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Surfactants and jet break-up in DOD
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Jet formation and break-up in inkjet printing has been studied and understood mainly for pure liquids. Questions
remain as to the role of surfactants on the inkjet printing process at the microsecond timescale. Here, numerical and
experimental results demonstrating the effects of surfactants on jet break-up and drop formation at the scales relevant
to drop-on-demand inkjet printing are presented. The rapid expansion of the free surface during the fast jetting process
results in a depletion of surfactants along the air-liquid interface, resulting in surface tension gradients. During ejection,
surfactants are concentrated towards the head of the droplet, while the trailing ligament is found to be almost devoid of
surfactants. As a consequence, the initial evolution and pinch-off of the jet from the nozzle is found to be very similar
to that of pure water, even though the equilibrium surface tension of the surfactant solution is lower by a factor of two.
However, particularly for strong surfactants, Marangoni forces arising from surface tension gradients between the head
drop and the ligament are found to delay, and can even prevent, the break-up of the main drop from the ligament thereby

inhibiting the formation of satellite drops.

I. INTRODUCTION

A surface active agent or surfactant is a molecule which is
characterised by its tendency to absorb at surfaces and inter-
faces. Surfactants are amphilic, meaning that they consist of at
least two parts: a part that is soluble in water, the lyophilic or
hydrophilic part, and an insoluble lyophobic, or hydrophobic,
part!. These regions of opposing affinity to water are often
referred to as the head- and the tail-group, due to the shape
of the molecule. At sufficiently high concentrations, i.e. con-
centrations above the critical micelle concentration (CMC),
surfactants aggregate into micelles in which the hydrophobic
group is directed towards the interior of the cluster thereby
shielding the hydrophobic group from the water and so reduc-
ing the free energy of the system.

Surfactants are commonly used in product formulations.
Their versatility makes them very useful in diverse products
such as motor oils, pharmaceutical products, laundry deter-
gents and other house cleaning products, drilling muds and
the flotation agents used in benefication of ores. Surfactants
influence film thicknesses in coating flows~>, the dispersion
of surface waves®, the dynamics and thicknesses of spreading
films’-® and the lifetime of bubbles®, foams and emulsions!©.
In recent decades, the applications of surfactants have been
extended to high-technology areas such as electronic printing,
biotechnology, micro-electronics and viral research!!.

¥Electronic mail: antonopoulou@maths.ox.ac.uk

A. Surfactants and break-up

Previous studies have looked at the effect of surfac-
tants in a range of different flow geometries, includ-
ing drop deformation'>13, liquid bridges and threads'¢-'8,
filaments!%20, repeated thread formationlg’zl, thin film
flows??, and the pinch-off dynamics of continuous jets>>2>.
Recent work on the break-up for liquid filaments by recent
studies?®2” showed the importance of surfactants in the break-
up behaviour, especially around the neck region of break-
up. However, despite some similarities, there are particular
features of drop formation in drop-on-demand inkjet print-
ing that make this problem quite distinct from those previ-
ously considered. First, the length scales and timescales are
quite different. The inkjet printing process is characterised
by length and timescales of micrometres and microseconds,
respectively. As a consequence the transport of surfactant is
dominated by the surface velocity and its modification by the
Marangoni stresses with the effects of surface diffusion and
bulk exchange being negligible for inkjet printing. Second,
most previous studies start from an initial condition of a uni-
formly covered filament or droplet where the surface concen-
tration has had sufficient time to equilibrate, whereas in inkjet
printing the rapid generation of new surface leads to a surfac-
tant distribution that is far from equilibrium.

In order to investigate the effects of surfactants on inkjet
drop formation, we have performed numerical simulations to
solve the coupled problems for the fluid dynamics and sur-
factant transport during jet break-up and drop formation. The
mathematical model and the method of numerical solution,
using a moving grid finite element method, are discussed in



Surfactants and jet break-up in DOD

section I and III respectively. These simulations are com-
pared with experimental observations, described in section IV.
We then use the simulations to look in greater detail at the ef-
fects of surfactant strength on the jetting dynamics and drop
formation presented in section V.

B. Surfactants and surface tension

The surface tension of the water-air interface is high
(0.072Nm™~") compared to that of organic solvents and there-
fore, surfactants are added to aqueous inks to reduce their sur-
face tension and allow for jetting of aqueous inks. The addi-
tion of most common surfactants, like Surfynol 465, Triton X-
100 and Dynol, reduces the equilibrium surface tension down
to around 0.035Nm~! 2829,

Surfactant molecules preferentially migrate to the surface
thereby lowering the free-energy associated with the surface,
setting up an equilibrium between the surface concentration I"
and bulk concentration c;, of the surfactant. The relationship
between I'" and ¢, is complex due to the effects of crowding
and the formation of micelles. At very low concentrations, I"
is proportional to ¢, as the surfactant molecules in the bulk
are in monomeric form and there is plenty of room at the
free surface. However, as the surface becomes covered with
surfactant, the rate of increase of I" with ¢, decreases, until
a maximum surface concentration I'w is achieved. This ef-
fect is captured empirically by the commonly used Langmuir
isotherm’?3!, given by:

l"mcb

S cepta’ M
where I is the maximum surface concentration of the surfac-
tant (molcm™—2); ¢}, is the surfactant concentration in the bulk
(moll™1), a is a constant[= 55.3exp(AG°/ZT)] (moll™"),
with AG® the free energy of adsorption at infinite dilution,
Z is the gas constant and T absolute temperature. This, in
combination with the Gibbs equation, gives the Langmuir-
Frumkin surface equation of state’”

Y=Y +%Tlxln <1—1F> . 2)
where ¥, is the pure solvent surface tension (clean interface),
Z is the gas constant 8.134] mol ' K~!, T is the absolute
temperature (K), which we will use to relate surface surfac-
tant concentration to surface tension.

