  separation length on 
ink properties  was considered in terms of two  equations, 
which were  taken from the  literature and modified for 
this flow problem. Stream stability  was measured,  and 
the  results  were  compared directly  with ink properties. 

Jet flow equations 

Pressure-velocity 
In  the ink jet  system used in this  study (Fig. l ) ,  ink is 
pumped  from  a reservoir  through a filter into a conical 
entrance nozzle. Measurements  and calculations indi- 
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cate  that  there is no  pressure loss between  the  reservoir 
and the nozzle entrance.  An  equation  for  the  pressure 
drop AP across a jet nozzle of length I’ and  diameter d 
was given by Sweet  [4]  as 

pV’ 32qVI’ 2u, 
AP=-+- +-> d 2 d 
where p is density, q viscosity, and u, dynamic  surface 
tension of the fluid. This  equation is valid [5]  for  the 
flow of a Newtonian liquid through a long uniform noz- 
zle. For  the  short conical  nozzle  used in this work, it 
was  necessary  to modify Eq. ( 1 )  by adding the  entry 
loss  term 

K p  V‘ 3 27) VAI -+- 2 2 ’  
where AI is the  excess viscous entry length and K is the 
entrance  correction.  This  expression has  been  used by 
several researchers  [6-91  to  describe  the flow  of New- 
tonian liquids in the  entry region of short  tubes. 

By combining Eqs. ( 1 )  and ( 2 ) ,  we  obtain  for  New- 
tonian  liquids 

pV’ KpV‘ 32qVL,,  2ud 
AP=-+-+++-”, 

2 2 d” d 

where Leq = I‘ + AI. 
This  equation  can be extended [ 10- 131 to viscous 

“power law” fluids by modifying the viscous term in the 
usual  manner. For viscoelastic fluids, Metzner [ 141 ob- 
tained an  excess  pressure term due  to  the fluid normal 
stresses. 

Separation  length 
Rayleigh [ IS] discovered  that  the  breakup of a flowing 
liquid stream into a series of regularly spaced drops of 
wavelength A (Fig. 1) is due  to  the  surface tension of 
the fluid. Using  linear perturbation  theory, Rayleigh 
found that  disturbances initially present in the  stream 
grow exponentially [ exp (a t )  1,  where a is the growth rate 
factor.  For inviscid fluids (q = 0) , a = 0 at A = r d ,  then 
increases rapidly to a maximum at 4.5 1 d (Fig. 2 ) ,  
and slowly falls off with  increasing A. 

Weber [ 161 extended Rayleigh’s analysis to  jets of 
viscous  liquids  and  obtained the following equation for a: 

a = ”(-) 377 2 r  2 
P A  

where a = d / 2  is the  stream radius. At low viscosities 
[ 7) < 10 gram/ ( s  . m)] ,  the a vs A /  d curves obtained 
from Eq.  (4)  are similar (Fig. 2 )  to  those obtained by 
Rayleigh for q = 0. However,  at very high viscosities, the 

2 6 10 14 

h / d  

Figure 2 Dependence of theoretical  growth  rate LY on h / d  and 
viscosity. 

breakup is changed considerably, and regularly spaced 
drops may not  be observed  at all [ 41. 

The  separation length equation was also derived by 
Weber, who considered that  the  disturbance grows  with 
the maximum rate; Le., I = I,, exp   CY,,,^). where I,, is 
the  disturbance amplitude at  the  jet origin. At  the break- 
up point ( t  = t“) ) ,  the  disturbance  equals  the  stream 
diameter [ 41 ; d = I, exp (a,,,t*) . At low velocity,  sepa- 
ration length L is the product of velocity and  breakup 
time: 

For natural jets, Weber  examined  Haenlin’s [ 171 data 
and  obtained In ( d / I , )  = 12; however,  recent  results 
[ 18, 191 indicate that this  quantity depends  on  the fluid 
properties.  At higher  velocities,  Weber  obtained  a maxi- 
mum in the L vs V curve, which has  been observed ex- 
perimentally [ 18 - 231. 

In  an ink jet  printer,  the externally  excited jet  breaks 
up  into drops of wavelength A, where A is variable. In 
the  present  experiments,  the  jet was  excited by a piezo- 
electric  crystal in contact with the ink in the head. This 
produces a disturbance I ,  at  the nozzle  exit that is pro- 
portional to  crystal drive  voltage E [24, 2-51. Thus, by 259 
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Table 1 Physical properties of fluids. 

Run 
no. 

