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Motivations and applications

Evaporation of liquid droplets is a quickly developing area, because it addresses
both fundamental scientific problems and industrial interests.

Modern applications:

e controlling deposition of particles on solid Deposition patterns formed
surfaces are influenced by a wealth

of phenomena: evaporative

mass transfer, heat conduction

and convection, natural convection,

e micro/nano material fabrication

e manufacture of novel optical and electronic

materials . . .
viscous and inertial flows, surface-
e deposition of DNA/RNA micro-arrays tension-driven flows, thermal-
e biochemical assays hydrodynamic instabilities, buoyancy

effects, liquid spreading, contact-
line pinning and depinning,
adhesion, etc. In general, the
phenomena are coupled and

e ink-jet printing nonlinear, necessitating a numerical

e spraying of pesticides analysis to explain them.

e disease detection via analysis of stain patterns
left by drying of biological fluids

e preparing ultraclean surfaces

e thin film coatings

e protein crystallography



Figure 1. Adroplet placed on | o

.
a solid surface. A zoom-in D
reveals thatthe contactlineis 0
Y

pinned on the microscopically — Y;g
rough surface. Ysi Yeos0,

From D. Mampallil, Resonance, 19(2), 123-134 (2014)

Box 1. Surface Tension Vodiom 1
The surface excess energy per unit area of liquid surfaces when it is in
contact with another material is called surface tension or interfacial ten-
Interface

sion. When a liquid droplet is in contact with a solid (see Figure 1), the
equilibrium forces due to the interfacial tensions at the liquid-gas (), the
solid-gas (vs4) and the solid-liquid () interface determine the contact
angle, 6y = (vsg —7s1)/7 of the droplet on the solid. Droplets placed on
solid surfaces, therefore, adopt spherical to flat shapes depending upon
the interfacial tensions. The lower the surface tension v, the higher the
tendency of a liquid to spread on a given solid surface. Another con-
sequence of the surface tension is the excess pressure (compared to the
outside pressure) inside a droplet or a bubble (see also Figure A). This
is called Laplace pressure given by AP = Pigde — Poutside = 277/ R, for
a spherical droplet of radius R. The smaller the droplet, the greater its
inner pressure. For a water droplet of 1 1 m radius, /AP can be as high
as atmospheric pressure®.

drops, bubbles, pearls, waves, Springer, Chapter 1, 2004.

High pressure

Low pressure

Medium 2

Figure A. Pressure var-
ies across a curved
interface separating
two fluid mediums. The
low-and high-pressure
regions are shown
(relative to each other).

* Pierre-Gilles de Gennes, Francoise Brochard-Wyart and David Quéré, Capillarity and wetting phenomena:
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y Figure 2 (left). Structure of
[ = - asuper-hydrophobic surface
‘ vy &z - - where a droplet sits partially

.\\\ o L \ = ) . -
. ) state). Under certain condi-

\
a
\O\ tions (see text) the droplet
fills in between the pillars
(Wenzel state).

Figure 3 (right). A droplet
flowing down on a tilted sur-
face by gravity. The advanc-
ing and the receding contact
angles are shown.

From D. Mampallil, Resonance, 19(2), 123-134 (2014)

Box 2. Super-Hydrophobic Surfaces

Super-hydrophobic surfaces are hydrophobic surfaces with some textures on them. Due
to these textures, droplets sit partially on air as illustrated in Figure 2. Such surfaces
consist of an array of pillars having a few micrometers height and separation between
them. Once this array of pillars is coated with a thin film of hydrophobic material (often

Teflon), a super-hydrophobic surface is obtained.

In laboratories such surfaces are made using nano-fabrication techniques. You can make
super-hydrophobic surfaces at home! Take a metal spoon (or any other surface that does
not burn) and hold it above a candle flame for a few seconds to form a black layer of
carbon soot on the inside surface of it. Place a very small water droplet on this black
layer. You can see that the droplet is spherical and rolls over the surface when you move

the spoon. Here, the tiny carbon particles act as the pillars®.

* Xu Deng, Lena Mammen, Hans-Jirgen Butt and Doris Vollmer, Candle Soot as a Template for a Transparent

Robust Superamphiphobic Coating, Science, Vol.335, pp.67-70, 2012.




Figure 4. Schematic (not to
scale) of the contact angle
and the radius of an evapo-
rating droplet with time. The
solid curve represents a slid-
ing contact line and the
dashed curve represents a
pinned contact line during the
evaporation. The evaporation
time t is shown. When the
contact line is pinned (e.g.,
on a hydrophilic surface) the
evaporation is quicker. The
dashed vertical lines sepa-
rate different phases of the
evaporation.
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for pinned contact line
|
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|
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From D. Mampallil, Resonance, 19(2), 123-134 (2014)




Figure 5. An evaporating
droplet with the contact line
pinned on the surface. The
arrows above the droplet rep-
resent the evaporation flux
which diverges at the contact
line. The radius of the droplet
is constant while the height h
decreases withtime. The flow

edge is represented with the
arrows inside thedroplet. This
flow brings the dispersed par-
ticles to the edge forming the
‘coffee ring' at the end of the
evaporation.