However, drop formation from an inkjet nozzle occurs on a
timescale of typically 100 us>>~3 which is faster than the time
required for the surfactant molecules to reach an equilibrium
distribution®. As a consequence, the surface tension of the
ink-air interface during droplet formation can differ markedly
from its equilibrium value. This property is often referred to
as the dynamic surface tension and is a result of the transient
adsorption and distribution of surfactant molecules on the in-
terface. Gradients of surfactant concentration lead to gradients
in surface tension that in turn drive flows on the surface, called
Marangoni flows®”. There are a variety of methods for mea-
suring dynamic surface tension at liquid-liquid or liquid-gas

2

interfaces®, however, these are generally unsuitable for inkjet
printing applications, because they are restricted to measur-
ing changes on timescales greater than 1 ms>®. For example,
the growing-drop method*’ relies on simultaneously measur-
ing the pressure, p(¢), inside and the radius, R(¢), of a drop
that is grown at the tip of a capillary tube. This method uses
the Young-Laplace equation, p(t) = 2y(¢)/R(¢), and can only
measure surface tension, ¥, on the timescale of milliseconds.

The timescale for the surface surfactant concentration to
reach equilibrium can be estimated from the diffusion-limited
transport of surfactants from the solution onto a planar
interface!”-!84! The characteristic timescale for transport via
diffusion is given by,

/’12
P
D= —~ 3
D=7 3)
where D is the diffusion coefficient for the surfactant
molecules (typically around 3 x 10710 m?s~1)*? and hp is the
depletion depth given by:
I
hy ==+, @)
Cp
where I'¢q is the equilibrium surface concentration of the sur-
factant (molcm~2). The depletion depth varies with the solu-
bility and concentration of the surfactant.
In our experiments, we used Triton X-100 as the surfac-
tant. The conditions of the experiments correspond to the
parameters*:

D~26x1071"m?*s~!,
Feq=2.9x10"%mol m 2,

cp = 0.22 mol m 3.

These give an estimated depletion depth of /2, =13 um, which
is half the jet diameter (25 um), and an estimated diffusion
time of around 0.5 s, a factor 3 x 103 longer than the break-off
time observed in our experiments. Moreover, this timescale is
based on the assumption of a planar interface and the diffusion
time will be slower if the curvature of the surface is included.
Therefore we can conclude that bulk exchange is negligible
on the timescales of interest.

Il. GOVERNING EQUATIONS
A. Problem definition

In order to examine the effects of surfactants on jet break-
up we simulate the evolution of a surfactant solution ejected
by a drop-on-demand printhead. We will not model the de-
tailed flow within the entire printhead, but consider only the
flow in the region close to the nozzle. Since the nozzle is ax-
isymmetric this allows us to make the assumption of axisym-
metry where the axis of symmetry lies at the centre of the
nozzle, even though the printhead itself is non-axisymmetric.
The shape of the nozzle was chosen to replicate the dimen-
sions of the experimental nozzle, which has a radius of 25 um.
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FIG. 1. Nozzle shape and initial mesh used in the simulations. The
jet is assumed to be axisymmetric, so for the production of subse-
quent images, the results are mirrored around the axis of symmetry.

The fluid used has the viscosity and density of water, jetted
with a droplet speed of 4 ms~!. The initial finite-element grid
is shown in fig. 1.

As we are not directly modelling the piezo-electric acoustic
drive, we impose a time-dependent flow velocity at the inlet
boundary (left side of fig. 1) to replicate the mass flow driven
by the pressure variations within the print-head. This flow is
chosen to have a Poiseuille profile with a time-dependent am-
plitude chosen so that the position of the meniscus within the
nozzle approximately matches the experimental observations,
and has a “pull-push-pull” waveform. This is composed of
three segments. In the first segment, the meniscus is drawn
back into the print-head. In the second segment, the velocity
reverses and drives liquid from the reservoir through the noz-
zle orifice. In the final segment, liquid is again drawn back
into the nozzle from the tail of the emergent jet. A graph of the
time dependence of the signal used in the simulations and the
corresponding position of the free surface is shown in fig. 2,
where amplitude has been non-dimensionalised by the max-
imum value of the push phase and time by the Rayleigh or
capillary timescale tg = \/pR3/Y, ~15ps. By dividing this
volume flow by the cross-sectional area of the nozzle exit we
can define a jetting speed based on the flow-rate at the max-
imum amplitude. For the fluid properties corresponding to
the experiments, a droplet speed of 4ms~! requires a jetting
speed of 5.5ms~!'. However, as the droplet speed will vary
with viscosity and surface tension we use the jetting speed
rather than the droplet speed as the velocity scale. This same
waveform was used in all the simulations, meaning that we
are neglecting the coupling between the surface tension and
the acoustics within the print-head, which will exist in prac-
tice.

