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Abstract

Jet breakup is strongly affected by fluid rheology. In par-
ticular, small amounts of polymer can cause substantiaffed
ent breakup dynamics compared to a Newtonian jet, influgncin
in-flight fragmentation and detachment from the nozzle.niig
icant concentrations may also impede jettability. Furthere,
most commercial and industrial inks are inherently collidue
to the presence of pigment and other additives. Fluids é¢onta
ing a particulate phase are normally shear-thinning and saym
have a different characteristic viscosity within the nezebm-
pared to the ejected ligament. We have developed numenmal s
ulations using a Lagrangian finite element method that cagstu
the free surface automatically, and admits a variety of agsty
dependences, e.g. on the local shear rate (generalizedddemt
fluid) or on the particle concentration (Krieger-Doughettype
models), in addition to several viscoelastic models foypric

industrial-speed jetting [14].

The introduction of a polymeric component, even at a low
concentration, may significantly alter the breakup behavas a
fluid thread [15]. Indeed, capillary thinning flows have besed
to provide fluid rheometry [16] and to establish the valididy
numerical methods [17]. Elasticity accelerates the gravftthe
capillary instability, but prolongs the lifespan of a thing thread
[2]; the thread thins at an exponential rate while the polyme
stretches [18], before breaking when finite extension ished
[19]. During its thinning phase a viscoelastic thread mayeti®p
the ‘beads on a string’ structure [20]. In DOD jetting a vayrie
of breakup types have been observed depending on the concen-
tration and molecular weight of the polymer [21] [22] [2Hese
have been reproduced qualitatively in simulations [24].

Shear-thinning fluids may also exhibit different thinning
rates to the purely Newtonian case [25] [26]. Fluids with Hipa

fluids. This method has been benchmarked against experimenulate phase are generally shear-thinning, and as mostaniain

tal data for Newtonian jets. Appropriate rheological maglare
discussed, and results are presented alongside comparisih
experimental work.

Introduction

either pigment or other additive particles, their rheotadjichar-
acterization [27] [28] is of great importance in undersiagcand
manipulating their jetting behaviours [29]. The shearsatethe
nozzle and the thinning ligament may differ by an order of miag
tude, and advantage may be taken of this to optimize thetifec

Among the major challenges in contemporary inkjet research viscosity of the ink at each stage. Experiments on pendam dr

are the enhancements of the speed, resolution, and maligge
sity of the process in order to broaden the range of induistnid
commercial applications. These challenges may be addrésse
number of ways depending on the extent to which each coastitu
part of the process may be modified, for example, by changieg t
nozzle shape or the drive waveform, or by adjusting the (ldewt
nian) fluid properties of the ink. Another approach is to ekpl
non-Newtonian fluid effects, and this has led to several new a
plications of inkjet technology [1]; viscoelasticity carpfoundly
influence jetting behaviour [2] [3], as can the presence afrti@
ulate phase [4] [5].

In a drop-on-demand (DOD) inkjet printer, each drop is
formed by ejecting an individual ligament of ink from a nazzl
the ligament subsequently either disintegrates into aelangin
drop and a series of smaller ‘satellite’ drops, or, prefgtadon-
tracts to form a single drop, before impacting on the prisaob-
strate. The fate of the ligament depends on the speed ofrrint
and on the ink viscosity and surface tension (i.e. the Remol
Weber, and Ohnesorge numbers of the flow) which control iés ra
of thinning [6].

Experimental studies of DOD printing are challenging due to
the small scales and high speeds involved (a typical nozzads
50um in diameter with drop speeds of 5 misor above) and the
inaccessibility of the flow within the printhead. Recent wbas
concentrated on controlling ligament lengths and sagefititma-
tion [7] [8] [9], reducing drop size [10], and emulating thevil
with larger-scale apparatus [11]. Numerical methods haenb
used to investigate slow pendant drop formation [12] [13d an

formation of particle suspensions have shown the potetatigd-
duce satellite numbers [4] [5].

In this work we consider the inverse problem of designing
an ‘ideal ink’ based on common industrial requirements. \&& u
a Lagrangian finite element method to simulate DOD printifhg o
shear-thinning and polymeric fluids with the aim of underdiag
the influence of rheology and making quantitative improvetse
in printing quality.

Formulation

The simulations use a Lagrangian finite-element method first
developed for the study of creeping flow of dilute polymerusol
tions [30]. The method has since been extended to inertiakflo
and has been applied to inkjet printing of Newtonian and vis-
coelastic fluids [11] [24] [31]; details of the computatibaégo-
rithms may be found in these references.

The shape of the printhead nozzle used in the simulations
is identical to that in reference [24], which may be considea
companion paper to the present work; the dimensions aralbase
on those of a Xaar 126 printhead with a nozzle raflus25um.

