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Droplet evaporation under confinement is ubiquitous to multitude of applications such as

microfluidics, surface patterning, and ink-jet printing. However, the rich physics governing the uni-

versality in the underlying dynamics remains grossly elusive. Here, we bring out hitherto unexplored

universal features of the evaporation dynamics of a sessile droplet entrapped in a 3D confined fluidic

environment. We show, through extensive set of experiments and theoretical formulations, that the

evaporation timescale for such a droplet can be represented by a unique function of the initial condi-

tions. Moreover, using same theoretical considerations, we are able to trace and universally merge

the volume evolution history of the droplets along with evaporation lifetimes, irrespective of the

extent of confinement. We also showcase the internal flow transitions caused by spatio-temporal var-

iation of evaporation flux due to confinement. These findings may be of profound importance in

designing functionalized droplet evaporation devices for emerging engineering and biomedical

applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4996986]

In depth understanding and subsequent control of drop-

let evaporation has been a topic of active research due to its

fundamental scientific importance in dictating the pertinent

wetting characteristics as well as its implications in diverse

applications ranging from spray drying,1–3 surface pattern-

ing,4–6 to DNA analysis.7,8

Evaporation rate in sessile droplets is dependent on vari-

ous factors such as substrate characteristics, vapor diffusiv-

ity, and ambient conditions. For instance, evaporation may

be dramatically affected by varying the vapor concentration

in the vicinity of the evaporating droplet. For example, it

was shown9 that two water-PG (Propylene Glycol) droplets

can attract each other (long range interactions) due to

increased vapor concentration between them. Furthermore,

local increase in vapor concentration may increase the evap-

oration lifetime and induce asymmetric internal flow.10–13 In

addition, any evaporating sessile droplet exhibits distinctive

modes of evaporation (constant contact radius: CCR, con-

stant contact angle: constant contact angle (CCA), Mixed)

altering the consequent vapor field as well as internal flow

characteristics in a rather non-trivial manner. This, in turn,

may modulate self-assembly of particles leading to alteration

in the morphology of the final precipitate.10–13 This can have

significant practical implications in emerging applications

such as 3D printing and surface coating.

Understanding such evaporation dynamics in confined

fluidic environment is crucial in the fields of microfluidics14,15

and energy conversion devices like Proton Exchange

Membrane fuel cell.16 For instance, in microfluidics, evapora-

tion based micropumps may be used for sample transportation

in lab on chip devices.

Here, we bring out distinctive universal features of

evaporation dynamics of a sessile droplet in a confined 3D

fluidic environment. In effect, we subject water droplets to

different vapor concentration fields by entrapping them in

mini-channels of various confinements. While 1D channels

were somewhat studied,17 3D effects remain largely unex-

plored. Vapor flux from confined droplets is entrapped in a

small space accompanied by dynamical alterations in the

underlying evaporation characteristics. Our experimental

results and theoretical calculations demonstrate that the

droplet evaporation timescale can be universally merged to a

unique normalized function of the initial conditions, which

include the effects of the channel dimensions (length, width,

and height) and initial droplet volume. In addition, we are

also able to show that the regression history of the contact

radius and the contact angle for each evaporation mode can

also be represented by universal functional profiles.

A 1.56 0.1ll DI water droplet is deployed at the geo-

metric center of a PDMS channel (see supplementary mate-

rial). Droplet is confined by the channel walls along width

(W) and height (H), but is open to ambient along channel

length (L) [Fig. 1(a)]. Experiments are swept across a total of

50 different combinations of channel configurations (hereafter

channel dimensions are to be read in the form W� H� L;

unless otherwise specified) (Table S1, supplementary mate-

rial). During the entire period of evaporation, ambient condi-

tions (outside the channel) are maintained at 25 6 2 �C and

456 3% relative humidity. Temporal changes in the droplet

shape are captured by Nikon D7200 SLR camera at 1 fps. For

flow visualization, side and front view images are captured at

1 fps and overlapped to obtain the flow streaklines inside the

evaporating droplet. On the other hand, for quantification of

flow velocity, a total of 100 bottom view images [micro-parti-

cle image velocimetry (lPIV)] are acquired in a plane at a

height of h
h0
� 0:6 from droplet base (h0: instantaneous droplet

height). The images are acquired during the initial ð t
te
� 0:1Þ

and final stages ð t
te
� 0:8Þ of evaporation (te: droplet lifetime)

and processed using cross correlation algorithm (see supple-

mentary material for details).

