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Abstract

The mechanism of ink absorption at the fiber surface, and
also the penetration of ink into the fiber structure are key
phenomena of textile finishing technology. To obtain high quality
finishes, it is important to understand the relative importance of
the parameters that define the absorption rate and spreading ratio
of droplet shaped fluid elements that impact the textile surface.

A simple model that combines Darcy’s Law and harmonic
droplet oscillator frequency forms a precursor to further advanced
Dissipative Particle Dynamic (DPD) modeling. Experimental data
for several combinations of textile and model fluids are presented.
The key technical challenges to be addressed and overcome in the
near future are discussed.

Introduction

A droplet impacting onto a substrate at speeds of a few meters
per second is a dynamic process, with spreading initially greater
than that belonging to the equilibrium rest state. This comes from
conversion of droplet kinetic energy into interfacial surface energy
through deformation.

Impact and spreading processes on surfaces occur within a
process window which can be defined by 2 dimensionless
numbers:

Re - Reynolds number: Describes the inertial forces in a fluid
flow with respect to the viscous drag occurring in the fluid during
impact and spreading and is given by:

Re=pvD/n ey

Where p is drop density, v drop velocity, D drop diameter and
drop viscosity.

We - Weber number: Describes the inertial forces in the fluid
with respect to surface (tension) forces on the fluid interface
during impact and spreading.

We = p-v>D /o 2)
Where 6 is droplet surface tension.

In there early work Pasandideh-Fard et al. [1], considered the
spreading of 2-mm droplets on solid surfaces for industrial
processes such as spray cooling, sprinkler systems, spray forming
and pesticide spraying. The impact speed of 1 m/s was low enough
that no splattering occurred, with simulation and experiment in
good agreement. Inertia was found to dominate spreading after
impact, whilst capillary (surface) forces dominate droplet recoil. A
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comparison between theory and experiment was done by
measuring the wetted surface diameter D(t) at successive stages
during droplet deformation. The spreading factor or ratio
E(t)=D(t)/D, was plotted against time, Figure 1. And giving rise to
a simple expression for the maximum spread factor &:

& = Dypan/D = { (We+12) / (3:(1-cosB) + 4-We/Re”) }* 3)
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Figure 1. Measured spreading factor during impact of a droplet with 1000

ppm of surfactant, compared with model using surface tension of 50 and 73
mN/m (Figure from [1]).

The onset of splashing can be described by the parameter K.
[1], shown in Figure 2:
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Figure 2. Process window in Re-We plane for impact processes of droplets,

with varying fluid properties and impact conditions (deformation and

splashing criterion according to [1]), A: Ref. Experiment [1], B: ClJ-qualified

processes, C: Qualified processes of DOD generations.
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When K, exceeds some critical value (100), then splashing
occurs. The impact processes with droplets belonging to CIJ-
qualified processes (blue in Figure. 2) show splashing behavior,
while other droplet categories lay in the stable deformation regions
(gold and pink in Fig. 2).

Capillary spreading and flow in the porous substrate is
considered as governed by Darcy’s Law with a wetting front
separating saturated and unsaturated regions. The pressure field (P)
depends on hydrostatics, surface tension and the disjoining
pressure (1) that arises from microscopic interactions in the
submicron scale inside the rough or porous structure (e.g. Van der
Waals).

Modeling sorption into the porous substrate is based on the
Washburn equation for a single capillary, from equations (5) and
(6), appropriately coupled with the contact area of the droplet
above the porous substrate.

v=-Km:grad P (5)
P = pgh- G -Ah-TI 6)

Holman et al. [2] found that the macroscopic (apparent)
contact angle of a liquid on a rough or porous substrate differs
considerably from the corresponding smooth and solid surface.

The challenges for ink jet applications to textiles are two fold:
(1) drop impact and motions of fluid with retained functionality,
(2) morphology and chemistry encountered on fiber interfaces.
Carr et al. have studied the impact of relatively big drops on
silicon wafers and on monofilament surfaces, with varying impact
position, Table 1 [3]. The location of impact on a rough surface
affects spreading ratio and final resting diameter.