At the nozzle inlet a time-dependent velocity boundary ool

is imposed in the form of a ‘pull/push/pull’ drive wavefornf o
approximately 3@s duration; see [24] for further details. In this
work we retain the nozzle shape and the drive waveform as con-
stants throughout, except for an overall amplification efwave-
form in order to attain the required drop spé¢d- 6ms 1. Asa
consequence of this amplification, the total volume of ejeédnk

is not fixed.



For a Newtonian fluid of densitp, viscosity u, and sur- whereA is a symmetric structure tensor which evolves in time as
face tensiony we define the Reynolds number RepUR/L,
the Weber number We: pU2R/y, and the Ohnesorge number 7 _ DA T 1 L2
i . . =—-AOu—(0Ou) A=—— | 5——— | (A-I).
Oh= u//pyR = vWe/Re; the values of these dimensionless Dt Wi (LZ—Trace(A)>
guantities determine the relative importance of competinigl
dynamical effects in the flow. Here we keep density and sarfac HereL is the dumbbell extensibility and Wi is the Weissenberg
tension constant, with We = 27, and we vary viscosity (henee R number, which measures the polymer relaxation tiragainst the
and Oh); typical values are Re = 13 and Oh = 0.40 for a real ink. characteristic flow timescale=R/U, i.e. Wi=1/T. InEq. 3 the
Alternative choices of scalings can result in different eitsion- ~ Viscoelastic parametermay be interpreted as a measure of the
less groupings [6]. For flows without an externally imposed v concentration of dumbbell molecules [24]. The viscositythia
locity scale it is common to define a capillary tinge= 1/pR3/y Reynolds number is then the steady shear viscpsi#yps(14-c),
as the relevant timescale for inertio-capillary breaku][2ur ~ Whereps is the solvent viscosity. The FENE-CR fluid does not
timescale is the ratio of length and velocity scales; R/U, and shear-thin.
this is related to the capillary time liy/T = v/We. To investigate shear-thinning effects, we also considema g
Gravity is negligible on the lengthscales considered is thi eralized Newtonian fluid model for which the viscosity degen
study. Drag due to air resistance was also neglected in tie si on the local shear ratg = +/2E : E via a response function.
ulations, as were temperature variations. We assume thgeéth  The stress tensor is
is axisymmetric, so that it may be fully described by a cylical

coordinate systenfr, 8,z} with all flow variables independent of o=—pl+ in(y)E.
6. The origin is taken as the centre of the nozzle outlet, aed th Re
fluid is initially at rest. In particular we use the Carreau fluid model [33], which diéssr
The boundary conditions at the free surface are those of zerog smooth transition from a zero shear rate viscosityo a limit-
shear stress and the pressure jump due to surface curvature,  jng infinite shear rate viscosity... The response function is:
" i 1 1 1
A-o-i=0. A = (=4 —)n, . L2\ (n=1)/2
hrot=0 oo =~ (7 TRy )T =6+~ (1+@p?)” @

whereo is the dimensionless stress tensois the unit outward
normal to the interfacd,is the unit tangent in thez-plane, andR;
andR, are the principal radii of curvature. External air pressure
is neglected. Symmetry conditions on thaxis areur = 0 and
orz = 0, and conditions of no-slip are applied at the rigid interio
printhead boundaries. The contact line between the frdacsur
and the printhead is held pinned at the nozzle edge throtghou
The location of the free surface at each time-step is deter-
mined implictly via a kinematic condition. In the simulat®this
is realized automatically, since the mesh is Lagrangianthad
mesh nodes are advected with the local fluid velocity.

where 3 = L« /Lo, O is a constant associated with the onset of

shear-thinning, and is an index which determines the degree

of shear-thinning in the transition; throughout this work set

n = 0.3. The viscosity in the Reynolds number is the zero shear
rate viscosityLlp.

In addition to the models discussed above, we have consid-
ered several other viscoelastic fluid models and also aidallo
model with viscosity dependence on local particle coneeiatn
(cf. Krieger-Dougherty); results are omitted here for lityev

Shear-thinning results

As our numerical method has already been validated for
Newtonian DOD inkjet flows [11] [14] we omit benchmarking
details here and proceed directly to the consideration of no
Newtonian effects. The Carreau functignas defined in Eq. 4, is
Du graphed in Fig. 1 for six values of (2.4, 4.1, 7.2, 13, 24, and 72,
Dt 0o, 0-u=0, @) from right to left respectively) witl fixed at 0.06 and Re = 3.4,
Oh = 1.6. Other Carreau fluids with different valueg3ofi.e. Ly
and ) were also considered, but results are not included here.