~~ ~ 

I 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
2 0 

21 

22 
23 

Fluid 
~~~~~~ ~ ~~ 

Water 7/25/73 
Water 8/21/73 
Water 9/   13/73 
15 % Carbowax 600 
15 5% Carbowax 4000 
15 % Carbowax 1540 
1 92 t-butyl  alcohol 
5 92 t-butyl alcohol 
50 ‘% t-butyl alcohol 
0.001 % polyox (MW = 5 X I O ” )  
0.01 5% polyox (MW = 3 X IO’) 
0.5 95 polyox (MW = 2 X IO‘) 
0.0005 56 polyox (MW = 5 X l(f) 
0.05 9% Triton X- 100 
Soluble ink 
Soluble ink 
Water 
0.01 5% polyox (MW = 3 X I O 5 j  
Soluble ink 
Soluble ink + 0.01 5% polyox 

Soluble ink + 0.004 % polyox 

Dispersed ink 
Soluble ink + 0.002 ’% polyox 

(MW = 3 X lo5) 

(MW = 3 x 10’) 

(MW = 3 X I O 5 )  

Densir?.:, p 
( x / c m . ’ )  

0.997 
0.997 
0.997 
1.0227 
1.0228 
1.022 1 
0.997 
0.990 
0.904 
0.997 
0.997 
0.997 
0.997 
0.997 
1.035 
1.035 
0.997 
0.997 
1.035 
1.035 

1.035 

~ ~~ 

1.15 
1.035 

Surfuce tension 
u, sttrtic cr<,, dyntrrnic 
(XISL) ( R / S ‘ j  
~~ ~~~~ 

68 66? 
68 59 
56 59 
57 57 
60 51 
56 50 
55 52 
44 37 
23  20 
61 - 
58 
50 49 
61 
30 61 
- 60 

45? 60 
73 60 
42 - 
40 57 
48 - 

38 44-67? 

35 47 
42 58-68? 

- 

- 

Viscosity, -q 
( x /  (s . m )  

0.89 
0.89 
0.89 
1.866 
4.06 
2.62 
0.936 

4.29 
1 . 1  I 

0.90 1 
0.907 
1.076 
0.914 
0.89 
1.76 
1.76 
0.89 
0.929 
1.76 
1.81 

1.76 

2.17 
1.76 

_ _ _ _ _ _ _ _ ~ ~ ~ ~ ~  

“Partial nozzle clogging 

substituting I , ,  = kE into  Eq. ( 5 ) ,  we obtain 

where k is a modified efficiency factor  and C = d /  k .  
Sweet [ 41 considered  another externally  excited jet in 

which the initial disturbance is linear.  This  disturbance 
was  then patched to  the exponential disturbance of Ray- 
leigh by matching derivatives, and  a second  equation  for 
L was obtained: 

where k’ is another efficiency factor. 
Lee [ 11 obtained more complex equations  for L by 

considering initial disturbances in which jet velocity or 
stream radius  varies  harmonically. One of Lee’s  results 
is similar to  Sweet’s  equation,  whereas  the  other is more 
complex. 

Disturbance  growth  and  separation length equations 
were obtained by Goldin,  et al. [ 21 for linear  viscoelas- 
tic fluids. For  these fluids, they  obtained the same  equa- 
tions for a (Eq.  (4) ) and L (Eq. ( 5 )  ) as did Weber,  but 
with the  Newtonian viscosity  replaced by the complex 
viscosity q*, which represents  the  response  to  an oscil- 

260 latory stress. 

Experimental 

Apparatus 
In  the  apparatus used in this study  the ink is pumped 
through the nozzle and  accelerated  to velocity V by the 
pressure  drop AP applied to  the  reservoir  (Fig. 1) .  This 
steady  pressure is modulated by the piezoelectric crys- 
tal. Crystal  frequency f is chosen according to Ray- 
leigh’s theory  such  that f drops/second, regularly 
spaced, of wavelength A are  produced.  The  crystal oscil- 
lator  also provided  a signal to a light emitting diode 
(LED)  driver, which drove a GaAs  LED  at  one pulse 
per oscillation. The  drops  were  observed  stroboscopi- 
cally with  a microscope  and  on a television  monitor. 

Fluids  studied 
Stream  dynamics  measurements  were  made  on  water 
and water solutions of t-butyl alcohol  and Carbowax 
(trademark,  Union  Carbide C,orp., New  York,  NY). 
Fluid  viscosity was  increased by adding 15% Carbowax 
(low molecular weight polyethylene  glycol) to  water; 
both viscosity and  surface tension were varied by adding 
t-butyl alcohol to  water.  The effect of polymer concen- 
tration and molecular weight (MW) was studied by add- 
ing  high molecular weight polyethylene oxide  (polyox) 
towater and ink systems. The  jet did not  form  properly 
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for  Newtonian liquids with viscosity 7 > 10 g/ ( s  . m) , 
and stream breakup  was  unsynchronized for  more  con- 
centrated polyox solutions. 

A "soluble" ink and a  "dispersed" ink were  studied. 
The soluble ink contained  a water soluble dye and mis- 
cellaneous  additives, whereas  the dispersed ink con- 
tained insoluble  particles  and  a surfactant  dispersed in 
water. A surface active  agent,  Triton X-I00 (Trade- 
mark, Rohm and Haas Co., Philadelphia, PA  for iso- 
octyl  phenol  monoethylene glycol ether [ 261) was also 
studied. The fluids tested  are given in Table I with their 
properties. 

Measurements 

Viscosity,  surjace  tension,  and  density 
Viscosity  was  measured using forward and  reverse flow 
(for  opaque inks)  glass  capillary  viscometers [ 271. The 
effect of shear  rate was  studied by putting the capillaries 