As the temperature of the fluid in the print-head is main-
tained at a constant value, there are no significant tempera-
ture variations during the jetting process and hence the vis-
cosity and surface tension can be assumed to be constant. We
can also neglect the effects of gravity due to the small scales

pgR?
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involved™, as the Stokes number St = is of order of

©(1073). Here g is the gravitational acceleration, U is the
jetting speed defined above, R is the drop radius and u is the
dynamic viscosity of the fluid. Hence the dynamics are de-
scribed by,
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FIG. 2. Plot of the dimensionless driving signal as a function of
dimensionless time, which is imposed as a flux boundary condition
over the nozzle inlet. The velocity has been non-dimensionalised by
its maximum value. This jetting speed was set to 5.5ms ™! to match
the experiments. Images show the meniscus position at each stage of
the pull-push-pull waveform.

where the Newtonian stress tensor O is given by
6= —pl+pu [V’uA—(Vu)T} , 6)

where w is the fluid velocity, p is the pressure in the fluid,
together with the condition of incompressibility,

V.u=0. 7)

We assume that the contact line is pinned at the nozzle out-
let and that no-slip occurs at the nozzle walls, where condi-
tions of zero velocity are imposed (u = 0). At the free surface,
we assume that the drag on a droplet due to air resistance is
negligible*> and impose a boundary condition on the stress
due to surface curvature,

[6-nlj = —Y(Vi-m)n+Vyy. ®)
Here 7 is the local coefficient of surface tension, n is the unit
vector normal to the free surface (directed outward from the
jet), and the surface divergence operator is given by V- :=

V. (I —nn). V,-nis the local curvature of the surface and

can be written as
1 1
Vim=|(—+— 9
N n <R1+R2>’ ()

where Ry, R, are the principle radii of curvature*®.

In common with others studies!”-!®3! we assume that the
surface tension Y and surface surfactant concentration I" are
related by the Langmuir-Frumkin surface equation of state
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eq. (2). The surfactant transport on the liquid-gas inter-
face is governed by a time-dependent advection-diffusion

equation 1547

ar
Jt
where I'(z,t) is the surface concentration of surfactant, 2 is
the surfactant surface diffusivity (m2s~1), V, is the vector dif-

ferential operator on the surface and b is the net exchange of
surfactants with the bulk, which we assume to be zero.

+V,-(Tu) — 2V T =b, (10)

B. Non-dimensional Equations

The equations can be put into dimensionless form by scal-
ing length with the nozzle outlet radius Ry, velocities by the
jetting speed U and pressure and stress by pU?. This rescaling
yields the dimensionless governing equations eqs. (5) and (7),
for the fluid domain Q, as follows:

——-V.0=0 11
oY ; (1)

V.u=0. (12)

Note that we use non-dimensional quantities from now on
without changing the notation, therefore ¢, u, p and G are
now the dimensionless time, velocity, pressure and stress, re-
spectively, with the stress tensor eq. (6) given by

G:—pI—i—é [Vu+ (Va)T] . (13)

The dimensionless interface boundary condition eq. (8) on the
free surface S is given by

jet Y 1
ol = -7 (Vemint vy (4
Here, Re and We are the Reynolds and Weber numbers,
UR
Re = Pty ,
u
U’R
We = p N ,
17

and the surface tension, 7 is defined relative to its value for the
pure solvent in the form

y=14+BIn(1-KC), (15)
where the parameter

I'.RT
Yp

provides a measure for the strength of the surfactant, and the
surfactant concentration is non-dimensionalised by the equi-
librium surface surfactant concentration I'eq (at the given sur-
factant bulk concentration of the solution) as

r
C=—. (17)
Teq

B= (16)

This introduces an additional non-dimensional parameter

I'e
K= F—: 7 (18)
which represents the ratio of the equilibrium surfactant con-
centration on the surface to the maximum surface concentra-
tion for the given surfactant.
The dimensionless surfactant transport equation eq. (10) is
D,C 1

- —V3C=8B 19
Dg¢ Pe ° ’ (19)

where & and ¢ are now in dimensionless form, B is the di-
mensionless bulk exchange rate and Pe is the surface Péclet
number given by

RyU
=7
which determines the importance of convection of the surfac-

tant molecules relative to its diffusion along the free surface.
Here 2= is defined as the surface Lagrangian derivative

Dst
Dif _df

DS[ - §+Vs(uf)7

and includes the effects of surface dilation as well as advec-
tion.

Pe (20)

I1l.  LAGRANGIAN FINITE ELEMENT METHOD

The fluid equations were solved using the Lagrangian finite
element method®. A key property of the Lagrangian finite el-
ement scheme is that the nodes move with the fluid velocity*®,
so that the dilation and advection on the surface is handled by
the motion of the nodes.