Fluid models
The governing equations are the conservation of momentum
and mass, given in dimensionless form by

wheret, u, ando are the dimensionless time, fluid velocity, and
stress respectively. For a Newtonian ink, the stress téasor

_ 2. .01 T
o= —pl+E= pI+Re<Du+(Du)), )

where p is pressure andt is the rate of strain tensor; together
Egs. 1 and 2 are the Navier-Stokes equations.
Viscoelastic fluid models have an additional term in the

stress tensor; in this work we consider dilute polymer sohst
represented by a single-mode FENE-CR model based on a sus- 0.1}

pension of dumbbell molecules which react as finitely exit#es
springs [32]. The dimensionless stress tensor for this ffuid

10 102 107 1 10' 102 108
1 v shear rate

o=—pl+ - (2E—-CcA), 3 i i o (¥ for si
p (1+ c)Re( ) ) ©) Figure 1. The Carreau fluid response function n(y) for six values of a.



The two vertical lines plotted in Fig. 1 represent charaster
tic values of the dimensionless shear rate during key sw@igbe
flow. The right-hand liney= 4) is an approximate maximum rate
in the nozzle (achieved during the ‘push’ phase of the dgjin
and the left-hand liney(= T /tc) is an estimate of the relevant
shear rate during the capillary thinning of the ejectedrtigat.
The interval between the two lines corresponds to the rafige o
shear rate variation during the critical stages of liganegattion
and breakup.

Each of the six Carreau fluids was simulated, with the value
of the drive amplification factor being calibrated to atttie re-
quired drop speed in each case. By comparing these ampdficat
values to those required by Newtonian fluids, we define an ef-
fective ‘printing viscosity’ for each shear-thinning fluiResults
are shown in Fig. 2; the-coordinates of the shear-thinning data
points (squares) are Ohnesorge numbers based on thesegrint
viscosities, which may be considered as empirical measafres
resistance to jetting.
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Figure 2. Drive amplification necessary to attain the required drop speed.

Amplification factors for a spectrum of Newtonian inks with
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Figure 3. Distribution of drop volumes (main drop and major satellites).

Data for the six Carreau fluids are also included in Fig. 3,
again using the Ohnesorge numbers based on their effectite p
ing viscosities (as in Fig. 2). For the lower values of Oh, the
distribution of drop volumes is similar to the adjacent Nem&n
cases. However, for the two largest values of Oh there is b qua
itative difference in the breakup pattern: rather than sesesf
five or six medium-sized satellite drops (as seen in the heigh
ing Newtonian cases), we find instead that only one or two sig-
nificant satellites are formed. In addition the main dromsi
increased, but only marginally. The reduction in the numddfer
satellite drops for these cases is not an anomaly; by detlign,
Carreau fluids exhibit a slower rate of capillary breakumttiee
nearest Newtonian cases due to their relatively higherosise
at the shear rates encountered in the ligament thinningepbias

Ohnesorge numbers between 0 and 1 are shown as circles ithe printing, and consequently pinch-off is suppressedfewver

Fig. 2. The Newtonian data is roughly linear in Oh apart from a
jump after the first four data points (the least viscous flyittss
jump corresponds to a transition in the breakup pattern.hén t
four least viscous cases the ligament breaks up early intaia m
drop, a large satellite of comparable volume, and severallsm
satellites, whereas in the more viscous cases the largéteate
not formed as the extended ligament lifetime is sufficienttfie
equivalent part of the fluid to merge with the head of the liga-
ment prior to pinch-off, significantly increasing the volarof the
main drop and also slowing it down, so that greater amplificat

is needed to attain the required printing speed.

The same transition in breakup can also be seen in Fig. 3
which shows the distribution of drop volumes (main drop arsd m
jor satellites), on a logarithmic scale, for each of the Buddn-
sidered. Minor satellite drops with smaller volumes haverbe
ignored in the analysis. As discussed previously, the feast
viscous Newtonian cases produce a very large satellite droife
in the more viscous cases a substantially larger main drop-is
served.

It should be noted that for the purposes of this study we did
not incorporate any collisions or coalescence of drops tifie

ament breakup. In some of the simulations it was apparent tha

such collisions would occur, which could potentially resalmi-
nor alterations to the drop volume distributions in Fig. 3owH
ever, our main focus in this work is to consider non-Newtania

satellites are produced.

The extent to which such a reduction in satellite numbers
may be considered an improvement in an industrial context de
pends on the details of any particular application, butdagiby it
is desirable to suppress the ‘quantity’ of satellites, bottne dis-
crete sense (as discussed above) and in the continuousaense
follows. For a given printing speed, a simple measure oftprin
ing efficiency (or quality) may be defined as the proportiothef
total ejected ink which is ultimately contained within theaim
drop. Although fewer satellites are produced in the moreotis
Carreau cases, it is not immediately clear from Fig. 3 whetie

,efficiency is increased relative to the Newtonian casesusecthe

major Carreau satellite is of greater volume than any of treee
sponding Newtonian satellites.