under  pressure.  For all the polyox solutions,  viscosity 
was constant up to 20,000 s" and  never more than a  few 
percent  greater than that of the solvent (Table 1 ) .  

Static  surface  tension u was determined with a du 
Nouy ring [28] and  an overilowing vessel to  prevent 
contamination. The  surface tension data were  obtained 
on samples after they were used in the  system.  The  er- 
ratic  values of c obtained for  water  were  apparently  due 
to contamination by ink or cleaning solutions. 

Pressure  drop  and  velocity 
The  pressure  drop applied to  the  reservoir  was mea- 
sured with a calibrated gauge. Accuracy was poorest  at 
the lowest flow rates,  where  the gauge  was difficult to 
read accurately. Volumetric flow rate Q was determined 
by collecting  and weighing the  stream. 

Because the  dispersed ink consistently clogged the 
nozzle  and the in-line filter, data obtained on it were 
interpreted  cautiously. The flow rate  (at  constant 
pressure)  for two fluids was  measured with and without 
the filter in place. No differences  were noted, indicating 
a negligible pressure  drop  across  the filter. However, 
after several hours of continuous  operation, flow rate 
decreased slightly (about 2%) for some fluids, owing 
either to partial filter clogging or  to a buildup of deposits 
in the nozzle itself. 

The nozzle is mounted on a  moveable x - y stage, 
whereas  the LED, microscope,  and  television camera  are 
fixed. Thus wavelength A was measured directly by mov- 
ing the  stage and  observing the position of the  drops  on 
the television  monitor. Jet velocity V was then  deter- 
mined from  the  equation V = Af (see [4]), which is 
obtained  from flow rate  and  the  conservation of mass 
equations  for incompressible fluids. The  data fit the 
equation well, and  values of V for  each fluid were ob- 
tained  from  plots of A vs 1 /$ 

Table 2 Parameters derived from pressure-flow rate  data 

Equivulent 
Radius, N Entrunce length, Le<x 

Run N o .  ( c m )  Juctor, K ( c m )  

Normal 
fluids 

~ ~~ ~" 

2 0.00 198 0.18 0.00768 
4 0.00 I98 0.25 0.008 17 
5 0.00 198 0.42 0.00737 
3 0.00 I96 0.20 0.0075 I 
6 0.00 196 0.27 0.00787 
7  0.00 199 0.22 0.0073 1 
8  0.00 199 0.28 0.00789 

0.00 189 0.36 0.00754 
14 0.00200 0.23 0.00835 
15 0.00200 0.29 0.00885 
16 0.00 198 0.25 0.00852 
17 0.00 I99 0.29 0.00845 
19 0.00198 0.29 0.00837 

average = 0.00797 

Polyox 
solutions 

10 0.00 199 0.13 0.0254 
I I  0.0020 I 0.29 0.00946 
12 0.00 197 0.24 0.00943 
13 0.00198 0. I 6  0.0 142 
18 0.0020 1 0.25 0.0 167 
20 0.00 199 0.28 0.00943 
21 0.00 I97 0.20 0.00994 
23 0.00198 0.25 0.0 105 

"Partial clogging observed 

Volumetric flow rate Q is related to velocity V by Q = 

TU'VV; therefore, nozzle  radius a was  determined  from 
the measured  values of Q and V.  The values of a were 
independent of flow rate and the fluid being studied 
(Table 2 )  except  where partial nozzle clogging was pres- 
ent  (run 9 ).  

Figure 3 Breakup of normal and polymer  solution jets. 

Normal  breakup 

Polyox solution  breakup 

N K  J 

26 1 
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Run Solution 
3 'water 
4 15% Carbowax 600 
6 15% Carbowax 1540 
5 15% Carhowax 4000 

I I I 

Run Solution 
2 water 

10  0.001% Polyox 
(MW = 5 x lo6) 

13 0.0005% Polyox 
( M W = 5  x lo6) 

0.01  0.02 0.03 

?low rate, Q (cm3/s) 

Figure 4 Test of Eq. (9). (a)  Data on water and 15% Carbo- 
wax solutions; data on water and polyox solutions. 

Separation  length  and  stream  stability 
Separation length and  stream stability were  both mea- 
sured using the LED and  the  microscope  or television 
monitor. Separation length was measured by moving the 

262 x - y stage and  observing the  distance  between  the nozzle 

exit  and  the breakoff point. The  measurement  was  least 
accurate  for  the  least stable fluids, because  the breakoff 
could  not  be  clearly  distinguished. 

Stream stability was  measured 1.27 cm down from the 
nozzle at A = 0.0229 cm and f = 100 kHz.  The measure- 
ment  consisted of increasing the voltage on  the piezo- 
electric crystal until the  drop image (as seen  through the 
microscope)  no longer  became clearer.  The minimum 
voltage  required to  get a  time-stable,  jitter-free stream 
was used as  the  measure of stream stability. 

Dynamic  surface  tension 
Drops, upon detachment from the  jet, undergo a shape 
oscillation until they  become  spherical. The  equation  for 
this  oscillation was developed by Rayleigh [ 151, who 
found that  the period T is related to  dynamic surface 