From D. Mampallil, Resonance, 19(2), 123-134 (2014)

of liquid to compensate for :; _ _f_‘:.& \

the evaporated liquid from the y. . -
,v’// . * L h ( t) : ® 7 o -
. o flow® » e

Figure 6.The capillary attrac- e < €€ | ?2>—>_ 5 a

tive force between two par-
ticles is illustrated. The liquid

evaporation betweenthe par-
ticles causes the meniscus to
be curved more, thereby cre-
ating a low pressure region
there. Consequently, the lig-
uid flowing in from the sides

brings the meniscus back to :>>
the normal shape (dash line).
This flow pushes the particles
towards each other.

High pressure

Liquid

Particle <— Flow

Solid surface
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Methods for suppressing the coffee ring effect
to obtain a uniform deposition pattern
adding chemical components
choosing substrate with low thermal conductivity
adding surfactants
employing ellipsoidal particles
employing super-hydrophobic surface (results in depinning of the contact line)
employing electrowetting with alternating current
adding air bubbles into the droplet
employing MHz surface acoustic waves in the substrate (acousto-wetting)

changing the charge of particles (results in an electrostatic attraction of partcles
into the surface)

drying a water droplet in an ethanol wapor






Theory:Dimensionless Numbers

— For small (not larger than several mm-radius)
Ca — nuw << 1 droplets of moderately volatile liquids (e.g., drying
o) times of minutes to hours) drying in stagnant air
with pinned contact line:

Bo = pgho R < 1 The droplet surface is a spherical cap.

20 sin 0
B C TR Heat convection is slow compared

St—1=1£ Zu <1 to heat diffusion.

B _ pgh” <1 Bouyancy-driven convection is
Ma 7(do/dT) much weaker than Marangoni flow.
theat = Rho/k < 15 Heat, mass, and momentum
tmom = PRho/ n <Lty transfer are quasi-steady
tmass = (Poap/Pf)ts < ty state processes.

We consider laminar flow. We do not assume that the
flow is a Stokes flow. Re = puR/n is not assumed to be
much smaller than unity.
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Bo _ pghro ~ 1

~ 20sinb

J, g/(s cm”™2
9/( ) Contrary to the total

evaporation rate,

the local evaporation
rate is not described
well with the spherical
cap approximation.
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The curvature of the sessile drop varies along the surface in about 1.5 times



o h a~ — T ’ o
The Laplace equation: Capillary constant
ko + pgz = const for toluene:
k—l—iéczconst a:\/gzo.%cm
For drop with rotational symmetry, we have: z= f(z,y) = z=f(r)
ko= -Ti(G7'Q) = (1)

- (L+ 2+ f3)3/2 - 2
f// f/

~ (1 + f72)3/2 T r(1+ f2)1/2

(3)

G,F 17 matrixes of first and second quadratic forms of the surface.



Ry =1r/sing

1 sinp\ _ 20
o (Rl —l_ r > T Ro ’ng
Unknowns: r = r(s), z = 2(s)

A7 .2 2z _ sing




rdw W izL d =izisda Wiz
dmy Otcj ded W € Ot




6’t = DAu
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Deegan et. al. (Phys.Rev.E 62 (2000), 756)

Lebedev N.N. (Special Functions and their applications, NJ, 1965)

By dats dzO2 Is

w(a, B) = Uoo+(Us —Uoo)y/2(cha — cos B) [° LT Ch(cj;%)TP_l/QHT(cha)dT.

R sinh o 5 — Rsin 8
cosh a—cos 3’ ~ cosha—cos 8"

r =

J(€,0) = |DVu| = Bge (557 + v2(x(¢,6) + cos 0)*/?
X [0 ShOT - tanh(m — 0)TP_y j9yir(2(€,0))dT).

0 coshnr

m =

3 1
Pﬂf Z (S—I—tan ) | — 9 R? §J(fae)d§

tan - .
0 4/1—&2sin?6



Js(r) = (sin@ + vV2(z(r) 4 cos )3/ x

cosh(67)
X/O AT tanh((7 = 0)7) P 210 (r))d7'>, (1)

TT
where x(r (T26089/R2+\/1—fr2sm 9/R2>/(1—T‘2/R2)
and P_y /5. ,-(x) is the Legendre polynomial.

It was shown in Deegan et. al. PRE 62, 756 (2000)
that (1) can be approximated with high accuracy as

Jo(r) = Jo(0)(1—r2/R?) =) where A(0) = 1/2—0 /7. (2)

refined in Chini, Amirfazli, Adv. Colloid Int. Sci. 243, 121 (2017),
and in Carrier et.al., J. Fluid Mech., 798, 774 (2016).
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