For an unconfined droplet evaporating on a hydrophobic

substrate, the diffusion of water vapor from liquid-air inter-

face to the ambient is the rate determining step. On the other
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hand, for a confined droplet, a wedge region is formed

between the channel wall, base, and droplet periphery (Fig.

S3, supplementary material). Thus, mobility of the vapour

leaving the droplet-air interface is reduced as a direct effect

of close channel walls and the wedge, which leads to entrap-

ment of the vapors of relatively higher concentration, c01
ð> c1Þ inside the channel thereby prolonging the droplet life-
time (see Fig. S4 in supplementary material for temporal vari-

ation in c01). It is to be noted that c01 is averaged around the

droplet in polar and azimuthal directions. Evaporation results

in the vapors filling up the confined cross section and subse-

quently propagation along the channel length. Entrapped

enhanced vapor concentration field (c01) linearly relaxes to

the ambient concentration (c1) over La [accumulation length

in Fig. 1(a)]. La shows negligible temporal variation over

majority of the droplet lifetime. From Figs. 1(b) and 1(c),

about 5 times increase in droplet lifetime is observed across

the extreme limits of channel configurations (from least

confined 8� 1:4� 5ð Þ to most confined 2� 1:4� 25ð Þ).
Increment in channel width and/or height increases the cross-

sectional area facilitating relaxation of the trapped vapor

field concentration. This in turn results in reduction of droplet

lifetime. Contrarily, droplet lifetime increases on increasing

the channel length.17 It is observed that there is a 40%–60%

decrease in droplet lifetime as the channel width is increased

from 2mm to 8mm (keeping height constant) or when the

height is increased from 1.4mm to 5mm (keeping width con-

stant). However, it is to be noted that the evaporation modes

remain unchanged regardless of confinement with timescales

given as: 0.4 �te for CCR (i.e., 40% of the droplet lifetime is

spent in CCR mode), 0.3 �te for CCA, and 0.3 �te for mixed.

In order to obtain the theoretical timescales of droplet

evaporation inside a channel, it is important to understand

the evaporation dynamics of a confined droplet. A confined

droplet evaporation is a two-step process. First, there is dif-

fusion of water vapor from interface (cs—saturated vapor

concentration) to the region of vapor entrapment ðc01Þ,
which is followed by diffusion from c01 to the ambient ðc1Þ
[Fig. 1(a)]. Thus, for a confined droplet, diffusion from drop-

let vicinity to ambient is the rate determining step. c01 (and

La) shows negligible temporal fluctuations except in the final

stage (Fig. S4 in supplementary material). The instantaneous

spatially averaged rate of evaporation from interface to the

region of vapor entrapment is given by

dV

dt
¼

�JavgAs

q
¼

�2pDMRcf ðhÞ cs � c01
� �

q
; (1)

where V is the instantaneous droplet volume, Javg is spatially

averaged evaporation flux, As is the surface area of the drop-

let, D is the diffusion coefficient, M is molecular mass, Rc is

the instantaneous contact radius of the droplet, q is the

FIG. 1. (a) Schematic of evaporation model of a sessile droplet inside a PDMS channel confined along width (W) and height (H), and open to ambient along

length (L). Water vapor concentration in the confined region increases to c
0
1 and approaches to ambient vapor concentration (c1) along channel length over a

distance La <L=2ð Þ termed as accumulation length. Temporal variation of (b) contact radius and (c) contact angle across different combinations of channel

dimensions W�H� Lð Þ.
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density of the working fluid, c01 � c01 (Fig. S4, supplemen-

tary material)is the time averaged enhanced vapor concentra-

tion around the droplet, and f hð Þ is a function of the

instantaneous contact angle (hÞ of spherical cap shaped

sessile droplets. Its empirical polynomial form (f hð Þ ¼
ð0:00008957þ0:633hþ0:116h2�0:08878h3þ0:01033h4Þ=
sinh; for h> 10�) was given in Refs. 18–21. It is to be noted

that although there are local variations in the evaporation

flux (Jlocal) around the droplet in both polar and azimuthal

directions, average evaporation flux [Javg; Fig. 1(a)] has been

considered in Eq. (1). As can be seen from Fig. S1 of supple-

mentary material, the droplet volume decays non-linearly

with time as the evaporation progresses. This non-linearity is

mainly because of the inherent slip of three phase contact

line (in CCA and mixed mode). However, the extent of non-

linearity can be quantified using the average rate of change

of droplet volume in terms of initial rate as j dV
dt
javg

¼Aj dV
dt
jt¼0; where A is a constant (Fig. 2), with a value

�0.72. This value agrees well with the data obtained from

literature.21,22

Hence, the average rate of droplet volume regression

can be written as

dV

dt avg
¼ A

�2pDMRcif ðhiÞ cs � c01
� �

q
; (2)