tension uc, by 

where m = prra'h is the  drop mass. 
Period T was measured in the  same way as wave- 

length.  Normally two  to  three  periods were visible, and 
values of u,, with an  accuracy of &lo% were obtained 
(Table 3 )  for most fluids. Values of ud for  water  (runs 
1 ,2 ,3 ,  17) were more  constant (59 k 2)  than  values of u 
(57 to 7 3 ) ,  which suffered from  contamination prob- 
lems. The low value  obtained for u,, for  water is in 
agreement with  Rayleigh's [ 151 reported  measurements. 

Due  to  the  reduced  stream stability of the polyox SO- 

lutions (Fig. 3 ) ,  it was difficult to  observe a long enough 
oscillation  period to  make a  reliable estimate  for ud for 
these solutions. For  runs 21 and 23, the measured val- 
ues of u,, were close  to  those obtained for  the  solvent 
(ud = 59). Therefore,  the value of ud for  the  solvent 
(water  or soluble ink)  was used for  the polyox  solutions 
in further calculations. 

For  most fluids studied, u,, was  close to  the  static val- 
ue. Both u,, and u were  reduced (Table 1 )  as  the con- 
centration of t-butyl  alcohol was increased. However, 
for  the  surfactant solution (run 14, Triton X- loo),  u,, 
was similar to  that of the  solvent,  water,  whereas u was 
much reduced. 

Results and discussion 

Pressure  dependence o f j o w  rate 

Normal fluids 
The  dependence of  fluid velocity V on  pressure  drop and 
fluid physical properties (7, p ,  u,,) is predicted  by Eq. 
( 3 ) .  Because flow rate Q was  the measured property, it 
was  convenient  to  substitute Q in Eq. ( 3 ) ,  giving 

AP - U,/U p(1 + K ) Q  87L 

Q 
- - 

2~~ 
+A 

r a 4  ' 
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I Viscosity, 71 (g/s-m) 

Figure 5 Dependence of entrance  correction of normal fluids 
on  viscosity. 

where u was determined  experimentally for  each run 
(Table 2) .  The experimental data were  then compared 
with Eq.  (9) by plotting the quantity on  the left side 
against Q ,  as shown in Fig. 4. 

In general, the experimental data fit a  straight line 
quite well. Deviations  at high flow rates  are believed due 
to  pressure  errors  or  to slight clogging. At  the lowest 
flow rate,  the  data  were often above  the line (Fig.  4). 
These  deviations may be  due  to  pressure gauge errors 
(particularly at low pressure)  or  to failure of the  jet  to 
form  properly at low velocity. This  has been observed 
by other investigators [ 18 - 2 I ] ,  who did not consider it 
important. Therefore, deviations at low flow rates  were 
ignored, and straight  lines  were drawn. 

Table 3. Illustrative data  for evaluation of dynamic  surface  tension. 

0.5 0, 

500 1000 1500 2000 2500 

I Velocity, v (crn/s) 

Figure 6 Separation length vs velocity for  water. 

From  the lines in Fig. 4, values of the  entrance  correc- 
tion K and  the equivalent length Le, were obtained 
(Table 2 ) .  With normal fluids Le, was  constant  at 
0.00797 * 0.00049 cm. The measured length/diameter 
ratio  was  then equal to 2.00, which is in excellent  agree- 
ment with the specified  value and indicates that  the 
excess length is zero  for this  nozzle. This result is in 
agreement with Rivas  and  Shapiro [ 71. 

Because Lo = I' = 0.00797 cm for normal  fluids, the 
intercept of Fig. 4 (a)  can  be used with Eq. (9)  to obtain 
a value for  the viscosity qjet, as measured in the  jet flow. 
This was done  for  the normal fluids, and values of qjet/q 
ranged from  0.93 to 1.12 (Table 1 )  for fluids  whose vis- 
cosities varied from 0.9 to  4.3  g/ ( s  . m) . Therefore,  from 

Wuvelength, h Velocity,  V Oscillation Muss, m 
( c m )  ( c m / s )  period, T ( 1 0 - ~ d  Fluid 

Dynumic  surface 
tension, ud 

(PSI (&?Is2) 

water 
water 
water 
water 
soluble ink 
soluble ink 
soluble ink 
soluble ink 

0.0 174 
0.020 1 
0.0229 
0.0250 
0.01 86 
0.02 I3 
0.0232 
0.0247 

1730 
2010 
2290 
25  10 
I850 
2100 
2300 
2450 

62 
70 
75 
78 
70.6 
74.2 
76.8 
81 

2.12 
2.46 
2.8 1 
3.08 
2.38 
2.72 
2.97 
3.16 

64.9 
59. I 
58.9 
59.6 
56.3 
58.1 
59.4 
56.7 
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a  measurement of thejet flow properties A P ,  Q ,  I/, and uti, 

a good estimate of  fluid viscosity g is obtained for nor- 
mal liquids. 

The  entrance  correction  factor K varied from 0.18 to 
0.42 and  increased  with  increasing g (Fig. 5 ) .  For nor- 
mal liquids, the  Reynolds  Number, N,, varied from 10 
to 100 and for  the  jet flow was roughly proportional to 
117; therefore K is a  function of NRp. This is in agree- 