A. Weak formulation

We discretise eqs. (11) and (12) in space using the finite
element method*®. We define ¢; and y; as basis functions for
the velocity and pressure finite element spaces, respectively,
which here are chosen to be linear P1 functions over triangular
elements. To develop the finite element approximation, we
obtain the weak formulation of the equations by multiplying
each of the components of the momentum equation (11) with
¢; and eq. (12) with y; and integrating over the spatial domain
Q.

Application of the surface divergence theorem® gives

b .
/¢,-—"d9+/v¢,--ad9=/¢,-o~nds, i=1....N,
Jo Dt Q Js 1)

/llfj(V-u)dQ:O,j:l,...,Np, (22)
Q
where § is the boundary of the domain Q, N, and N, are the

number of non-Dirichlet velocity and pressure nodes, respec-
tively.
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FIG. 3. Free surface and unit vectors, where tangential vector ¢,
normal vector n to the surface, radial coordinate r, axial coordinate
z, radius of curvature R, and s is the contour length of the surface.

B. Finite element formulation for dynamic surface tension

The jet is assumed to be axisymmetric, so that within a ra-
dial slice the tangential and normal vectors, ¢ and n respec-
tively, are given in cylindrical polar coordinates by:

dz dr
==, — 2
t (ds’ds) 23)
dr dz

The surface curvature is given by>>

dt n
A\ =—— 4+ —.
(Vs-m)n ds+R2

Hence, eq. (14) can be rewritten as

[n- 0] _ L £—|—td—y
surface ™y, 7/ds Ry ds

1 |d n
=—|= —y—. 25
e & -7z 25)
Note that eq. (25) also contains the constant surface tension
case. Thus, for an axisymmetric geometry, after integration
by parts, the right-hand side of eq. (21) becomes

2 LA ) sy d
(/S(n~0')(]),~rdsd6——@ (/Yo }/R—zr(])nds—/so &(yt

2 (v dz v d s
——We( / yongids + / ytds<r¢,->ds—mr¢i1s§),
(26)

where sg, sy are the beginning and end points of the free sur-
face. Note that the contribution from the end points is zero in
our case as the point sg is part of the nozzle boundary so that
¢; is zero there for all velocity unknowns, and the other end
sy is located on the axis so that r = 0.

The integration by parts removes the derivative of the sur-
face tension, so that the integrals in eq. (26) are the same as in
the constant surface tension case, described in>-!. For points
on the surface, ¢, is non-zero only on the two edges connected
to point n. Therefore for the case of linear basis functions ¢,

r dz .
where B ds and yn are constant on each edge the integrals
5 s

can be performed analytically, so that surface force contribu-
tion eq. (14) from the basis function corresponding to a point
(zu,ry) on the surface in the weak formulation is given by

We
2

27)
where Az_ =z, —z,—1, Az = 241 — Az, and y_ | is the sur-
face tension on edges connected to point 7.

C. Time discretisation

In the Lagrangian frame the Lagrangian material derivative
Dwu/ Dt becomes the ordinary time derivative du/ds. Time
derivatives are discretised using a 8 scheme where the value
of a variable v at the (n+ 1) time step is given by

Ynt1 = Wn+5l[91pn+l+(l_9)1pn]a (28)

where Ot is the time step, 6 € [0, 1] is the weighting parameter
of the scheme and y = dy/dr. The size of the time-step &¢
is restricted by a CFL condition of the form U 8t < dx, due to
the moving mesh, where U is a typical flow velocity and 8x is
a typical element size.

In addition to the time derivative in the momentum equa-
tion, the solution at the (n -+ 1)™ step depends upon the posi-
tion of the nodes, which move with the fluid velocity. For each
variable y, eq. (28) results in a non-linear algebraic equation
for Y4 in terms of ;. We linearise this equation via a Pi-
card iteration scheme, since the node positions depend on the
solution for the velocity.

The position  of any mesh node (except those on the noz-
zle inlet boundary) is updated after each time step as

Tpr1 = Tp+ 0t [0ups + (1—0)uy,], (29)

where 0 is the same parameter as in eq. (28). For the nodes on
the nozzle inlet, special consideration is taken. Their positions
are held constant to preserve the nozzle shape and the appli-
cability of the driving boundary condition. This algorithm is

) &rﬁgg:)ted in* in more detail.

D. Surfactant transport

To calculate the evolution of the surfactant concentration,
we exploit the Lagrangian properties of the surface edges of
the finite elements, which means advection does not change
the number of surfactants on the surface corresponding to the
edge between two nodes (z1,71) and (z2,72). Hence defining

27tN:/CdA,
A

as the number of surfactant molecules on the edge, the evolu-
tion of the surfactant distribution is given by

dN
—+h-J1 =B 30
dt+2 1 ; (30)

1
- /S (n-6) gurdsdd = —5 (Y-n_Az_+¥iniAze) +ra (Vs — ¥-t-)
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FIG. 4. Surface tension as a function of surfactant concentration us-
ing eq. (33) for different surfactant strengths . A minimum surface
tension equal to the equilibrium surface tension is imposed at the
value of 0.035Nm™!.

where
i d
= - 2oC (1)
Pe 8S (ri7zi)
and
27B = / bdA.
A

In the absence of bulk exchange, so that B = 0 in eq. (30),
the number of surfactants on an edge N = CA changes only as
a result of the diffusive flux between edges, given by eq. (31),
which we calculate as

j=_ [1"+/A+N/A],

2
Pe S, —S_ (32)

where N1, AL and S are respectively the surfactant number,
area and midpoint of the adjoining edges. The initial condi-
tion is chosen such that initial surfactant number on each edge
corresponds to the equilibrium concentration, so that C = 1.

