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third order 399

amplification factor 52, 135, 240
closed end/closed end waveguide type
print head 238-240
open end/closed end waveguide type
print head 240-242
anti-wetting effect 362
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Bessel functions 27, 33
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Boyle’s law 252

bubble-jet (thermal) print head 1

bulk viscosity 15, 40—41
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continuity equation 25, 87, 88, 198,
200, 233, 234, 370

corrected speed of sound 15, 34-36,
78,169, 173, 196, 265, 333

correction velocity distribution 25, 31

cylindrical co-ordinate system 23, 327,
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cylindrical jet 33
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damped rigid body motion 105
damping 4,5,7,9,15,17, 18, 20, 21,
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damping coefficient 21, 22, 179, 216,
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damping constants 105, 109, 110,
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damping ratio 17
Dimatix Galaxy 256 nozzle print head
4,311
divergence of a vector field 419-420
droplet deceleration 347
droplet formation 9
exchange of kinetic energy 310
high viscosity low surface tension ink
330
low viscosity high surface tension ink
331
low viscous ink 311
Navier—Stokes equations
negative pulse 320
non-linear two degrees of freedom
analysis 332
non-linear waveguide theory 335
positive pulse 313,316
retracted meniscus 319
tail-head droplet 327, 328, 330
viscoelastic ink 311
Droplet-on-demand (DoD) inkjet print
heads 1
Duhamel’s theorem 381
dyadic product 420, 421
dynamic spreading 347
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energy consideration, droplet formation
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energy dissipation 23
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entrance pressure correction 29
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equilibrium contact angle 151, 152,
347, 360-362, 365, 367, 370, 378,
379, 386-388, 391, 392
equivalent inertia length 90, 94, 96
equivalent viscous length 90, 91, 97
Euler’s formula 18
evaporation
dome shaped blobs of fluid 391-393
free flying droplet exposed to still air
348-353
time scale 348
exponential pulse 5, 6, 15, 47, 48, 50,
78,128, 129, 409-413
exponential pulse driving 409
characteristic of 129
large viscosity inks 131
low viscosity inks 130-131
moderate viscosity inks 131-132
solutions to  132-134
time constants 129
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first estimate on the frequency
dependence of damping  41-42
first order differential equation of
Bernoulli type 40, 86
flow properties of the ink 14, 76
flow through a bell-mouth shaped
nozzle 91-98
flow through a conical nozzle 87-91
force consideration, droplet formation
negative pulse 321
positive pulse 313
forced mass-spring-damper system 13
force equilibrium 83, 151, 360, 366
Fourier coefficients 136, 137, 188, 189,
409, 412-414
Fourier decomposition of pulse
exponential pulse 409-413
with three ramps and two stationary
levels 413-415
with two ramps  407-409
fourth order equation 402, 404
free flying droplet
cooling of 353-355
deceleration of 355-357
evaporation of 348-353
frequency dependent damping 15, 41,
56-61, 144—148, 233—-238, 247,

249
)
gradient of a scalar function 419
h
Hagen—Poiseuille law 16, 23, 206, 221,

338, 391

harmonically vibrating system with
small damping 84

harmonic driving and Fourier analysis
50-56

Helmbholtz design 2
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Helmbholtz mode 80, 81, 83, 85,
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high frequency Helmholtz mode 109
high frequency oscillatory Helmholtz
behavior 111
high viscosity inks
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ramp actuation 122-123
square pulse driving 115-119
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equation 26, 32
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187,188
hysteresis phenomenon 153
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idling non-moving system 112, 122

incompressible and Newtonian fluid
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indefinite integrals, hyperbolic functions
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inertia controlled spreading 366—389

inertia equivalent length 91, 97

inhomogeneous Bessel differential
equation 26

inkjet printers 13, 23, 88, 167, 195,
207, 219, 241, 252, 309

inkjet print head 1, 23, 91, 244, 265,
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isentropic speed of sound 34, 35, 168,
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Jiang, Oh and Slattery formula 152,
366, 377, 379
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Lagrange’s method 369, 370, 376, 378
landing, droplets
non-absorbing substrate 347
time scale 348
Laplacian of vector field 420-421
linear array print head 2, 266-298,
302-307
linearized equation of motion 25, 31
logarithmic decrement method 34,
38-40, 67, 84-87, 179, 216, 245,
248
long waveguide theory 197-207
low frequency mode 80, 109, 187
low frequency oscillatory slosh mode

behaviour 111
low frequency slosh mode 84, 109,
337

low viscosity inks
exponential ramp driving 130-131
ramp actuation 121-122
square pulse driving 105-111

m
materials of a print head nozzle 150
meniscus displacement 6, 9, 36, 45-47,
50, 53-56, 62, 149, 153, 158, 319,
334, 337, 339
Microdrop 1
Microdrop Autopipette AK 510 3,311
MicroFab 1
moderate viscosity inks
exponential ramp driving 131
ramp actuation 122-123
square pulse driving 111-115
momentary kinetic energy 64, 85
motion in the throttle 83,102, 111,
135, 148, 229, 243
multi cavity Helmholtz resonator theory
activated pump 168
governing equations 169-173
harmonic driving and Fourier analysis
183-191
multi-nozzle print head 167
ramped pulse driving, low viscosity
inks 174-183

