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DROP IMPACT ON TEXTILE MATERIAL: EFFECT OF FABRIC PROPERTIES
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Abstract:

This paper presents an experimental study of impact of water drop on a surface in a spreading regime with no
splashing. Three surfaces were studied: virgin glass, coating film and woven cotton fabric at different construction
parameters. All experiments were carried out using water drop with the same free fall high. Digidrop with high-
resolution camera is used to measure the different parameters characterising this phenomenon. Results show an
important effect of the height of the free fall on the drop profile and the spreading behaviour. An important drop
deformation at the surface impact was observed. Then, fabric construction as the weft count deeply affects the drop
impact. For plain weave, an increase of weft count causes a decrease in penetration and increase in the spreading
rate. The same result was obtained for coated fabric. Therefore, the impact energy was modified and the drop
shape was affected, which directly influenced the spreading rate.
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1. Introduction

Wetting and spreading phenomena on porous media are being
investigated for various applications including inkjet printing. In
this case, much progress in wetting has been made, thanks to
improvements in contact angle measurements. However, some
questions of drop spreading have remained unanswered. In
this case, the contact angle is the key boundary condition in
drop spreading. It is defined as the angle formed between the
moving liquid interface and the solid surface at the line of the
three-phase contact. It was originally defined in early 1800s.
It was been explained for non-porous and non-absorbent
surfaces [5]. The equilibrium contact angle of liquid on an ideal
solid surface follows the well-known Young’'s equation [18]
shown by relation.
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where the variable y refers to interfacial tension of the solid—
liquid (sl), solid—vapour (sv) and solid—liquid interfaces (sl).

The influence of the liquid properties and the porous media
parameters on the overall phenomenon was very significant.
The static phenomenon was widely studied and many
parameters characterising the liquid—surfaces interactions
were studied [2-4,15]. Other researchers were interested in
the study of the Young’s equation on rough and heterogeneous
surfaces [8-10].

In the case of the drop impacting or dynamic spreading on a
solid substrate, it goes back up to 1732, where an absence of

direct contact between the drop and the heated material was
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observed. However, the first real study was made by Leidenfrost
[6]. The Leidenfrost effect consists in the quasi-instantaneous
formation of a film steam under the drop, just before its contact
with the heated substrate. It has been shown that the dynamic
and thermal features of these impacts are influenced by many
parameters, as shown in Figure 1. The interface interactions
depend on liquid-phase properties, the physical characteristics
of vapour and substrate. This phenomenon results in three
outcomes: bouncing, spreading or splashing. Six possible
scenarios of drop impact on a solid surface are deposition,
prompt splash, corona splash, receding break-up, partial
rebound and complete rebound [10].

Many factors characterising the liquid drop impact on a
solid substrate phenomenon exist in literature and the most
important are the Weber number, which corresponds to the
report between the inertial forces and superficial tension of the
drop; the Reynolds number, which defines the report between
the inertial forces and the viscous forces; and the number
Ohnesorge as a combination between the last two adimensional
numbers (Reynolds and Weber). These parameters were
given respectively by the following equations:
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Figure 1. Dynamic and thermal features of drop impact on solid substrate. Where for the liquid phase, DO is the drop diameter Vi is the initial
speed initial, ai is the impact angle, ul is the viscosity of liquid, ol is the superficial tension, Cpl is the thermal capacity, pl is the density, Tsat is
the temperature of saturation. For the steam and solid substrate, ug is the steam viscosity, Cpg is the thermal capacity, pg is the density, A is the
coefficient of convective exchange between the substrate and the liquid, Tw is temperature of substrate and Lv is the latent heat of state change.

Where Vi,n, DO and p, o, are respectively the incidental normal
speed of the drop, the diameter, the density of the liquid and
the superficial tension of the liquid.

The liquid drop impact on solid substrate is a very complex
phenomenon that depends on several factors as cited before.
This phenomenon can be drawn by injection of a unique drop
or by successive drops. In that setting, several cases can
be considered as the drop impact on a cold substrate which
corresponds to our study. This regime of drop—substrate impact
is defined as the used liquid has a temperature lower than the
boiling point, that is, T* < 0, where T* was defined as given by

equation. r T
pe — W B eq (5)
Tieia — T

T, is the boiling temperature of liquidand T, is the Leidenfrost
temperature. This parameter is negative for temperature values
lesser than boiling point, between 0 and 1 for temperatures
between Teb and TLeid, and greater than 1 where the
temperature is more than Leidenfrost value.