E. Maximum packing concentration and surfactant transport

Although overall the jetting process leads to a dilation of
the free surface and hence a reduction in surfactant concen-
tration, locally there are areas where the surface area is con-
tracting. Where this occurs it is possible for the local con-
centration to exceed the maximum packing concentration I'.,
which in eq. (1) would lead to the unphysical situation of the
surface tension becoming zero. In reality, strong repulsive
forces between the surfactant molecules would prevent this
from happening. The monolayer will buckle when the max-
imum packing is reached. The maximum packing and cor-
responding minimum surface tension depends on the type of

surfactant. For phospholipid monolayers, the surface tension
can reach zero®2, but not in the case here.

As this only happens in very small regions, rather than ad-
justing the surfactant transport, we modify the equation-of-
state to

Vzmax(leﬁln(l*Kc)vain) ) (33)

where Ymin 1S the minimum surface tension that can be
achieved for this surfactant. As noted earlier, the addition of
commonly used surfactants reduces the surface tension of wa-
ter from 0.072Nm~' to around 0.035Nm~! at the CMC but
further increase in the bulk surfactant concentration does not
lower the surface tension further. Therefore in the simulations
we set Ymin = 0.49. This modified equation of state is shown
in fig. 4, where we see that the minimum surface tension of
0.035Nm™~! is reached at lower concentrations for higher 3.

F. Resolution and accuracy

In order to test the implementation of the algorithm the re-
sults for B = 0 were compared with those presented in*> and
were found to give identical results for the same mesh and
time-step. To test the effect of the spatial resolution on the
accuracy of the calculations, we performed simulations with
three different mesh resolutions. Comparison between the re-
sults for the reference mesh used for this study and the highest
resolution mesh gives an error of less than 2% in the calcu-
lated drop speed and no differences in the qualitative break-up
behaviour. This implies that the mesh used is sufficiently fine
to capture the dynamics.

IV. EXPERIMENTAL DETAILS

The model was compared to experiments performed at
room temperature on a 50 um diameter single nozzle printhead
(AD K-501 and AD-H-501, Microdrop Technologies GmbH).
Aqueous surfactant solutions were supplied from a rubber-
free plastic syringe to the printhead via flexible PEEK tub-
ing (Upchurch Scientific). Before the jetting experiments, the
meniscus was positioned at the nozzle exit by manually ad-
justing the piston of the syringe. The printhead was driven by
a rectangular waveform with a width of 30 us and a rise and
fall time of 0.2 us. The waveform was generated by an arbi-
trary waveform generator (Agilent 33440A) and amplified to
an amplitude of 66.4 V by a broadband amplifier (Falco Sys-
tem WMA-300).

The imaging setup is shown in fig. 5. The setup consisted
of a modular microscope (BXFM-F, BXFM-ILHS, Olympus)
equipped with a 5 times magnifying objective (MPLFLN,
Olympus) and an additional 2 times magnifying lens result-
ing in an effective magnification of 10 times. The micro-
scope was connected to a CCD camera (Lumenera, Lw135
m, 4.65x4.65 um? pixels) via a tube lens (U-TLU) resulting
in an imaging resolution of 465 nm/pixel. Sufficient illumi-
nation was provided via laser-induced fluorescence (iLIF)>3
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FIG. 5. (a) Schematic of the experimental setup (b) Nozzle specifications

using a 7ns laser light flash (Quantel EverGreen, Nd: YAG,
A =532nm, 7 ns) of which the coherence was removed by a
fluorescent diffusor (Lavision, part nr. 118417 and 1003144).
The resulting 8 ns incoherent light flash was condensed onto
the imaging plane using a lens (2 cm focal distance) and an op-
tical fiber. The waveform generator, the laser, and the camera
were triggered with nanosecond precision using a pulse-delay
generator (Berkeley Nucleonics Corp., BNC 575). The pulse
delay generator was controlled via custom-made software pro-
grammed in Labview (National Instruments). To avoid sur-
factant aggregation due to evaporation at the meniscus and to
ensure a uniform surfactant concentration in the bulk liquid
behind the meniscus, first, 999 droplets were jetted at a rate of
1000 droplets/s. Subsequently, the jetting process was stopped
for 10 ms to allow surfactants to adsorb to the meniscus. Af-
ter these 10ms, a next series of 999 droplets was jetted at a
frequency of 1000 droplets/s. For each series of 999 droplets,
the first droplet was imaged. The imaging software was pro-
grammed such that the pulse delay generator increased the de-
lay of the light flash with respect to the piezo actuation pulse
by 2 s for every image. In this manner, the droplet formation
process was recorded stroboscopically at the extremely short
exposure time of 8 ns.

