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The role of electric charge in microdroplets impacting

on conducting surfaces
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A rich phenomenology is revealed by temporally resolved image sequences of electrically charged
ethanol microdroplets impacting on a conductive surface at temperatures bracketing the liquid
boiling point. Notable phenomena include the flattening of the sessile droplets with reduced contact
angle, increased evaporation rates for substrate temperatures below the fluid boiling point, and the
hindrance of droplet rebound at the Leidenfrost temperature. Scaling considerations are presented to
rationalize the observed behavior and to generalize conclusions to a broader droplet size range.
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The impact of microdroplets on a solid substrate is of
growing interest, with intense research activities on con-
trolled deposition by maskless, bottom-up fabrication tech-
niques for the production of many novel functional
structures.'™ Although the dominant deposition method is
based on ink-jet printing (IJP), electrospray (ES) techniques’
are coming to the fore,>” as they offer an appealing alterna-
tive because of their control on droplet size down to submi-
crons, a scale much smaller than that achievable by IJP.
Therefore ES has the potential to achieve higher spatial res-
olution in the deposited materials.’ Furthermore, increased
deposition rates by orders of magnitude through multiplexing
ensure that application requirements can be met.®’ The prob-
lem is also relevant to desorption ES ionization in which
electrosprayed charged droplets are impacted onto a surface
to be chemically analyzed.10 The issue of how the presence
of electric charge on the droplets affects the impact process
is yet to be addressed. On dielectric surfaces, not surpris-
ingly, the electric charge was shown to increase the maxi-
mum spread of droplets.11 For conductive surfaces, on the
other hand, one would expect that the charge be promptly
neutralized. We will show that for the microdroplets of inter-
est in applications the electric charge may in fact play a
significant role in the phenomenology ensuing droplet
impact.

The droplet impact dynamics can be classified in terms
of the Weber number We:pdué/ v and the Ohnesorge num-
ber Oh=pu/(pyd)"?, the first representing the ratio of inertial
force to surface tension one, while the second relates the
viscous force to inertial and surface tension forces. In their
definition, p is the liquid mass density, v, is the droplet im-
pacting velocity, d is the droplet diameter before impact, vy is
the liquid interfacial tension, and w is the liquid dynamic
Viscosity.12 For typical ES droplets impacting a grounded
surface, We~ O(10) and Oh~ O(0.1), corresponding to a
relatively gentle impact with droplet spreading, but without
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splashing. The additional parameter that has a significant ef-
fect is the surface temperature 7.

Figure 1 depicts the experimental setup, which consists
of three major components: an ES source (a stainless steel
needle), an impacting target, and a high-speed camera. The
ES source is charged at voltage V,, while an extractor elec-
trode nearby is charged at V,. The ES is operated in the
cone-jet mode, generating quasimonodispersed droplets in
the [16—62 wm] diameter range, depending on the flow rate,
with typical relative standard deviation smaller than 10%. All
tests are performed using ethanol, a liquid with good electro-
spraying properties. Its electrical conductivity K is measured
at K=1.3X107 S/m. In some cases, we use corona dis-
charge to neutralize the droplets and study their impact in the
absence of electrostatic interactions. The droplet impact tar-
get is a thin, polished stainless steel plate that is electrically
grounded and mounted on a cartridge heater. The distance
between the extractor and the substrate is fixed, and the im-
pact velocity can be adjusted by varying V,, while keeping
V,—V; a constant. The impact processes are recorded with a
high speed camera (Phantom v7.3, Vision Research, Wayne,
NJ).

Figure 2 shows the rich phenomenology captured by
time-resolved image sequences of a charged microdroplet
impacting on the conducting surface with 7, in the
58—150 °C range, bracketing the liquid boiling point
(78 °C). For each sequence, T, d, and impact velocity v, are
reported in the first column. Figure 1(a) is a representation of
a typical three-stage sequence:

(1) Impact (0—20 us), during which the droplet contacts
the substrate and deforms from a sphere to a liquid
disk reaching a maximum spread diameter;

(ii)  recoil (20-45 ws), during which surface tension
drives the liquid back to a liquid hemispherical cap,
which may oscillate several times after the initial
recoil;

(iii)  quasisteady evaporation (=45 us), during which the
sessile droplet retains its flattened shape and shrinks
gradually until the evaporation is complete at 3.5 ms.
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FIG. 1. (Color online) Experimental setup for charged droplet impact.

The impact dynamics at 78 °C [Fig. 2(b)] and 100 °C
[Fig. 2(c)] is similar to that at 58 °C, except for larger con-
tact angle, higher recoil amplitude, and shorter evaporation
time at higher temperatures. At temperatures corresponding
to the well-known Leidenfrost point,13 the rebound may or
may not be suppressed, depending on the droplet size and
impact velocity, as shown for T,=120 °C [Figs. 2(d)-2(f)],
or the droplet is quickly pulled back to the surface, at
150 °C [Fig. 2(g)]. Further details of sequences (a)—(c) and
(d)—(g) are discussed below.