Several researchers are interested [7-9] and two regimes can
be investigated: the drop deposit and the splashing. For the first
state, the drop has a weak kinetic energy, which vanishes under
viscosity effect. The drop falls, spreads and evaporates by natural

Table 1. Different regimes of drop impact on solid surface.

convection. Second, as the kinetic energy of the drop increases,
the viscous strength cannot dissipate the totality of the initial
kinetic energy. This important energy leads to the drop splashing
and the formation of secondary drop that will be subsequently set
down on the substrate. For these states, the Weber, Ohnesorge
or Reynolds numbers are used to define a unique factor as the
Mundo [8] number, which is expressed by the following relation:
K =0hWe 4 eq (6)
In this domain, Worthington [20] studied more precisely the
dynamics of the water drop impact, notably the different stages

of the rebound of a drop on a hot substrate, which are shown
in Table 1.

The literature presents several studies examining the
phenomenon of drop impact on a heated substrate and various
parameters have been introduced to characterize this state
precisely in the case of rebound and splashing phenomena.
The impact speed, drop size, liquid viscosity and surface
tension also have an effect on the tendency of splashing
[11,12,19]. Associated with these properties, more models of
splashing threshold have been proposed [13,14].

This work is in the context of dynamic spreading of droplets on
a cold substrate. A glass slide and a textile support are used in

Temperature of Mundo or Weber Drop regime
the substrate number

0=<T*=<0,5 Independent The deposition of the drop is observed, it is a wetting regime

05<T <1 K <1000 The drop bounces off on the substrate
K> 1000 The regime splashing is observed
We,n < 30. This is the rebound regime

T>T., 30<sWe,n<s 70 First, a large deformation of the drop and the formation of some secondary drops

We,n = 70 The presence of splashing phenomengpoznd the formation of several secondary

http://www.autexrj.com/

146



AUTEX Research Journal, Vol. 14, No 3, September 2014, DOI: 10.2478/aut-2014-0010 © AUTEX

this experiment. First, we will look at the effect of the injection
distance of the drop on the virgin glass. Secondly, the general
behaviour of the drop impact was investigated. Then, the effect
of the support parameters on the impact and spreading was
studied. The results are based on the study of the variation of the
contact angle, the height and the diameter of impact over time.

2. Experimental
2.1 Glass Treatment

Before experiment setting, the gill of glass has been cleaned
to the ultrasonic sounds during 30 seconds in ethanol, then
rinsed with the same solvent and dried in nitrogen. This
cleaning process permits to remove the contamination organic
contamination on the substrate surface. Then the surface
is treated and activated in an oxidizing solution ‘Piranha’
at 50° C for 30 min. This solution is a mixture of 3:7 v/v of
hydrogen peroxide (H,0,) at 30% and concentrated sulphuric
acid (H,S0,). After this treatment the gill of glass is rinsed with
twice-distilled water and then dried under flux of nitrogen. At
this stage of treatment, the glass surface is enriched in hydroxyl
(-OH) or even covered with some film of water molecular (link
hydrogen) and therefore becomes absorbent.

2.2 Coating Substance

The dispersive coating solution has been taken from a textile
printing process specialised in ink-jet printing. Its formulation is
shown in Table 2.

Table 2. Chemical composition of dispersive coating agent

Chemical product Value (%)

Setaprint RST-A (thickener) 4
Setaprint NDG (oxidant) 1.5
Urea (swelling agent) 15
Sodium bicarbonate 25

2. ing Film Pr ration

The film of the printing solution was set down by spin-coating
on the gill of absorbent glass (2.5 x 2.5 cm?). It is cleaned and
treated as mentioned before, for 30 seconds at an angular
velocity 2000 rpm.

2.4 Drying Process

The study of the drying morphology of the coating film was
examined with two temperatures: the ambient laboratory
environment (25 °C, 30% RH) and the oven-drying process at
110 °C in 2 minutes.

2.5 Fabric Coating
Experiments were carried out on virgin glass, uncoated and

coated cotton woven fabrics. The weaving structure is plain
weave; the warp count was 22 per cm and the weft count was
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varied as 11, 17 and 22 per cm. With regard to treating woven
fabric, the reverse-rollers coating technique was used to apply
the coating paste on the fabric.

2.6 Spreading Kinetic Measurement

The kinetic spreading parameters were studied using water
droplets and the evolution of the drop profile was captured with
a video camera of GBX Digidrop with 25 captures per second.
The water volume used was 5 pl and every measure was
repeated 3 times.