where Rci is the initial contact radius and hi is the initial con-

tact angle. Approximating jdV
dt avg

j by Vd

te;c
(Vd : initial droplet

volume and te;c: lifetime of a confined droplet) in Eq. (2), we

get

Vd

te;c
¼

A � 2pDMRcif ðhiÞ cs � c01
� �

q
: (3)

On the other hand, average rate of evaporation from channel

to ambient is

dV

dt avg
¼

�DM WHð Þ c01 � c1
� �

qLa
; (4)

where La ¼
WH c01�c1ð Þ

2pRcif ðhiÞ cs�c01ð Þ

�

by comparing Eqs. (2) and (4)

�

is the temporally averaged accumulation length over the

droplet lifetime. La is a linear function of channel length (L)

(Fig. S2 of supplementary material and also Ref. 17) for all

configurations. Thus, La ¼ kL with k � 0:16. Equating (2)

and (4), we have

cS � c01
� �

¼
WH cS � c1ð Þ

A2pRCif hið ÞkLþWHð Þ
: (5)

Substituting Eq. (5) in (3), and rearranging we get

te;c ¼
VdkL

a WHð Þ
þ

Vd

a 2pARcif hið Þð Þ
; (6)

where a ¼
DM cS�c1ð Þ

q
. In Eq. (6), the second term on the right

hand side corresponds to the lifetime of an unconfined drop-

let (te;u ¼
Vd

a 2pARcif hið Þð Þ). Thus, using this equation along with

the initial experimental ðRci; hiÞ conditions, theoretical time-

scale for complete drying of unconfined droplet can be esti-

mated. Additionally, the first term in Eq. (6) represents the

contribution of confinement. Thus, Eq. (6) can be rewritten

as

te;c

te;u
¼ 2pf hið ÞAkð Þ

LRci

WH

� �

þ 1: (7)

Equation (7) (also Fig. 3) dictates that the normalized evapo-

ration timescale when plotted against LRci

WH
(extent of confine-

ment) should exhibit a linear trend with a slope 2pf hið ÞAkð Þ.
The experimental values of

te;c
te;u

are found to be in excellent

agreement with the prediction of Eq. (7). We propose that if

the lifetime of an unconfined droplet is known a priori, Eq.

(7) can be used to predict the lifetime of the same droplet in

any confined channel. To study the effect of initial droplet

volume, experiments are repeated for a lower volume of 1ll

for which there is decrease in Rci (from �0.75mm to

�0.65mm) while hi remains same. Even for a lower volume,

the experimental lifetime data are in good agreement with

the theoretical prediction [Eq. (7)] that is intrinsically valid

for h > 90�. Figure 3 shows that as W; H ! 1, and/or

L ! 0, the lifetime of confined cases approach to that of an

unconfined case (i.e.,
te;c
te;u

! 1). Moreover, when the experi-

mental timescales for different confinement levels are nor-

malized by the corresponding theoretical values, the

regression history for droplet contact radius and contact

angle are found to undergo universal merger (within an error

FIG. 2. Linear relationship between the average and initial rate of droplet

volume reduction. The linearity agrees with the experimental data from

Refs. 21 and 22.

FIG. 3. Universal representation of confined droplet lifetime (normalized by

lifetime of unconfined droplet) with the extent of channel confinement for

V1 ¼ 1:5 llð Þ and V2 ¼ 1llð Þ.
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of 2%–3% standard deviation) (Fig. 4). However, there is

some deviation (8%–10% standard deviation) in mixed

mode regime.

In the previous paragraph, we delved into the global

aspects of evaporation dynamics using the spatially averaged

evaporation flux (JavgÞ. For a confined droplet, evaporation

flux¼ f h;u; tð Þ, where h is the polar direction and u the azi-

muthal direction. Three key evaporation fluxes around a con-

fined droplet are Jopen, Jtop; and Jwall: evaporation flux

towards the open, top section, and wall side of the channel,

respectively. Spatial variations in evaporation flux can be rep-

resented by dJ. However, it is difficult to calculate J analyti-

cally for confined droplets. For a confined droplet,

evaporation is mostly suppressed on the sides closer to the

wall due to entrapment of vapors in the wedge region (Fig.