sample system calculations 167

multi-cavity wave guide theory
acoustics 263
closed end/closed end linear array
print head 302-307
open end/closed end linear array
print head 266-277
multi-nozzle print head 7-9, 14,
76,77,167, 168, 174, 180—-183,
193, 194, 263, 264, 266, 267,
275, 286, 297, 298, 302, 303,
306, 309

n

nabla operator 419, 420

natural angular frequency 38

Navier—Stokes equations 312, 371

Newton-Laplace equations 15, 16,
78, 82,147,170, 199, 234,
337

Newton—-Laplace formula 99, 156

Newton’s second law of motion 99,
226

non-linear effects, non-complete filling
of the nozzle 61-71

non-linear non-homogeneous second
order differential equations 63,
68

non-linear theory 7,70, 150-156, 224,
246, 247, 249-251, 314, 334, 338,
339, 341

non-linear waveguide theory

closed end/closed end arrangement

336-340

non-Newtonian 309

o
Ohnesorge number 358
open end/closed end linear array print
head
activated and non-activated pumps
266-277
one pump activated and three pumps
idling 285-297
one pump activated and two pumps
idling 277-285
shear-mode linear array print head
297



open end/closed end waveguide type
print heads
amplification factor 240, 241
harmonic driving and Fourier analysis
230, 232
non-linear analysis
oscillatory slosh mode

246-249
104, 111

p
parabolic velocity profile 22-24, 28,

33, 89, 96, 363, 383, 384

penetration depth 41, 353, 354,
380-382, 391

permeation into porous substrates
389-391

piezo driven print heads 1-3, 14

piezoelectric actuator 2,4, 7,13, 15,
19, 45, 52,77,78, 99, 167, 169,
172,195, 197, 198, 243, 270, 280,
298, 309, 310, 333

Poiseuille damping case 60, 148

Poiseuille pressure drop 29

pressure in the pump chamber 13, 15,
45, 46,57,75,78,110, 111, 115,
118, 123, 126-128, 133, 137, 139,
142, 144, 147, 157, 169, 190, 191,
197, 219, 223, 230

pressure vessel formula 35, 198, 234

propulsion force 62, 155

pulse with three ramps and two
stationary levels 413-415

pulse with two ramps  407-409

q

quadratic algebraic equation 94, 315,
323, 401

r

radian frequency 82,289

radius of the nozzle 6,24, 37, 62,75,
79, 87, 149, 152, 155, 162, 257,
313, 316, 317, 321, 325, 326,
329

ramped pulse 15, 42-47, 49, 53-56,
78,119-128, 174-183, 207-221,
227,229, 231, 247, 248, 276, 284,
294, 301, 305, 306

Index

ramped pulse driving 42
definition of ramp function 119
large viscosity inks  122-123
low viscosity inks 121
moderate viscosity inks
positive pulse 120
volume change of the initial ramp

120

ramp functions 44, 119, 120, 174,
207, 208, 217, 270, 271, 280, 290,
298

Rayleigh dissipation function 372

Rayleigh—Plateau instability 372, 373,
376

Rayleigh—Plateau—Weber instability
330

Rayleigh—Plesset equation 254

Rayleigh’s method 79-84
for calculating the resonance

frequency 37-38

Rayleigh’s principle 255

resonance phenomena 5,77, 87

restoring force 6, 148, 149

Reynolds number 23, 34, 61, 154, 349,

352, 355, 358
rigid body motion 101, 102, 104, 105,
117

122

S
scale factors 417-418
Schmidt number 349
second order algebraic equation 94,
399, 402
shear-mode linear array print head
297
shear viscosity 4, 309, 311
Sherwood number 349, 352
single degree of freedom Helmholtz
resonator 5
single degree of freedom system
exponential pulse driving 47-50
forced mass-spring-damper system
13
frequency dependent damping 15
harmonic driving and Fourier analysis
50-61
mechanical spring 13
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single degree of freedom system (contd.)
non-linear effects, non-complete
filling of the nozzle 61-71
ramped pulse driving 42-47
single nozzle piezo driven print head
14
square pulse driving 15
throttle 13
viscous dissipation 13
single degree of freedom theory 7,75
single mass-spring-damper oscillator 5
single nozzle piezo driven print head
14
single nozzle print head 8, 14, 76, 77,
193-259
single opening Helmholtz resonator 3
sink flow angle 64, 70, 156
sink flow kinematics 61, 155
Slattery—Bird relation 351
slightly damped two degrees of freedom
system 84, 87
slosh—Helmholtz mode
frequency 113
slosh mode 80-82, 84, 85, 87, 104, 105,
109-111, 124, 135, 139, 191, 204,
206, 207, 228, 229, 231, 232, 254
frequency 81, 84, 87, 135, 148, 157,
186, 187, 227, 231, 239, 242, 337
slower satellite droplets 310
special cases 101-105
specific angular frequency 38
spherical co-ordinate system 87, 88,
328
splashing 358, 359, 395
spreading, droplet
inertia controlled 366-391
non-absorbing substrate 347
Ohnesorge number 358
Reynolds number 358
static  359-362
surface tension driven  362-365
time scale 348
square pulse driving
actual local fluid displacements
actual resonance frequency 18
bulk viscosity 40-41
capillary force 99