ment with theoretical  predictions [ 71. 

The  results indicate that  Eq. (3)  is sufficient to predict 
the velocity of a  normal fluid in an ink jet nozzle. For 
the  smooth, conical entrance head  used in this study,  the 
parameters in Eq. (9 ) .  K and Le,, are obtained  from  Fig. 
5 and Table 2. 

Liquids  containing  polymer  additives 
The  data obtained on  the solutions  containing  polyox 
(Fig. 4 )  also fit Eq. (9)  quite well. However, L r ,  was 
consistently greater  than 1’ and  was  quite erratic  (Table 
2).  Further, K was  quite low (0.13 - 0.16)  for  the highest 
molecular weight polyox (5  X lo6) and was  more  nor- 
mal for  the  lower molecular weight polyox  solutions. 

The  pressure  drop  data  on  the polyox  solutions at high 
flow rates  approach  those  for  water  (Fig. 4( b) ) . This is 
in marked contrast  to  data  on viscous Carbowax solu- 
tions  (Fig. 4( a) ) , which show increasing  divergence at 
high flow rates.  The  “power law” fluid model predicts 
that  the flow rate  data should converge  at high flow 
rates;  however, measured  viscosity changes were far  too 
small to explain the large  experimental  deviations noted. 
Metzner’s [ 141 viscoelastic  theory does predict  large 
entrance  corrections, which  were observed.  However, 
they are  due  to normal stresses, which  could  not be 
measured in these dilute  solutions. 

The  non-Newtonian viscosity  and  normal stresses  are 
expected  to  increase with  increasing  polymer concentra- 
tion [29] ; however,  the values of LC,,, for  these  three 
concentrations (0.002, 0.004, and 0.01%) of polyox 
(MW = 3 X 10’) in the soluble ink clearly  show  a de- 
crease in Lo, (Table 2 )  with increasing concentration. 
Therefore  the  intercept on Fig. 4 (b ) ,  L,,,, is definitely 
not a measure of  fluid viscosity, as it was for  the normal 
fluids. 

Separation  length 
Separation length L was  determined  over a  wide  range 
of velocities V and wavelengths A by varying pressure 
drop AP and frequency f :  Separation length for  water 
increased  nearly  linearly  with  velocity (Fig. 6) for a 
wide  variation in conditions.  Deviations from  linearity 
were probably due  to variations in  In C with frequency. 
No maximum in the  separation length was  observed  for 
any fluid. The measured separation lengths were  short, 

264 due  to  the external driver.  However,  jet velocities were 
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high and, in many cases,  were significantly higher than 
those obtained in previous experiments [ 18, 20, 211 in 
which  maxima  were  noted. Therefore, a maximum in the 
L vs I/ curve is due  to long separation  lengths, which 
permit other  breakup mechanisms to  occur,  rather than 
to a  critical  velocity. 

Because the  separation length data were  nearly linear, 
Weber’s theory should  apply. Therefore,  the  data  ob- 
tained on  water were compared directly  with Eqs. (6) 
and ( 7 ) ,  which were  developed for externally  excited 
jets.  The  data fit the form of each  equation;  however,  as 
the operating frequency  and velocity  were changed,  the 
value of k in Eq. (6)  varied by 35%, while the value of 
k’ in Eq. (7)  varied by 1000%. If Sweet’s  equation is 
correct, this large variation in k ‘  is due  to mechanical 
resonance.  The experimental data  do exhibit  a small 
resonance  near 70 kHz, but no  change of 1000% was 
noted.  One of Lee’s [ 13 equations  was inapplicable to 
this system, and the  other yielded results similar to  those 
obtained from Sweet’s equation. Because the smallest 
variation in parameters was  obtained with Eq. ( 6 ) ,  we 
used it in subsequent analysis. 

Determination o j  growth-rate 
Simple  linear theory yields the  equation 

-=- [In C - In E], L 1  
V “  (6)  

for a synchronously driven jet. If V ,  and A are held 
constant, then In C and a are  also  constant, and  they 
may be determined by measuring L as a  function of In E. 
The  data were  taken in this manner, and the results 
(Fig. 7 )  yielded straight  lines (with some scatter)  for 
every fluid studied.  From  the  slope of these lines, a was 
determined (Table 4) at  discrete values of A / d  for most 
fluids. 

The experimental  values of a were  then  compared 
with those predicted by Eq. (4) ,  using the experimental- 
ly determined values of A,  g, u,,, and p. The need to  use 
u(, in calculating a was confirmed by the  results obtained 
on run 14 (Triton X-100 in water). which were in much 
better agreement with experiment when ud = 6 1 g/s‘ 