S3, supplementary material) as explained earlier. Vapor from

the droplet can escape only from two sides facing the exit of

the channel, thus resulting in Jopen > Jwall; Jtop. Thus, the max-

imum spatial variation in evaporation flux in the azimuthal

and polar directions can be represented as DJa ¼ Jopen � Jwall
and DJp ¼ Jopen � Jtop; respectively. This spatio-temporal var-

iation in evaporation flux modifies the flow profile from radi-

ally outward (unconfined droplet10) to directional (confined

droplet) (Fig. 5; top view)17 inducing a local velocity, vl /
dJ; and maximum velocity, vmaxj / DJmaxðDJa orDJpÞ

�

� . On

the open side, buoyancy driven re-circulatory flow is created

inside the droplet with central streamlines moving up towards

the apex region. However, for high confinements (W: 2 to

4mm), since evaporation is maximum on the exposed portion

of the droplet, the flow follows a curved path along the open

side in the equatorial plane [Figs. 5(a) and 5(c); side view and

multimedia view corresponding to Fig. 5 and supplementary

material]. Furthermore, evaporation suppression near the walls

results in a directional flow from wall to open side of the

channel (seen in the bottom view).

However, as the evaporation continues, the wedge effect

(Fig. S3, supplementary material) relaxes (Jwall increases),

leading to restoration of the flow field to its unconfined coun-

terpart (Fig. S5, supplementary material). Quantitatively, as

a result of increased local vapor concentration inside the

channel (decrease in DJmax ), there is a decrease in velocity

for confined droplet (
jvmax;cj

vmax;ujj
� 0.24 for confinement of

2mm� 1:4mm� 5mmÞ . Wall effect is also reduced with

the increase in channel width. Thus, as shown in Fig. 5(c),

for 8mm width channel, the internal flow is similar to uncon-

fined droplet for the entire lifetime. Increasing the channel

width also decreases the vapor concentration, thereby lead-

ing to enhanced evaporation. This, in turn, triggers aug-

mented velocity (for instance, 1.5 lm/s for 2mm width to

4 lm/s for 8mm width channel). However, the velocity mag-

nitude is lower as compared to unconfined scenario since

vapor diffusion is still restricted by the upper wall. It is to be

noted that for channels with greater heights, even though

there is an increase in velocity (similar to higher width), the

flow profile remains similar to the most confined scenario

since there is no relaxation in the wedge effect.

To summarize, we have formulated a generalized theo-

retical framework for quantifying the effects of 3D confine-

ments on droplet evaporation, supported by experimental

data. We have reported four major findings. First, conven-

tional diffusion equation can be modified to theoretically

predict the timescales of any evaporating droplet on a hydro-

phobic substrate using the initial contact radius, contact

angle, and ambient conditions. Second, lifetime of a confined

FIG. 4. Merger of temporal variations in contact radius and contact angle

data across all combinations of channel configurations W�H� Lð Þ when
normalized by te;theo.

FIG. 5. Internal flow visualization (front view and side view), flow field vectors (top view) and pictorial flow representation at the initial stage t

te
� 0:1

	 


of

droplet evaporation (a) confined along width and height 2� 1:4� 5ð Þ (b) confined along width and relaxed along height 2� 5� 5ð Þ (c) relaxed along width

and confined along height 8� 1:4� 5ð Þ. Scale bar for front view and side view flow (represented in red), and for top view vector field (represented in green)

equals to 500lm each. Flow field vectors from the top view are investigated in a plane at a height of h

h0
� 0:6 from the droplet three phase contact line, where

h0 is the instantaneous droplet height. [Multimedia view for Figs. 5(a) and 5(b); side view] [URL: http://dx.doi.org/10.1063/1.4996986.1]

101601-4 Bansal et al. Appl. Phys. Lett. 111, 101601 (2017)



droplet is related to the corresponding unconfined droplet by a

universal function, irrespective of confinement. Third, we

have shown that irrespective of confinement, regression his-

tory of individual evaporation modes can also be merged

using a universal description. Finally, the presence of channel

walls upsets the uniformity of local evaporation flux leading

to complicated internal flow transitions. These findings may

turn out to be of profound importance in diverse applications

ranging from surface patterning to microfluidics.

See supplementary material for extended experimental

methodology and additional experimental data for theoretical

analysis and flow field visualization.
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