The situation is clarified by Fig. 4: the printing efficiergie
of the two most viscous shear-thinning fluids are indeedifsign
cantly higher than any of the Newtonian cases. This coitiesita
quantitative improvement in printing behaviour, in adafitiio the
qualitative change in satellite distribution. In contrabie four
other Carreau fluids show relatively lower efficienciesjéating
a strong non-Newtonian influence on the printing outcome.

The efficiency for Newtonian fluids initially increases with
viscosity before reaching a plateau of around 80%. Againethe
is a significant jump at around Oh = 0.25, after the first founda
points, as a result of the transition in breakup dynamicsritesd
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Figure 4. Efficiency : proportion of total ejected ink within the main drop.

earlier. It should be emphasized that the results presédwaesl
conform to an externally imposed restriction on the speetth®f
main drop, which is a realistic requirement in many inkjet ap
plications. If this requirement is relaxed, the proportmmnink

in the main drop can be increased significantly above theegalu
shown in Fig. 4 even in the Newtonian case, but at the expense
of a drastically slower printing speed. However, using thee
shear-thinning fluids as described earlier, we have foupddsi-
ble to achieve up to 100% efficiency at an intermediate printi
speed (results not shown here); further exploration of theezau
model parameter space is ongoing.

Viscoelastic results

Previously our simulations of viscoelastic DOD printing
have shown qualitative agreement with jet behaviours elser
in experiments [24]. However, no direct correlation was enbae-
tween the FENE model parameters and the rheological piepert
of real polymer solutions. Furthermore the jetting speed nat
fixed: instead the amplitude of the drive waveform was helu co
stant, meaning that more strongly elastic fluids jetted stoar
even retracted into the printhead.

In order to establish quantitative agreement between exper
ments and simulations of a given fluid at a given printing spee
we apply Zimm theory to linear rheology data obtained via PAV
measurements [34] to extract ‘best fit’ values of the FENEp@R
rameters [35]. Details of the Zimm analysis are omitted liere
brevity. For two solutions of monodisperse polystyreneAB3
in diethyl phthalate (DEP) we find = 20 and a relaxation time
of around 2@Qs (Wi = 4.8), withc = 0.023 andc = 0.046 for
1000 ppm and 2000 ppm solutions respectively. In Figs. 5 an
6 simulation results (white background) are overlaid on-pho
tographs of a real DOD printhead with an array of periodjcall
synchronized nozzles. The close similarity between jepsba
and lengths demonstrates the capacity of both the simotatind
the FENE-CR model to quantitatively represent viscoetaskijet
printing.

d

Conclusions and future work

Our preliminary investigations have confirmed the poténtia
of shear-thinning effects to positively influence ligamergakup.
For some of the cases considered the printing quality was im-
proved in the sense that the overall proportion of ink corgdi
within the main drop was raised significantly, while the nemb
of satellite drops was simultaneously reduced. These inepro
ments were achieved without compromizing on printing speed

Figure 5.

Comparison for 1000 ppm PS210 in DEP.

Figure 6.

Comparison for 2000 ppm PS210 in DEP.

In the cases presented here we have enforced a fixed final
drop speed by amplifying the driving waveform approprigtahd
consequently the total amount of ejected ink is not a cohstin
the printing for different fluids. However for some applioas it
may be more appropriate to impose restrictions on the netegje
volume of ink, or on the volume of the main drop, instead ofror i
addition to maintaining a consistent drop speed. Furthire of
this nature would necessitate adjustments in the shape dfire
waveform, which could in turn result in qualitative diffeies
in ligament breakup patterns. Such adjustments have naot bee
considered in this work, as the principal aim was to isolag t
contribution of non-Newtonian fluid effects.

It remains to be established whether the implications of our
findings can be applied directly to the formulation of inkgtwi
superior overall printing performance. At present, ther€aw
model parameter values used here are not based directlyyon an
real fluid measurements, and there are often practical diffes
associated with the production of an ink designed to adhere t
a given theoretical model. In collaboration with indudt@ad
academic experts in the relevant fields, we hope to contiaue t
explore ways of achieving desirable printing consequebgesx-
ploiting rheological effects in a manner consistent with devel-
opment of real printable inks. In addition we will undertaie-
ther investigation of the suitability of other colloidaliiunodels.

For viscoelastic fluids we have shown that it is possible to
use conventional linear rheology to characterize a givéynperic
ink, establish appropriate values of the model paramedecsac-
curately model its jetting behaviour in simulations. Thimqgtita-
tive validation of our method complements earlier work inieth
viscoelastic inkjet printing was reproduced qualitatvig4].
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