In figs. 6 and 7, we compare snapshots at the pinch-off from
the nozzle, and at a later time after the break-off of the head
droplet from the ligament for the pure water and the water-
Triton X-100 solution. For the Triton-X simulations, we use a
value for B = 0.1 which was estimated using the value of the
equilibrium surface tension?® and K = 1 since the bulk con-
centration is at the CMC which gives a fully covered meniscus
at the initial resting stage. The jetting speed in the simulations
was set to 5.5ms™! to match the drop speed of 4ms~! of
the experiments, corresponding to a Reynolds number of 100
and a Weber number of 5.56. We note that here the major
uncertainty in the comparison between the simulations and
experiment is the precise form of the driving waveform and
any effect of the acoustics on the meniscus. Although we can
observe some small differences, overall there is good agree-
ment between the experiments and simulations. However, by
comparing figs. 6 and 7, we observe that there is very little
difference between the pure water and the water-Triton X-100
solution. The main difference seen in figures (a) is that the
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FIG. 6. Comparison between experiments (grey background) and
simulations (white background) with water at different times for
a simulation jetting speed of 5.5ms™! giving a droplet speed of
4ms~! (a) at pinch-off from the nozzle r = 140 ps and (b) at break-
off of the main droplet from the ligament at t = 168 ps.

neck connecting the main drop to the ligament is thicker for
the case of the surfactant solution as the presence of surfac-
tants slightly retards the thinning and break-up of this neck.
This difference is also captured in the simulations.

V. RESULTS

The experimental results discussed above show that the jet-
ting of a surfactant solution closely resembles that of pure
water, even though the equilibrium surface tension of the so-
lution is half that of water. There are however some subtle
differences seen at the point of pinch-off of the main drop. To
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FIG. 7. Comparison between simulations (white background) and
experiments (grey background) with water-Triton X-100 mixture at
1 CMC at different times for a simulation jetting speed of 5.5ms ™!
giving a droplet speed of 4ms~! (a) at pinch-off from the nozzle
t = 140 ps and (b) at break-off of the main droplet from the ligament
att =168 ps.

explore the mechanisms responsible, we use the simulations
to investigate how the surfactants are distributed and the form
of the resulting Marangoni stresses for different values of the
surfactant strength  for an initial concentration K = 1, cor-
responding to a fully covered meniscus interface, using the
same drive wave-form with Re = 100 and We = 5.56, giving
an Ohnesorge number

ohe—H__ _ VW

\V/PYegR  Re

=0.024.

A. Surfactant distribution

To show the importance of the Marangoni stress on the sur-
factant distribution, in figs. 8 and 9 we compare a weaker
surfactant of strength § = 0.1 with the strong surfactant of
strength B = 1. As the newly formed droplet is pushed out of
the nozzle, surfactants are concentrated at the tip of the drop,
(fig. 8a). This is a consequence of the pull-push drive. During
the first pull stage, new surface is generated by the retraction
of the meniscus into the nozzle lowering the concentration.
However, during the subsequent push-out stage, the menis-
cus initially contracts before expanding again as the fluid is
squeezed at the nozzle, which has the effect of transporting the
surfactants towards the front of the droplet. As the new sur-
face is created at a rate several orders of magnitude faster than
the surfactants can diffuse, diffusion has a negligible effect on
the surfactant transport. Therefore, the dominant mechanism

controlling the surfactant distribution is the advection by the
surface velocity, which is modified by the Marangoni forces.

At the time when the ejected fluid pinches off from the noz-
zle, fig. 8b, there is a clear difference between the cases of
strong and weak surfactant: 8 = 0.1 has a localised area of
high concentration towards the rear of the drop, while f = 1
has a lower and more uniform concentration along the head.
This difference is caused by the stronger Marangoni force for
B = 1 that acts to oppose gradients in surfactant concentration.
However in both cases the trailing ligament is almost entirely
surfactant-free.

A similar variation in the distribution can be seen at the time
of the capillary break-off in fig. 9, where for the weak surfac-
tant (8 = 0.1) case there is a localised area of high surfactant
concentration, towards the back of the main drop. This results
from the advection of surfactant from the front of the main
drop by circulatory flow around the surface of the drop. In
comparison, in the case of the stronger surfactant the concen-
tration is less localised and the maximum located closer to the
rear of the droplet. This can also be seen in the top sub-figure
within fig. 10 that shows the surfactant concentration along
the interface at a time just before the capillary break-off.

After the capillary break-off, when the head droplet has
separated from the ligament, the surfactant concentration of
the droplet approaches a uniform surfactant concentration,
driven by the Marangoni stress and subject to change with the
small amplitude oscillations of the droplet, (fig. 9b). The liga-
ment has a much lower surfactant concentration than the drop,
which will also eventually relax to a uniform concentration.