3. Results and discussions

3.1 General behaviour of drop impact

In this part, the effect of the distance of drop fall was studied
and the general behaviour of the drop impact on virgin glass
and coating film were investigated. This film was dried in
two processes at ambient-dried and oven-dried conditions.
In all experiments, the drop injection is by free fall. Results
were judged according to the drop profile, the contact angle
variation, the variation of the adimensional diameter and
the height during the time. First, the drop was allowed to fall
from two distances, 5 and 10 cm. The contact angle variation
presents two phases: a drop deformation at first short time
and spreading in the second phase. This deformation is very
important for important used high. It is explained by the most
important energy of the drop. It is potential energy which is
directly bound to the height of the drop fall. But the difference
between the two studied heights is not very important because
of the weak mass of the drop. Therefore, the transformation of
this energy into surface energy is uniquely responsible for the
drop deformation at the first impact phase as shown in Figure 2
and the drop shape as in Figure 3.
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Figure 2. Effect of the distance of free fall on the contact angle variation

By comparison of different studied parameters of the drop
impacting the deformation and the spreading phenomena
were identified. The process of the drop impacting is divided
into two phases: the initial phase of drop impact in very first
short time and the second when the maximal drop spreading
is reached. The first stage results from the fact that the drop
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partially takes off the surface, whereas it is again in a phase
of vertical elongation as shown in drop shape in Figure 3. It is
a very important deformation in the vertical sense, contrary to
the horizontal direction as illustrated in the contact angle, the
diameter, and the height variation in Figures 4, 5 and 6.

This behaviour was due to the surface tension of the different
systems used in the experiment. Therefore, the coated film in
oven-drying conditions has an important energy which affects
the impact phenomenon. Then, the presence of the air bubbles
under the drop surface influences the drop deformation. This
deformation is confirmed by the variation of the contact angle
during the first 120 ms. It is very important for the coating film
dried in an oven-drying process.

In terms of energy, this deformation is the transformation of
the total energy into surface energy. The energy of the drop
before impact is transformed into surface energy during the
deformation that also comes with the movement of the liquid
inside the drop. Therefore, the internal flow possesses a kinetic
energy that varies with the deformation and that is dissipated
progressively because of the liquid viscosity. Conservation of

the total energy in this system can be summarised as follows:

aE a — 0
df T llgize = eq (7)

Where N . is the dissipated power by the viscous effects
and E corresponds to the mechanical energy of the system in
the absence of evaporation (the evaporation was disregarded
because of the small drop size and short duration of spreading
phenomenon):

E = E. + Ep+ Egine + 04 eq(8)

Where E_is the kinetic energy, E _,  is the kinetic energy of the

internal drop flow, Ep is the potential energy, oA is the surface
energy

During the second phase, the drop spreads until all the initial
energy is transformed into surface energy or is dissipated. Thus,
when the maximal spreading is reached, all the mechanical
energy meets under the shape of surface energy. Therefore,
the conservation of energy is given by
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With w__ . the dissipated energy during the spreading returned
to gA,. In this Dans cette expression, Ajand A__ correspond to
the surfaces of the drop respectively in its initial spherical state

and in its maximal deformation.

Variation in height (see figure) is divided into two categories that
correspond to two phenomena: the drop deformation and the
spreading. After drop stabilization, the strong reduction of the
height in the first instants translated the predominance of the
spreading and the total absence of evaporation in this interval.
In these instants, the curve shows a spreading which has
maximal speed and amplitude. To study the kinetic spreading of
the couple drop/coating film, the notion of the reservoir imposes
itself to explain the different obtained results. This space
depends on the film thickness as well as its drying method. From
Figures 4, 5 and 6, it can be seen that the spreading rate on
the ambient-dried coatings, though much lower as compared
to oven-dried coating, still remains slightly higher than on virgin
glass. Therefore, it has the more important kinetic (Dt/DO0) for
the oven-dried film and oven-dried coted fabric. This result is
confirmed by the adimensional height variation on the coated
fabric that represented in Figure 6.
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Figure 3. The variation of the drop shape just after impact
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Figure 4. Contact angle variation on virgin glass and coating film dried in two drying process
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Figure 6. Adimensional height variation on virgin glass and coating film dried in two drying process

