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The focus of this article is the numerical study of particle deposition profiles on a
solid substrate during the evaporation of a sessile drop of a colloidal particle suspen-
sion. The evaporation flux along the drop interface, the induced fluid dynamics inside
the drop, and the particle deposition profile on the solid substrate are solved simulta-
neously. The governing equations are solved numerically using the Galerkin/finite ele-
ment method (G/FEM) for discretization of the spatial domain and an adaptive finite
difference method for discretization in the time domain. Several particle deposition
profiles, such as a ring-shaped deposit and uniform particle distribution, are obtained
from the numerical simulations. The particle deposition profile is found to be influ-
enced by the mass transfer (both convective and diffusive mass transfer) of the par-
ticles in the bulk liquid and by the deposition rate along the substrate. � 2008 American
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Introduction

There has been considerable interest in utilizing the sessile
drop evaporation method to deposit particles on a solid sub-
strate. This method has been applied to create an ordered
array of semiconductor nanoparticles for electronic applica-
tion1 and of DNA molecules for gene expression analysis.2

Different deposition profiles are desired based on the func-
tionalities of the deposits. For ink deposition, a uniform par-
ticle distribution is desired, for DNA deposition, a stretched
individual particle is desired,3 and for other applications, or-
dered arrays of ring-shaped deposits are desired.1 We would
like to understand which parameters control the particle dep-
osition profile on the substrate.

This deposition method is simple, when a drop containing
particles is placed on a solid substrate, the solvent will evap-
orate and the particles will be deposited on the substrate.
Another advantage of using this method is the possibility of
creating an array of sessile droplets by using the inkjet print-

ing method. Recognizing the importance of sessile drop
evaporation for particle deposition applications, people have
been interested in the theoretical understanding of this
process.

Sessile drop evaporation is a complex problem which
includes three different phases; the vapor around the drop,
the liquid drop, and the particles which are suspended in the
liquid. The investigation of the evaporation dynamics, which
focused only on the vapor area outside the drop, have been
done analytically by Picknett and Bexon4 and numerically by
Hu and Larson5 These methods can be applied to predict the
evaporation rate of different liquids.

The influence of the evaporation dynamics on the fluid dy-
namics inside the drop has been studied numerically by Hu
and Larson6 and Widjaja and Harris7 In these studies, the
system includes the liquid drop and the area outside the
drop, the evaporation flux, the drop shape, and the fluid flow
profiles.

The theoretical study of the particle deposition during ses-
sile drop evaporation has been done by Deegan et al.,8 Fi-
scher,9 Chopra et al.,2 and Popov.10 Deegan et al.8 and
Popov10 considered a very thin drop. They derived a height-
averaged radial velocity and neglected the vertical flow that
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is present in the drop; the particles were swept radially to the
contact line of the drop. Fischer9 also considered very thin
droplets. He used the lubrication approximation to simplify
the governing equations. The particle concentration distribu-
tion is also driven solely by convective mass transfer, the
particle diffusion is neglected. In those studies mentioned,
the particle distribution is calculated in the liquid bulk, they
did not calculate the amount of particle deposited or trans-
ferred from the liquid bulk to the substrate during evapora-
tion. Chopra et al.2 used Brownian dynamics simulation to
predict the stretching and the deposition on DNA onto a sub-
strate. For deposition, Chopra considered irreversible DNA
adsorption by freezing the location of any bead that comes
into contact with the substrate surface.

In this study, we would like to calculate the particle depo-
sition distribution on the substrate. Several ways of describ-
ing the boundary conditions which describe the deposition of
particles on the substrate have been mentioned in the previ-
ous works. Spielman and Friedlander,11 Ruckenstein and
Prieve,12 and Bowen et al.13 used the perfect sink boundary
condition. The particle concentration on the substrate is set
to be zero, so all particles reaching the surface are removed
from the dispersed phase. In this article, the deposition
boundary condition takes the form of an irreversible first-
order chemical reaction on the surface as described by Spiel-
man et al.,11 and Ruckenstein and Prieve.12,14 The particles
are removed as they touch the solid substrate at a defined
deposition rate. The deposition rate defines how fast the par-
ticles are transferred from the bulk fluid to the solid surface.
The simplistic model that is used for the particle deposition
rate on the substrate allows best qualitative results for the
particle deposition profile. A thorough study of the particle
substrate interactions needs to be done and a particle deposi-
tion model that captures more of the physics and chemistry
is required to yield more quantitative results. Furthermore,
the deposited particles will alter the topology of the substrate
surface which will influence the flow profile of the fluid.
These effects were not captured in the research that is pre-
sented in this manuscript.

In this study the evaporation flux along the drop interface,
the induced fluid dynamics inside the drop, and the particle
deposition profile on the solid substrate are solved simultane-
ously. The governing equations are solved numerically using
the Galerkin/finite element method (G/FEM) for discretiza-
tion of the spatial domain and an adaptive finite difference
method for discretization in the time domain. Convective and
diffusive mass transfer in the bulk liquid are considered. We
would also like to understand which parameters control the
particle deposition profile on the substrate.

Formulation of the Problem

System description

The schematic of the system is shown on Figure 1. The
system is an axisymmetric sessile droplet of an incompressi-
ble, Newtonian liquid of spatially uniform and constant vis-
cosity (l) and density (q) and the dynamically inactive vapor
above the drop with spatially uniform and constant vapor dif-
fusivity (Dv). The ambient fluid exerts a uniform pressure
and negligible viscous drag on the droplet. The surface ten-

sion (r) of the liquid–gas interface is spatially uniform and
constant. No temperature gradient is assumed here. The as-
pect ratio of the droplet is obtained by dividing the height of
the drop (h) by the fixed radius at the contact line (R).