B. Effect of surfactants on thinning and break-up

We now look in more detail at the rates of thinning of the
liquid bridges at two break events and compare these to the
asymptotic theories for self-similar capillary thinning>*.
Previous studies of surfactant covered filaments!®:19-24.57-58
find that as the thread thins, the rapid dilation of the surface
in the vicinity of the break-off leads to an almost surfactant-
free interface at the break-off point, so that the very final
stages of the dynamics follow the universal thinning law for a
surfactant-free interface>*. However, surfactants do affect the
approach to this singularity and in a recent studies?®?’ showed
that the presence of surfactants can inhibit end-pinching in
nearly inviscid filaments as a consequence of the Marangoni
stress generated in the region of the neck. at the point of
capillary break-off of the droplet from the ligament there
is a gradient in surfactant concentration and hence an as-
sociated Marangoni stress. Figure 10 shows the interface
shape, the surfactant concentration, the surface tension and
the Marangoni stress,

Ty=t-Vyy, (34)

just before the main droplet breaks off from the ligament for a
strong surfactant (8 = 1). There is a negative spike in Ty near
the break-off point meaning that the Marangoni force is point-
ing away from the main droplet toward the ligament, resisting
thinning.
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FIG. 8. Surfactant distribution along the interface at different stages of the jetting process for 8 = 0.1 on the left and § = 1 on the right of each
subfigure for jetting at Re = 100, We = 5.56. From left to right: (a) end of push-stage (f = 6¢g) and (b) pinch-off from the nozzle (t = 9tg).
Here the colour bar limits are the same for both cases. The concentration shown here is non-dimensionalised by the equilibrium concentration.

As seen in figs. 8 and 9, the deformation of the free sur-
face during jetting leads to a lower concentration of surfactant
in the ligament compared to that of the main droplet. There-
fore, the surface tension is lower in the main droplet compared
to the relatively surfactant-free ligament. As a consequence,
we find different behaviours in the approach to the two main
break events, the pinch-off of the jet from the nozzle and the
break-off of the main drop from the ligament.

At the pinch-off of the jet from the nozzle, the surfactant
concentration is very low near the rear of the ligament so that
the surface tension is close to that of the pure solution. As a
consequence, the pinch-off time (fig. 12) and radius thinning
rate remain unchanged from that of the pure fluid.

In our simulations the Ohnesorge number is small (Oh =
0.024) and therefore we expect to be in the Euler regime for
capillary thinning®®, over the lengthscale range captured by
the simulations. Once the neck radius becomes small com-
pared to the drop radius, the behaviour at the vicinity of the
neck is locally determined and independent of initial condi-
tions. Therefore we expect that in the capillary break-off re-
gion, the neck radius R is given by

1/2
e (3) e

where T = 1, — ¢ is the time until break-off. This scaling in-
dicates that the thinning rate should increase with the surface

(35)

tension as y'/2.

For surfactant-free fluids, we have verified that this be-
haviour is found in our simulations for both break-off events.
We also find the thinning rate at the break-off from the noz-
zle follows the same thinning rate as the pure fluid due to the
absence of surfactants. However, the presence of surfactants
does affect the thinning rate at the capillary break-off of the
head drop.

In all cases, we still find that the radius decreases as 72/3
but the coefficient of thinning k = R3/2 /7 depends upon the
surfactant strength. For values of  up to B = 0.6, k decreases
linearly with 8 as shown in fig. 11. However, above 8 = 0.6
the thinning of the neck becomes independent of the surfac-
tant strength. This saturation in the rate of thinning can be
explained from the form of the modified equation of state,
eq. (33) shown in fig. 4, where the effect of the surfactant
on the surface tension saturates once the surface tension has
been reduced to Yin and occurs at lower values of C for larger
values of 3.

C. Jetting behaviour

We now turn our focus to the jetting behaviour of the surfac-
tant solutions. We measure different jetting properties, such as
the drop speed and the times of the pinch-off from the nozzle
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FIG. 9. Surfactant distribution along the interface at different stages of the jetting process for 8 = 0.1 on the left and § = 1 on the right of each
subfigure for jetting at Re = 100, We = 5.56. From left to right:(a) capillary break-off (r = 11¢g) and (b) ligament retraction (+ = 12¢z). Here
the colour bar limits are the same for both cases. The concentration shown here is non-dimensionalised by the equilibrium concentration.

and the break-off of the main droplet from the ligament in the
case of satellite formation.

For a fixed jetting speed, there is a small increase in the
droplet speed of 10%, as the surfactant strength is increased
from B =0to § =0.1. This is confirmed by our experimental
observations. As noted earlier, the pinch-off time is not af-
fected by the presence of the surfactants (fig. 12). Since the
droplet speed and the pinch-off time are barely affected by the
surfactants, there is no change to the ligament length.

Even though the surfactants show no effect on most stages
of the jetting process, there is an effect on the capillary break-
off time. Unlike pinch-off time, the capillary break-off time
as shown in fig. 12 increases with surfactant strength, delaying
the capillary break-off event. As with change to the thinning
rate (fig. 11) this increase saturates above the critical value of
B = 0.6, beyond this the strength of the surfactant does not
affect the break-off time.