was used,  rather than u = 30 g /  s 2 .  The ratio a/atheur1 
varied from 0.80 to 1.19 for all fluids (Table 4 ) ,  includ- 
ing the polyox  solutions. The  scatter was greater  for  the 
polyox  solutions due  to  the  lower precision of the  data. 
The experimental  values of a varied by a factor of 3 as 
u,, increased  from 20 to 60 g /  s’ and A / d  was varied 
from 3.2 to 10. The variation in a with both ud and A is 
well predicted by Weber’s equation.  The value of a (at 
constant A/d) also  decreased  as  the viscosity of the 
Carbowax solutions  increased (Table 1 )  , in qualitative 
agreement [ 301 with theory  (Fig. 2). However,  the 
scatter in the  data was  large, and  the effects were  too 
small to make  a definitive comparison with theory. 
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Table 4 Evaluation of LY from In E vs L /  V data. 

water 

I 5  % Carbowax 600 

288 
285 
25 I 
I87 

253 

8. I 
8.4 
8. I 
6.4 

7.82 
7.58 
6.95 
6.46 

7.15 
6.90 
6.90 
7.26 

8.3 

6.38 
7.43 

6.49 
6.63 

9.02 
8.84 

7.82 
7.04 

7.73 
7.66 
7.32 
7.29 

10.19 
10.82 
9.36 

4.12 
4.18 
5.68 
7.84 

4.00 
5.40 
6.57 
7.81 

3.79 

6.77 
5.12 

8.35 

4.34 
6.39 
8.66 

3.7 I 
0.25 

4.22 
4.8 I 
7.40 

10. I 

4.17 
3.64 

8.29 
5.3 I 

4.20 
5.19 
6 50 

3.66 
5.64 

9.00 

4.26 
5.02 
5.20 
5.80 
7.09 
8.09 

3.37 
4.27 
5.46 
6.6 I 

7.40 

0.96 
0.95 

0.82 

0.98 

0.86 
0.89 

0.98 
I .on 

0.96 
I .02 

0.88 

0.92 

0.98 
0.88 
0.86 

I .02 
0.98 

0.99 
0.97 
0.85 
0.95 

1.05 
0.95 
0.89 

I.OO* 
1.n4* 

0.84 

I .04* 

0.93 
0.93 
0.90 
0.89 

1.19* 
1.15* 
0.8 I * 
0.9 I * 

0.87* 
I . w *  

0.94 
0.98 
0.98 
0.88 
0.90 
0.90 

0.98* 

0.8 I * 
0.96* 

0.92' 
0.80* 
0.86' 

246 
214 
181 

230 
199 

204 
185 

293 
23 I 
I78 

222 
I75 

26X 
265 

160 
I 83 

204 
215 
198 
I49 

294 
299 
264 

I40 
97 

120 
I04 

340 

226 
324 

242 
255 
I70 

263 
15x 

254 
204 
I X7 
I59 

242 
282 
245 

I 5  5% Carbowax 4000 

water 

15 %,Carbowax 1540 

I Yc t-butyl  alcohol 
7 
7 
7 

5 5 f  t-butyl  alcohol 

10 
I 0 
10 

9 
9 
9 
9 

6.56 
7.27 
6.1 I 
6.85 

14.7 I I  
I I  
I I  
I I  
I I  
I I  

0 . 0 1  %polyox ( M W =  3 X IO'J 
14.3 
10.6 
11.7 
12.9 
8.85 

12 
12 
12 

0.5 5 f ,  polyox ( M W  = 2 X I O ' )  7.49 
7.63 
6.98 
7.78 
7.82 
6.64 

9.3 I 
9. I 6  
9.50 
9.37 
8 .  16 
7.62 

6.87 

6.79 
8.20 

7.26 
7.02 

8.74 
7.93 

8.80 
7.5 I 

12 
12 
12 

13 
13 
13 
13 

13 
13 

7.79 
9.5 I 

0.0005 5% polyox ( M W  = 5 X 101') 3.59 
4.04 
4.72 

6.62 
5.17 

7.70 

272 

I 89 

I57 
258 
24 I 
227 

204 

220 

14 
14 
14 
14 
14 

I 5  
15 

16 
16 

17 
18 

0.05 % triton X- I00  3.29 
4.14 

0.98 
0.87 

5.50 
6.3 I 
7.79 

0.84 

0.97 

0.90 
0.83 

0.84 
0.83 

0.85 

soluble ink 26 I 
182 

4.47 
7.75 

soluble ink 246 
198 

4.42 
7.27 

4.42 
4.63 

4.68 
4.61 
4.66 

4.54 

4.93 
5.66 

0.94 
1.12' 

water 
water + 0.01 % polyox ( M W  = 3 X IO') 

279 
329 15.2 

8.8 

soluble ink 
ink + 0.01 % polyox ( M W  = 3 X I O 5 )  
ink + 0.004 % polyox ( M W  = 3 X IO7 

dlspersed ink 

ink + 0.002 % polyox ( M W  = 3 X 10') 

262 
266 
286 

220 

268 
247 

16.9 
11.8 

8.62 

8.52 

9.39 
8.82 

0.94 
0.97* 
1.02* 

0.94 

0.95* 
0.92* 

20 
19 

21 

22 

23 
23 

-alhceli calculated using of solution  without  polyox 265 
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Symbol x 

(cm) (cm/s) 
0 0.0165 2630 

A 0.0219 1310 
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0 0.0251 1990 
0.0131 1680 

Figure 7 Test of Eq. ( 7 ) ,  In E vs L /  V .  (a) Data on soluble ink and polyox ( M W  = 3 X lo5) ; (b)  data on Triton X-100 

The  results indicate that a is well predicted  by  Web- 
er’s theory  for  each fluid studied, including the polyox- 
containing fluids. The  accuracy of a was *IS% and is 
comparable  to  that  reported previously [ 18, 19, 2 1, 3 I ] .  

Determination of In C for normul fluids 
In addition to a,  the  separation length equation  also 
yields In C, which is a measure of head-driver efficiency. 
For normal  liquids, In C was found to be  proportional to 
In f ,  specifically, In C = In f - 4, although the  scatter 
(Fig. 8 )  was considerable. The  observed proportionality 
( k  a 1 If) agrees with the theoretical  prediction [24, 251 
for  the motion of a  piezoelectric crystal operating in a 
viscous liquid far from resonance. 

Because In C is known for  the normal  liquids, a direct 
measure of separation length L or  growth  rate a is ob- 

266 tained  from 

a = - [ [ I n C - I n E ]   = - [ [ I n f - 4 - l n E , ] .  (10) 
V V 