Table 1: Impact of a 2.3mm water droplet on a wafer and on a

1.25mm polyester fiber (speed=0.87m/s, Re=2000, We=24, [3]).
Time HDMS coated between fibers on center of
(ms) silicon wafer fiber

0
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In order to accurately predict drop-fiber interaction fabric
geometry must be precisely defined. The points of the fiber paths
in the yarn are calculated using minimum strain energy principle.
Fibre geometry is represented by periodic splines. Figure 3 shows
a section of a cotton fabric and illustrates the use of splines.
Software tools for such geometric models of fabrics form an
interface between mechanical, flow dynamical, thermal and other
applications [4].

Verleye et al [5] calculated the permeability of textile
reinforcements by solving Navier-Stokes/Brinkmann equations in
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a unit cell of defined geometry and given local tow permeability
(Figure 4).

Figure 4. Unit cell as base for permeability model [5].

Spreading Model

The process of impact and sorption of a droplet is
summarized as follows (Figure 5):

(1) Kinetic energy of the droplet is converted into thrust
pressure energy above the substrate, while fluid is either
penetrating under influence of thrust into the substrate or spreading
outwards.

(2) The outward flow, with viscous dissipation, causes an
oblate droplet shape with extra free surface energy. The flow into
the substrate is not available for the droplet deformation.

Impact Flow

Spreading Flow
Thrust Region

Substrate Flow | e ;
Figure 5. Relevant flows during the process of impact and sorption of a
droplet onto a porous substrate.

(3) The deceleration of the downward flow results in a thrust
region above the substrate. The round “window” of the entrance of
the flow into the substrate depends on the wetting angle between
fluid and substrate.

(4) The substrate flow occurs during the first half cycle of the
vibration of the droplet during impact. The flow time and the
“window” size define the amount of fluid into the substrate.

(5) The remaining fluid initially forms a globe segment, and
spreads out according to the rest energy after substrate flow. The
resulting area of the oblate droplet represents an amount of surface
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energy that can be decreased by breaking up into single small
droplets. This reveals a splashing process.

Impact on a hydrophobic substrate gives a narrow window for
substrate flow, while a more or less neutral substrate, 6=90° leads
to a wider substrate flow window. It is then expected that after
impact not enough free fluid is left for formation of an oblate
droplet onto the substrate. In that case no splashing is expected.

Viscous dissipation is very low due to the high Re number of
the impact process. Only large-sized droplets from [1] are
expected to splash in all cases, the 42-, 40- and 8-pL droplets are
expected to splash only on hydrophobic substrates.

DPD Modeling

The approach of Dissipative Particle Dynamics (DPD)
modeling was introduced by Groot and Warren [6], who were
looking for an approach to adequately model such phenomena on
the mesoscopic time and length scale, i.e. longer than atomistic
and shorter than the “big” world of hydrodynamics and mechanics:

DPD works by (1) ‘lumping’ similar atoms together into
particles (“united atoms”), and (2) allowing the particles to interact
with each other via rather soft forces, because the positions and
influences of nearby atoms are smeared out. The correct
thermodynamic and hydrodynamic parameters on the mesoscopic
scale are obtained by inhibiting the correct compressibility of the
liquid, and the correct solubility’s of the components into each
other (in case of mixtures). The removal of the hard core
interaction allows a considerable large time-step, four orders of
magnitude more than that of simulation of Molecular Dynamics.
The following assumptions are made:

1. Newton’s equation of motion governs the time evolution of
interacting particles in DPD, so at every time-step the set of
positions and velocities, {r;, v;} follows from the positions
and velocities at earlier time.

2. The force acting on a particle is given by the sum of
conservative, drag and pair-wise additive random force, i.e.
fi = ZJ(FCU + FDU + FRU) where the sum runs over all
neighboring particles within a certain distance R.. All forces
depend on coordinate differences. It is also possible to define
an extra spring force Fsij between neighboring particles.

3. The drag force FDU and the random force FRij are coupled in
such a way that their combined effect results in a constant-
temperature system (thermostat) [6] [7].

4.  The particle mass, temperature and interaction range, as units
of mass, energy and length, are set to 1,i.e. m =1, kgT =1,
and R, = 1 and the time is expressed in units of T =
RN(m/kgT).