Figure 13a compares the free-surface position of pure water
and surfactant solutions of different strengths at time ¢ = 9z,
just after the break-off from the nozzle, where the surfactant
distribution is similar to that shown in fig. 8b. The shape and
position of the ligament is unaffected by the presence of sur-
factant with the main differences being in position of the head
drop, due to the increase in droplet speed with increasing sur-
factant strength, and a reduction in the width of the neck be-
tween the ligament and the main drop.

Figure 13b shows the surface shape at t = 11#g, correspond-
ing to the time shown in fig. 9a. The main drop has already
broken-off for the pure water and weaker surfactant solutions,
but is still attached for § > 0.5 due to the delay in the break-
off time with surfactant strength (fig. 12).

D. Effect of Jetting Speed

So far we have only considered a single Reynolds and
Weber number, corresponding to jetting with the same drive
amplitude, but with the addition of surfactants of different
strengths. In figure fig. 14 we consider how the break-up is
affected by changing the drive amplitude, which corresponds
to varying the Reynolds number, while keeping the Ohne-
sorge number fixed. The middle figure corresponds to the
case Re = 100 discussed above, with the shapes of the free
surface compared at time # = 11#z. As might be expected, the
main difference between the Re = 200 and Re = 100 cases is
the increase in the ligament length, corresponding to increase
in droplet speed. However the rear sections of the ligaments
are almost identical and the differences at the front of the lig-
ament are due to the slightly later break-off. At the lowest
Reynolds number, which corresponds to a Weber number of
1.39, the addition of surfactant makes a more significant dif-
ference to the drop speed as it reduces the resistance to jet-
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FIG. 10. Surfactant concentration with interface shape, surface tension and Marangoni stress along the free surface for f = 1 at r = 11, before

break-off. The horizontal axis is common for every figure.

ting from surface tension. However in all the cases shown
the presence of surfactant is not able to prevent break-off of
the droplet from the ligament, in contrast to the prevention of
end-pinching?®?7.

There are circumstances where the addition of surfactant
can prevent break-off from occuring and hence prevent a satel-
lite drop. However, for this waveform we have only found
this at higher Ohnesorge numbers and at a lower Weber num-
ber. Figure 15 shows the effect of increasing Ohnesorge num-

ber from 0.05 to 0.16 by increasing fluid viscosity, at a We-
ber number of 0.68. At Oh = 0.16 the pure fluid produces
a satellite drop, however, the addition of a strong surfactant
(B = 1) prevents the capillary break-off so that the ligament
is absorbed within the main drop in a similar manner to the
escape from end-pinching?®?7.

As well as delaying capillary break-off Marangoni stresses
also modify the flow patterns inside the main droplet. In
fig. 16, the flow relative to the mean velocity is visualised in-
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FIG. 12. Dimensionless times for pinch-off from the nozzle and
capillary break-off for different surfactant strengths 8 at Re = 100
and We = 5.56. The pinch-off time is not affected by the presence
of surfactants, whereas the break-off time increases with surfactant
strength until a critical value of § = 0.6.

side droplets with different surfactant strengths just before the
capillary break-off. In the pure water case, the flow shows a
recirculation within the droplet with a return flow along the
surface toward the neck. The addition of surfactants acts to
“rigidify” the surface leading to a reduction in the recircula-
tion on the sides with the flow becoming more concentrated
along the axis.

12
VI. CONCLUSIONS

In this paper, we have considered how the presence of sur-
factants affects jetting and drop formation in inkjet printing.
The flow and surface expansion rates associated with the jet-
ting process are much higher than typical timescales of surface
diffusion and surface adsorption of surfactants. Consequently,
surfactants are unevenly distributed with a higher concentra-
tion on the surface of the drop compared to the ligament. This
gives rise to quite different behaviour at the two main break-
off events, which are potentially beneficial for inkjet printing.

1. The absence of surfactants in the vicinity of the break-
off at the nozzle exit means that the break-off event
follows that of the pure fluid with a high surface ten-
sion.This acts to minimise the break-off time and hence
the length of the ligament.

2. There is a strong Marangoni stress at the neck between
the head drop and the ligament, where the side close to
the ligament is surfactant-free and the side of the droplet
head has a higher surfactant concentration. Therefore,
the break-off time of the main drop from the ligament is
delayed and in some circumstances we have shown that
this effect can prevent the formation of satellites.

However, the latter effect requires a strong surfactant and our
experimental study found that overall there is little difference
in the jetting behaviour between the surfactant solution and
pure water for a surfactant with strength § = 0.1, even though
the equilibrium surface tension of the surfactant solution is
only half that of water.

Although the present study has focused on inkjet printing,
where the drop formation is highly controlled, we would ex-
pect to find similar behaviour for other rapid drop formation
processes such as those found in sprays. Here we focused on
a simple surfactant -water system. However, our model could
in principle be extended to consider fluids with more com-
plex surface rheology, including surface active polymers and
biological fluids containing phospholipids or proteins>*~®! for
which dynamic surface tension can be used as a diagnostic
tool. In addition to the dilatational interfacial elasticity, these
fluids also exhibit a surface stress in response to shear that
would need to be incorporated into the model through a con-
stitutive equation for the surface stress.
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