L L 

Hence, by operating the  jet  at  constant E, and varying 
L, V ,  andf, values of a are obtained over a  wide  range of 
h l d .  For most of the normal fluids, data  were  taken in 
this manner,  and  curves of a vs A /  d were  prepared  (Fig. 
9 ) .  The  results  show  that  the relation  (In C = In f -  4) 
is capable of collapsing data obtained at different  fre- 
quencies  and velocities. These  data  were  then  compared 
with Weber’s theory.  The  agreement  (Fig. 9) is similar 
to  that obtained (Table 4 )  for alatheoru at  discrete val- 
ues of A l d .  For a given fluid, the  agreement  depends  on 
how close  the In C values are to the In f -  4  line (Fig. 
8 ) .  These  results indicate a minor  dependence of In C on 
U, ud, and 7. However,  because of the  complex  depen- 
dence of  In C on  frequency  (Fig. 8 ) ,  the  precise effect of 
fluid properties was  not determined. 

C. A. BRUCE IBM J. RES. DEVELOP. 



The  accuracy of the  separation length  prediction was 
*25% and  was valid over a  very  wide  range of operating 
conditions. The prediction of L was  less  accurate  than 
that of a because of the mechanical resonances of this 
particular head. 

Values of In C for polymericfluids 
Values of In C for  the solutions  containing polyox were 
also obtained  from Eq. (6 ) .  They were  much greater 
(Table 4) than those  for  the normal fluids, and the fre- 
quency  dependence  (Fig. 8) was no longer evident. 
These large  values of In C were  due  to  the long separa- 
tion lengths (Fig. 7 (b ) ) ,  which resulted from the  pres- 
ence of liquid strands  (Fig.  3)  between  the  drops. 
Stranding and long separation lengths were previously 
noted by Goldin,  et al. [ 2 ]  and Gordon,  et al. [3]  for 
other high molecular  weight  polymer  solutions. The re- 
sults obtained on  the soluble ink with added polyox 
(MW = 3 X lo5) indicates that In C increases linearly 
with  increasing  polyox concentration  (Fig.  lO(a)) . The 
value of In C also increased as  the  concentration  or mo- 
lecular weight of polyox in water increased. 

These long separation lengths  indicate that distur- 
bances of greater amplitude [3]  are required to  disrupt 
polymer  solutions. Drop stranding apparently [ 2 ,  31 
prevents  the  surface tension  from  breaking up  the  jet 
and leads  to  an elastic type  breakup in which the  strands 
are finally broken by stretching. This  type of breakup is 
not very  predictable, because it depends strongly on  the 
polymer concentration  (Fig.  lO(a))  and  has  also been 
observed [ 2 ,  31 to  be degraded by recirculation  through 
the  jet. Because of the uncertainty in the  actual breakoff 
point, drop synchronization  (required for  stable print- 
ing) is much more difficult to maintain  for  polymer so- 
lutions. 

Stream stability 
Stream instability is jitter or noise in the ink stream  as 
seen stroboscopically  with  a LED synchronized  with the 
drop  rate. Stability, the  converse of instability, is mea- 
sured in volts applied to  the piezoelectric  crystal to  pro- 
duce a stable  stream.  This  measurement is somewhat 
subjective; however,  with  a  given operator,  head,  and 
driver, reproducible results  are  obtained. 

Normal liquids 
The  stream stability results  are  presented in Table 5. 
Normal liquids are defined as all liquids that  require 
stream stability voltages  less than 4 volts. For  these liq- 
uids, drop synchronization and  jet  breakup were  ob- 
served  at voltages  below 1 volt; however, the driving 
signal was noisy and  jitter in the  stream  was noted. By 
increasing the piezoelectric driver voltage to 4 volts, jit- 
ter  ceased completely,  and no further  improvements 
were  noted  at higher  voltages. The normal  liquids in- 

Symbol Run 

0 1  
no. 

0 3  
a 4  
m 6  

. o s  
D l  
b 8  
0 9  
o 14 

Solution 

water 
water 
15% Carbowax 600 
15% Carbowax 1540 
15 Yo Carbowax 4000 

5% t-butyl alcohol 
1 '4 t-butyl alcohol 

50% t-butyl alcohol 
0.05%  TritonX-100 

0 

0 8  
0 

T I  
0 

u 
o o  

I I I 
40 80 120 160 

I Frcquency, f (kHz) 

Figure 8 Values of  In C - In f vs frequency for normal  fluids. 

Figure 9 Experimental  and  theoretical growth rate vs h / d  for 
15% Carbowax 1540. 

2.8 

2.4 

2.0 
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* 
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- 
X 
* 

YI 
v u 1.2 

0 

0 

Legend: 
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Table 5 Stream stability of different types of fluids. 

Stability 
Fluid ( 1 ~ 0 l t S )  Notes  