3.2 Effect of fabric construction

The drop impact phenomenon was studied on cotton woven
fabric at three different weft counts and at the same height of
drop fall. This phenomenon of water drop can be classified
into three distinguishable stages: the first stage, in which the
vertical deformation of drop profile as growing of the drop
diameter as shown in Figure 3. Then, the contact radius on
the surface increases to its maximum and remains relatively
constant over a period of time. Finally, the penetration where
the contact radius shrinks and the liquid drop is absorbed into
the fabric, see Figure 7. It is evident that the fabric structure
controls the spreading rate of a liquid droplet. The drop profile
presents an important peak impact for the weft count. Therefore,
this phenomenon is slightly faster for the less dense woven
fabric. Then, spreading rate is very pronounced for the weak
weft count. In addition, the two parameters characterising the
porous substrate are its porosity and permeability. So, for this
last fabric, the adimensional diameter variation shows greater
spreading ratio which may be caused by the porosity where the
drop penetration is much accentuated.

However, the spreading ratio is slow for the very dense fabric
because the force acting on the water drop is stronger and
possesses a large portion of liquid—air interface as well as the
liquid—solid interface. These air bubbles are responsible for the
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first important deformation of the drop after impact. Then the
diffusion is due to the absorption and pores penetration.

Therefore, the highest used weft count presents the important
spreading rate, which indicates less penetration ratio and
lengthier time taken to complete this phenomenon contrarily
to the less used weft count as shown in the adimensional
diameter and height variation in Figure 7.

3.3 Effect of coating paste

The effect of the coating paste was investigated. Therefore, the
dispersive paste was applied to the cotton fabric. The same
drop size was used to analyse the water drop impact of the
treated and untreated cotton. Figure 8 shows the variation of
the contact angle, the adimensional diameter, and the height
at the time. It was shown that the characteristics of the fabric
strongly depend on their construction parameters such as the
type and fineness of filaments, yarn fineness, yarn density,
and the type of weave. These characteristics have a strong
influence on and, in many cases, control the wetting properties.
First, the applied coating paste allows to surround the textile
fibre and makes it more absorbent. Thus, the coating paste
permits to decrease the porosity of the fabric by obstructing the
macropores and mesopores. Therefore, the penetration of the
liquid is lower than in each of uncoated fabric. This explanation
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Figure 7. Drop impact parameters on woven cotton fabric

is proven by the important decrease of the adimensional height
which confirms the fast penetration of the water drop.

Then, the spreading rate is very important for the treated fabric,
as shown in the variation of D/DO0 in Figure 8. The paste supports
the spread of the water drop by increasing the hydrophilic
character of the woven cotton fabric. Then, for the treated
fabric, the energy of the drop is dissipated by viscous forces,
and mostly converted into surface energy as the free surface
area is greatly increased. Contrarily, the surface energy of the
drop impact on uncoated fabric is very less, which explains its
weak spreading rate.

http://www.autexrj.com/

509 ol
/7 Ke]
v . --0-- Treated

40 . ’o.\ ---a-- Untreated
2] S K ’0\
Eb 04 Y L.
2 . 0.\00
g 20+ "l\,‘ \“o.\
S 10 T o,

. N
0- Bl S

00 01 02 03 04 05 06

Time (s)
1,8+
"
1’5' I‘
i o"" ---0-- Treated
124774 ---m-- Untreated
i/ o,
1 PN
S 0,9 L
g m--m O
N O._
" “o.
0,61 .x\ o
- 'o.\o
03 o,
| B B - Ne)
gem
0,9 T T T T T - T
0,0 0,1 02 03 04 05 06
Time (s)
1,25-
O--0--0--0--0--0--0--0
1,20-
/ e SO B S |
1,15 ,d s w’
1,10 ‘.d‘ ._..."'.-.i
§ 1,05- e —o- [OJoate(ied
5 ---&--- Uncoal
_
1004
095
0,90

00 01 02 03 04 05 06
Time (s)

Figure 8. Drop impact parameters on coated woven cotton fabric

4. Conlusions

In summary, the drop impact on three substrates was studied
and it is demonstrated that the drop shape behaves according
to the energy of the impact. Therefore, three drop-spreading
phases was identified and the drop perturbation in first short
times was observed. This deformation is bound to the surface
energy and it is much accentuated for the virgin glass and
for the important weft count of cotton fabric. Thus, the drop
profile is affected by the fabric porosity and it presents small
deformation at first time compared to the virgin glass and the
coating film. Then, the surface properties influence deeply
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the drop shape and the spreading rate. Moreover, the coating
paste encourages spreading of the water drop by increasing
the hydrophilic character of the woven cotton fabric, because
the energy of the drop is dissipated by the viscous forces and
converted into surface energy, which increases the spreading
rate as the free surface area is greatly increased.
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