T = 58 C
d= 28 um
vy =4m/s

45

Us WS ms ms ms ms

d =26um ;
' —4m/s 0 35 45
US HS HS HUS HUS us

150 03 0.8 1.5 1.9
ms ms ms ms

d.
T, =120°C
d 24,m T“‘h aaa

o =Tml/s 16 24 32 40 0.1 06 12 1.6
US MS HUS US mS mS ms ms

-pre ﬂﬂllllllll
d 52/4m

vo=lm/s 10 20 30 40 50 60 70 80 90
us MS WS MS HS HS PS [US US S

P 1200 Bl
d 62,um
s u

=Tm/s 120 160 200 240
S us Us ups us

_150 c
e giﬂ!ﬂlﬁﬁﬁﬂﬂﬂﬂﬁ
o =5m/s Ous 24ps 48us T2ps 96us

FIG. 2. Temporally resolved image sequences of charged microdroplets im-
pacting on a heated polished stainless steel surface at temperatures ranging
from 58 to 150 °C.
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FIG. 3. (a) Interfacial stress on a charged liquid spherical cap with height H
and base diameter D. (b) Sessile neutral droplet and c. Charged sessile
droplet for T,;=78 °C. The contact angles are derived from H/D=(l
—cos 6)/2 sin 6.

At the lower temperatures [sequences (a)-(c)],
sessile droplet behavior is not qualitatively different from
that of neutral Inicrodroplets,m’16 but for the role of the im-
age force resulting from the integration of the Maxwell
stress, Te=80E2/2, at the liquid/gas interface, where g is the
dielectric permittivity of the medium (air) surrounding the
liquid, and E is the electric field at the interface. The latter is
related to the surface free charge density o, through E
=0,/ gy. The magnitude of the image force can be estimated
using a liquid spherical cap model, as shown in Fig. 3(a).
When the droplet reaches maximum spread, roughly 1/2 of
the initial charge ¢ is lost through the bottom of the droplet
contacting the conducting surface. The surface area of the
hemispherical cap (0=90°) is A,=[4/(2+cos 6)]"3A,
~ A, where A, is the surface area of the spherical cap and
A, is the surface area of the droplet before impact. Conse-
quently, the surface charge density of the spherical cap is
approximately 1/2 of that of the droplet before impact, or
g,=0y/2, and 7,=7y/4. Implicitly, we assumed negligible
evaporation and the remaining charge at the liquid/gas inter-
face to be “frozen” during the very short impact and recoil
times, which implies that the charge relaxation time ¢,
=¢g/K is sufficiently long, where ¢ is the dielectric permit-
tivity of the liquid and &/gy;=25.3 for ethanol at room tem-
perature. o, is bound by the Rayleigh limit,"” that is, o,
=(8ygy/d)"?, requiring that the Maxwell stress does not ex-
ceed the interfacial stress, i.e., 7y=417/d. Because the charge
level of the ES generated droplets is typically at 50%—80%
of the Rayleigh limit,"® we eventually obtain 7y~ y/2d.

This image force, if the charge is not quickly transferred
to the substrate upon impact, is sufficiently large to cause
qualitative and quantitative changes in the impact behavior.
For the typical values of the experimental conditions, i.e.,
v=0.0224 N/m and d=30 um, we obtain 7,~400 Pa and
an image force F,~T1,Ag=~1 uN, that is 1000-fold the
weight of the droplet. Figures 3(b) and 3(c) show an example
of the effect of image force on two sessile droplets: a neutral
one and a charged one. We notice an obvious change in the
contact angle from a value of 81° for the neutral droplet to
56° for the charged one. Application of the Young—Laplace
equation to the neutral droplet yields vy,,—7yy=7 cos 6,
where y,, and v, are interfacial tension for solid-gas and
solid-liquid interfaces, respectively. For a charged droplet,
the electric charge causes an additional tension 7, along the
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FIG. 4. (Color online) Evaporation rate for different contact angles (7
=58 °C).

liquid-gas interface that de facto weakens the surface tension
spherodizing effect and pulls the liquid toward the grounded
surface. The Young-Laplace equation now becomes v,
—¥a=(y="7.)cos 6,, where 6, is the new contact angle.
Combining the two equations yields 7y,=9(1
—cos 6,/cos 6,). On the basis of the measured values of the
contact angles, we obtain y,=0.6y, which yields an estimate
of the electric stress 7,~ v,/ D~ 0.3y/d, within a factor of 2
of the liquid spherical cap model.

One significant effect caused by the change in contact
angle is on the evaporation rate of a sessile droplet. Smaller
contact angles resulting from the electric stress yield larger
ratios of surface area to volume, and eventually faster evapo-
ration rate. Figure 4 shows the evaporation of four droplets
with apparent contact angle varying from 43.2° to 51.1° as a
result of different charge levels on the droplet. The evapora-
tion can be described by A(z)=A(0)—Ct, where ¢ is time, A(z)
is the surface area of the liquid cap, and C is the evaporation
constant for each evaporating liquid cap. In Fig. 4, C is the
slope of the fitted lines. As expected, the slope is steeper for
smaller contact angles, which is in agreement with the rela-
tionship derived in Ref. 19.