111

102

characteristic equation 101
constructive interference 20
corrected speed of sound 34-36
damping coefficient 21
damping ratio 17
differential equation 18
displacement and velocity of the ink
18
entrance and exit effects 22-34
equilibrium equation of the fluid 17
Euler’s formula 18
exponential functions 19
first estimate on the frequency
dependence of damping 41-42
fluid displacement in the nozzle 16
Hagen—Poiseuille law 16
high viscosity inks  115-119
logarithmic decrement method
38-40
low viscosity inks 105-111
moderate viscosity inks 111-115
negative driving of a print head 21
negative volume displacement 19
Newton-Laplace equation 16
Newton—Laplace law 99
Newton’s second law of motion
99
piezoelectric actuator 19, 99
positive volume displacement 19
pulse time 20
Rayleigh’s method for calculating the
resonance frequency 37-38
scaling frequency 100
standard second order
non-homogeneous linear
differential equation 17
surface tension effect on resonance
frequency 36-37
viscous drag 16
volume change 16,99
volume displacement actuator 21
standard second order
non-homogeneous linear
differential equation 17
static spreading 347, 359-362
surface tension 309
controlled spreading 347



driven spreading 362-365
effect on resonance frequency
36-37
symmetric meniscus motion 255

t

third order algebraic equation 150,
399-40

throttle 1,2,7,8,13, 14, 75-78, 8085,

87,98, 99, 102, 104-107,
109-113, 115,117, 118, 122-125,
134, 135, 137, 141-145, 147, 148,
153, 155, 167-169, 171, 172, 175,
178, 184, 185, 189, 193, 195, 196,
198, 200, 204, 211, 224-227, 339,
340
time constant 6, 39, 48, 49, 87,
117,129, 132, 133, 270, 298,
409, 411
toroidal co-ordinate system 91,417
definition of 417
divergence of a vector field 419-420
dyadic product 420
gradient of a scalar function 419
indefinite integrals, hyperbolic
functions 421
Laplacian of vector field 420-421
419
scale factors  417-418
unit vector 418-419
Trouton’s ratio 372
two degrees of freedom Helmholtz
resonator 7
two degrees of freedom system
arrangement of a single nozzle print
head 77
capillary action 77
damping 77, 84-87
dimensions of throttle 75
exponential pulse driving 128-134
flow through a bell-mouth shaped
nozzle 91-98
flow through a conical nozzle 87-91
harmonic driving and Fourier analysis
134-148
non-linear analysis 148-163
ramped pulse driving 119-128

nabla operator

Index

Rayleigh’s method 79-84

schematic of single nozzle print head
76

shape of the nozzle 79

spring action 77

springs 75

square pulse driving 98-119

suction-pressure 75

surface tension 78

viscous drag 78

u
uniform velocity profile

382
unit vector

31, 33, 378,
418-419

"4

variable mass effect
327,336

variable mass formula 61, 154, 312,
313

vector differential operator 40

velocity vector 40, 62, 89, 94, 96,
155

viscoelastic ink 3,4, 311

viscous dissipation 1, 13, 38, 66, 68,
77, 84, 200, 218, 222, 226,
247,276, 309, 310, 358, 364, 367,
385

viscous drag 16, 206

and entrance and exit losses 62

volume displacement actuator 21, 22,

70, 109

15,61, 67,71, 313,

w
Washburn equation 348, 391
waveguide theory 9, 193-259
waveguide type print heads
closed end/closed end design
194
fluid velocity enhancement
258-259
gas bubble effects 252
harmonic driving and Fourier analysis
frequency dependent damping
233, 238-240, 242
Poiseuille damping 224-226
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waveguide type print heads (contd.)
non-linear analysis
air bubble effects 252-254
fluid displacement and velocity
250, 251
higher order meniscus oscillations
254-257
high frequency pulsing 249
modeling 243, 245
nozzle front flooding 249-251
start-up phenomenon 249
open end/closed end design 194
ramped pulse driving, resonance
frequencies and eigenmodes
207-209
vapour bubble effects 252
wave guide type pump 8

wave speed 168, 169, 196, 198, 199,
207, 234, 235, 239, 241, 244, 252,
253

weak formulation method 213

Wenzel model 361

Womersley number 42, 57, 145, 223,

235

y

Young-Laplace equation 37, 75, 80,
327

z

zero points method 210, 211, 218
zeroth order Kelvin functions 58, 145,
236







