Advanced DPD modeling is used to investigate the absorption
and spreading phenomena of impacting micro droplets of fluid
onto textile fiber surfaces, Figure 6. A simulation of such a droplet
onto 4 fibers is shown in Figure 7. The interaction of 3 phases has
to be described in the underlying droplet impact model: (1) droplet
fluid, (2) surrounding air, and (3) solid fiber surface material. Free
energy and interaction energy of the phases govern the absorption
and spreading of the fluid during the impact process.
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Figure 6. 10-pL droplets onto a fiber surface of a cotton yarn.

Figure 7. Simulation result after time evolution of an impact of a downward
moving 10-pL droplet onto 4 cotton fibers.

Figure 7 shows the spreading and penetration of the DPD
particles around and between the fibers in this configuration. Also,
part of the particles has crossed the fiber surface, representing
absorption effects, connected with this type of modeling of
mesoscopic fluid transport.

Experimental

It is interesting to investigate the spreading of droplets of
black ink onto the yarns of a fabric. Saturation of the fiber surface
and the successive penetration of the fluid into the fiber layers can
be deduced from droplet deposition experiments with varying dot
spacing. Results for 10-pL droplets with centre to centre dot
spacing of 90, 30, 20 and 10 um are shown in Figure 8.

The substrate is a 100% cotton fabric. The black pigment/
water-based ink has a surface tension of 28 mN/m and viscosity of
6.3 mPa-s.

At 90 um dot spacing no droplet overlap is observed, for all
other conditions there is overlap. Ink penetration between the fiber
layers is derived from the percentage of black pixels as a function
of dot density, and for 2 kinds of fabrics (Figure 9).
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Figure 8. 10-pL droplets onto a cotton yarn with varying dot space.

The relationship between ink spreading and dot density is
essentially linear in case of spreading onto the 1* fiber layer, thus
no droplet penetration, with a negative deviation for yarn 2
(cotton-warp) showing droplet penetrations.

20
184 ™ Cotton Weft
e CottonwWarp | 7 ]
16 | a Polyester/Cotton Weft g
14 1 ¢ Polyester/Cotton Warp
2 ..
o 10 1 =
X o : °
g 81 £ e
m 6 [
S
2| g
o+———
0 20 40 60 80 100 120 140 160 180 200 220

Linear Dot Density [dots/mm]

Figure 9. Amount of black pixels as a function of linear density of 10-pL
droplets onto 2 kinds of fabrics and at weft and warp directions.

The cotton-weft and polyester/cotton-warp directions show
almost no penetrations, while the cotton-warp and polyester/cotton
weft directions show penetrations until the 2™ fiber layer (9%
versus 20% black means equal distribution between 1% and 2"
layer and 7% versus 10% black means 70% of ink on 1* and 30%
on 2" layer).

Conclusions

Existing knowledge on droplet impact behavior is extending
the traditional boundaries of flat, solid and homogeneous surfaces.
DPD modeling offers great opportunities for studying the
mesoscopic effects that are connected to the impact of droplets
onto complex fiber layer structures. Measuring the distribution of
ink droplets with varying composition on varying textile substrates
is an essential tool for verification of proposed advanced drop
deposition concepts.
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Symbols

Re Reynolds number [-]
We Weber number [-]
\ Velocity [ m/s ]
D  Diameter [ m]
p  Density [ kg/m®]
n Viscosity [ Pass ]
o Surface tension [ N/m ]
&  Spread factor [-]
0  Contact angle [ degr ]
K. Splashing criterion from [1]
v fluid velocity (vector) [ m/s ]
K  Permeability [ m%s ]
P Pressure [Pa]
g acceleration of gravity [ m/s?]
h  Fluid height of droplet [m]
Ah  Capillary length [m]
IT  Disjoining pressure [Pa]
r;  Position of DPD particle i [m]
vi  Velocity of DPD particle i [m/s ]
fi Force acting on DPD particle i [N]
Fcij Conservative force between i and j [N]
FDij Drag force between i and j [N]
FRij Pair-wise random force between i and j [N]
R. Interaction distance (size) of DPD particle [m ]
m  Mass of DPD particle [ke]
kg  Boltzmann constant [J/K]
Temperature [K]
T Unit of time in DPD simulation [s]
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