When T is sufficiently larger than the fluid boiling point,
a thin vapor layer forms between the bottom of the droplet
and the substrate upon impact. This condition corresponds to
the well-known Leidenfrost point. At this point, the contact
angle is nearly 180° and a microdroplet generally tends to
experience rebound. As the charged microdroplet is subject
to a significant image force, a picoliter droplet does not re-
bound [Fig. 2(d)]. For the same surface temperature, on the
other hand, larger droplets (~0.1 nl) do experience rebound,
as shown in Figs. 2(e) and 2(f). To understand this behavior
one has to compare the charge relaxation time, 7,~ 16 us,
for the liquid under examination, to the impact time, given
by #,,=8d/ 3U0.20 For t,,,>t., charge transport from the drop-
let to the conducting surface is completed during contact and
the image force plays no role in the postimpact develop-
ments. This is the case for the larger droplets (~0.1 nl) with
relatively long contact time, at 50 and 70 us in Figs. 2(e)
and 2(f), respectively. Consequently, both droplets experi-
ence rebound, in sharp contrast with the sequence in Fig.
2(d) for the same surface temperature, where the droplet is
pinned to the surface. At an even higher temperature, 7
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TABLE I. Scaling of relevant physical processes affecting the impact of a
charged droplet on a heated conducting surface. g in the last row is the
standard gravity.

Scaling parameter Femtoliter droplet Picoliter droplet Nanoliter droplet

d 2.5 pm 25 pm 250 um
V=md®/6 8 fl 8 pl 8 nl

tim=8d/3v, 1.3 us 13 us 133 us
t.=e/K 16 us 16 us 16 us
t,=h*lv 0.1 us 11 us 1.1 ms
ty/tim 0(0.1) o(1) 0(10)
aim="y! pd® 10° g 10° g 10g

=150 °C, the charged microdroplet first rebounds because of
the thicker vapor cushion between the droplet and the surface
and is quickly attracted back to the surface [Fig. 2(g)]. We
can construct the displacement function y(¢) by tracking the
center of mass displacement of the droplet as a function of
time, deriving velocity, acceleration, kinetic energy, and elec-
tric potential energy after rebound, and estimating the
amount of charge remaining on the droplet. In Fig. 2(g), after
impact, the droplet loses 90% of the original kinetic energy,
as a result of strong viscous energy dissipation. The esti-
mated amount of charge is 6 X 1074 C, which is 40% of the
Rayleigh limit, confirming that a significant amount of
charge remains on the droplet even after the impact. The
calculated acceleration is O(1000g) and is consistent with
the previous estimate.

Table I summarizes the relevant scaling of competing
physical processes for droplets of various sizes. The table
lists, in addition to droplet size and volume, impact time, #;,,
charge relaxation time, 7., viscous time t,, the ratio of the
latter to the impact time, ¢,/t;,, and the acceleration a;,, due
to image force, i.e., a,=F,/m=myd/8/(pmd’/6)~ v/ pd>.
For a significant amount of charge to remain on the droplet
after impact, #;,, <<f,, which is certainly satisfied for the fem-
toliter droplet. For the intermediate case of picoliter droplet,
we have already shown that the electric charge has a dra-
matic effect on the contact angle. For nanoliter or larger
droplets, on the other hand, f,, is much longer, which sug-
gests that charge transport from the droplet to the conducting
surface is completed during contact.

The viscous time is defined as tv=h2/ v, where v is the
liquid kinematic viscosity. The characteristic length scale is
h, the height of the flattened splat,21 given by h=2d>/ 3d3nax,
where d,,,, is the maximum diameter of splat that can be
computed using an energy balance and is typically 2d, under
the present experimental conditions. As shown in Fig. 2(g),
viscous damping does appear to dissipate much of the drop-
let kinetic energy during impact in the case of the small
droplets. The characteristic time ratio ¢,/t,, gauges the rela-
tive importance of viscous dissipation to the convection of
droplet kinetic energy. The image force is unlikely to play a
role if this ratio is much larger than unity. On the other hand,
for small values of ¢,/t,,, the majority of the convected ki-
netic energy will be dissipated on impact. Under these con-
ditions, the image force is sufficiently strong to bring the
droplet back to the substrate.
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In summary, temporally resolved sequences of the im-
pact of charged picoliter droplets on a conducting surface for
different surface temperatures show that the image force ex-
perienced by the droplet plays a significant role on the
postimpact history, so long as the droplet charge level before
impact is sufficiently high and a significant fraction of the
charge remains on the droplet after the initial impact. If the
surface temperature is at or below the liquid boiling point,
the image force prevents any rebound and leads to enhanced
evaporation rate of the flattened, sessile droplet. Above the
Leidenfrost point, the image force either prevents the droplet
from bouncing off the surface or promptly pulls it back to the
surface. Scaling arguments demonstrate that the importance
of the image force is not a foregone conclusion and, in fact,
does not apply to larger, nanoliter droplets.
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