~~~~~~~~~ 

Normal ,jl1did.s 
water 
water + t-butyl alcohol 
water + Carbowax  (600, 1540, 4000) 
water + Triton X- IO0 
soluble ink 

4 
5 4  
5 4  
5 4  
4 

Moderutrly stublr Jluids 
dispersed ink 10-30 
soluble Ink  + 0.002 o/o polyox (MW = 3 X I o " )  10 

nozzle clogging 

Unstrrhle j u i d s  
soluble ink + 0.004 % polyox (MW = 3 X I O )  40 
soluble ink + 0.01 % polyox (MW = 3-x IO") 70 
water + 0.0 I % polyox (MW = 3 X I O " )  80 
water + 0.01 5% polyox (MW = 5 x 10") >I60 breakup not visible 

cluded water,  the soluble  ink, the  Carbowax solutions, 
the t-butyl  alcohol  solutions,  and the  Triton X-100 solu- 
tion. In  some  cases,  the stability data of normal liquids 
were  obtained near  the separation  point. The stability 
data of other normal liquids did not  change when the 
observation position was  moved to 2.5 cm  downstream 
from  the nozzle;  therefore,  the  data obtained at  the  sepa- 
ration  point are believed to  be  correct. 

These  results indicate that  stream stability is unaffect- 
ed by changes in viscosity,  surface  tension,  or  dynamic 
surface tension  over  the ranges studied.  Good stability 
was  obtained with a surfactant solution (Triton X-100) 
and with a low surface tension fluid (50% t-butyl 
alcohol), which yielded very long separation lengths. 

Polymer  solutions and dispersions 
Stream stability data  on  these fluids are  also  presented in 
Table 5. Moderate stability (6 - 30 volts) was  obtained 
for  the dispersed ink and a  solution of 0.002% polyox 
(MW = 3 X 10') in the soluble ink. Very  poor  stability 
( > 30 volts) was observed  for polyox solutions of higher 
concentration  or molecular  weight. 

For solutions of polyox (MW = 3 X 10') in the solu- 
ble ink, stability decreased linearly (Fig.  10(b)) with 
the polyox concentration.  The  separation length data 
also yielded a linear  relation between In C and  concen- 
tration  (Fig.  lO(a) ) . Therefore, a plot was made of sta- 
bility against In C (Fig. 1O(c) ) ,  and this also was  linear. 
Hence,  there is a direct relationship between  stream  sta- 
bility and separation length for polyox  solutions. 

The  results obtained by Goldin,  et al. [2] and Gor- 
don,  et al. [ 31 on polyacrylamide  solutions  indicate that 
long separation lengths, drop stranding, and  reduced 

268 stream stability are  also  observed  for  these solutions. 

Therefore,  stream stability is reduced by the  presence of 
a high molecular weight polymer. Apparently,  the poly- 
mer damps out the  pressure wave much more  severely 
than in normal liquids,  leading to large  values for In C 
and resultant poor  stream stability. 

The dispersed ink was subject  to serious clogging 
problems. It is believed that  the clogging as well as  the 
reduced stability were due  to  the  presence of large parti- 
cles in the dispersion. A more  concentrated dispersion 
appeared  even  less  stable;  however, it clogged so quick- 
ly that stability data could not  be  obtained. 

The stability results obtained on  the polyox  solutions 
appear  to apply  generally to high molecular weight poly- 
mers. However, it is unclear  that dispersed  inks  exhibit 
reduced stability. Certainly,  stream stability is reduced 
much  more by the  presence of a small concentration of 
high molecular weight polymer than it is by a  much 
higher concentration of dispersed  particles. 

Summary and conclusions 
The effects of fluid physical properties  on ink jet veloc- 
ity V ,  separation  length L, and  stream stability were 
studied for several  inks  and other fluids. Data were ana- 
lyzed in terms of two  equations, obtained by modifying 
and extending those  used in fluid flow and ink jet  theory. 
These  equations  were suitable for predicting the velocity 
and  separation length for normal fluids having viscosities 
between 0.9 and 4.3 g/ (s  . m) and dynamic surface ten- 
sions ud between 20 and 60 g/s', where ud was deter- 
mined from the  jet flow itself. 

The value of V depends primarily on applied pressure 
drop AP,  nozzle diameter  d, equivalent  nozzle  length 
Le,r, and  the  entrance  shape  factor K .  The value of L 
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Figure 10 Soluble ink and polyox (MW = 3 X IO’). ( a )  In C vs concentration; ( b )  stability vs  concentration: ( c )  stability  vs In C.  

depends on V, the piezoelectric  crystal  voltage E ,  the 
efficiency factor In C, and  the  disturbance growth rate a. 
For  the flow of normal fluids in a  conical entrance  head, 
In C = In f’ - 4, = I‘ (the actual length), and K = 

0.18 to 0.42; the  latter  increases with increasing  viscos- 
ity. For all fluids studied, growth rate a depended  on 
u~, ,  7, and the  jet wavelength, in full accordance with 
Weber’s theoretical  prediction (Eq. 4). For higher vis- 
cosity fluids, jet velocities  were quite low, and Weber’s 
equation may not be applicable [ 301. The predictions of 
V and L were  accurate  to within *lo% and &25%, 
respectively. If V and L are measured directly,  the  equa- 
tions can  be inverted to  determine 7 and a for normal 
fluids with similar precision. 

The  two  equations  were inapplicable to dilute solu- 
tions of high molecular weight polyethylene oxide 
(polyox) in water and in the soluble  ink, because both LC,,, 
and In C clearly depended on the polymer concentration. 
The viscous “power law” fluid model was also inade- 
quate  to explain the  observed  behavior of these solu- 
tions. 

Stream stability was excellent for normal liquids and 
was  independent of the fluid viscosity  and surface  ten- 
sion over  the range  studied. The stability of the polyox 
solutions was poor and  depended inversely on the poly- 
mer concentration  and molecular weight and  was direct- 
ly related to  the long separation lengths observed.  The 
dispersed ink clogged badly and  also exhibited reduced 
stream stability. 
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