On the interface of the drop, the vapor concentration (~c) is
set to be the saturated vapor concentration (cv) and far away
from the interface the vapor concentration will be defined
later. Initially, the sessile droplet is sitting on a solid sub-
strate at its equilibrium configuration and is determined from
solution of the Young-Laplace equation. The drop is a very
dilute suspension of small particles, with initial particle con-
centration ( ~Cp) of Co to be set everywhere in the liquid. Par-
ticle diffusivity is Dp. The particles deposit rate is modeled
as a first-order rate expression with deposition rate constant
kd, kd is influenced by particle-substrate interaction.11,12,14 In
this study, the calculation is done until drop contact angle
decreases to 58. Hu and Larson5 observed experimentally
that the water drop contact line is fixed during evaporation
process until the contact angle reaches 28–48, then the con-
tact line starts to recede. It is acceptable in this study to
assume that the contact line is fixed throughout the evapora-
tion process.

Reference scales

The flow of the liquid is governed by the Stokes system.
The characteristic length is the droplet radius at the pinned
contact line, lc 5 R, the characteristic vapor concentration is
the saturated vapor concentration, cc 5 cv, the characteristic
particle concentration is the initial particle concentration, Cc

5 Co. From the kinematic boundary condition, the character-
istic velocity is obtained to be vc : Jo/q, with Jo : Dvcv/lc.
With these choices for the length and velocity scales, the
time scale is tc 5 lc/vc 5 Rq/Jo. The characteristic stress
scale is sc 5 lJo/(Rq). The dimensionless groups that show
up here are the Capillary number, Ca 5 lvc/r 5 lJo/qr,
the Peclet number, Pe 5 lcvc/Dp 5 RJo/qDp, and the Dam-
kohler number, Da 5 kdlc/Dp 5 kdR/Dp. The Capillary num-
ber measures the importance of viscous force relative to sur-
face tension force, the Peclet number measures the impor-
tance of convective particle transfer relative to diffusive
particle transfer, and the Damkohler number measures the
importance of the deposition rate relative to the particle dif-
fusion rate.

Figure 1. Schematic of a sessile drop of particle sus-
pension sitting on a solid substrate sur-
rounded by dynamically inactive vapor.
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Governing equations, boundary conditions,
and initial conditions

The system includes the area above the drop, VI, and the
area inside the drop, VII, as described in Figure 2. The vapor
concentration distribution is governed by Laplace equation
assuming that the vapor concentration quickly reaches steady
state,

r2c ¼ 0 in VIðtÞ; (1)

where c is the dimensionless vapor concentration.
The flow is governed by the continuity equation and

Stokes equations. The dimensionless forms of these equations
are

r � v ¼ 0 in VIIðtÞ; (2)

r � T ¼ 0 in VIIðtÞ; (3)

where v is the dimensionless velocity, T 5 2pI 1 [!v 1
(!v)T] is the Newtonian stress tensor, p is the dimensionless
pressure, I is the identity tensor. The particle concentration is
governed by the convective diffusive equation,

Pe
@Cp

@t
þ v � rCp

8>: 9>; ¼ r2Cp in VIIðtÞ; (4)

where Cp is the dimensionless particle concentration.
Initially, at t 5 0, the vapor distributes uniformly, the liq-

uid is at rest, and the particle concentration is suspended uni-
formly in the liquid drop,

c ¼ 1 in VIðtÞ; (5)

v ¼ 0 in VIIðtÞ; (6)

Cp ¼ 1 in VIIðtÞ: (7)

The initial condition for the pressure is the dimensionless
pressure inside a hemisphere drop which can be obtained
from the dimensionless Young-Laplace equation

p ¼ 2

Ca
in VIIðtÞ: (8)

Equation 1 is solved subject to the boundary conditions that
(i) the vapor concentration is the saturated vapor concentra-

tion on the interface of the drop, (ii) far away from the drop
the vapor concentration is c1, (iii) there is no evaporation
flux along the solid substrate, and (iv) the evaporation flux is
symmetric about the central line,

c ¼ 1 on SðtÞ (9)

c ¼ c1 on S1 (10)

n � rc ¼ 0 on Ssub (11)

n � rc ¼ 0 on Ssym (12)

The local flux on the drop interface at radial position r at
time t, J(r, t), is calculated by

Jðr; tÞ ¼ ns � rc on SðtÞ (13)

where ns is the outward normal unit vector at the liquid–air
interface. The evaporation rate at time t, _m(t), is calculated
by integrating the local flux along the interface of the drop.

_mðtÞ ¼
Z
SðtÞ

JðrÞ dS (14)

Equations 2 and 3 are solved subject to the boundary conditions
that (i) the fluid does not penetrate and slip the solid substrate,
(ii) fluid velocity obeys the kinematic boundary condition and
(iii) traction boundary condition at the free surface, and (iv), (v)
the flow field is symmetric about the central line,

v ¼ 0 on SSUB; (15)

ns � ðv� vsÞ ¼ �ns � rc on SðtÞ; (16)

ns � T ¼ � 2H

Ca
ns on SðtÞ; (17)

n � T � t ¼ 0 on Ssym; (18)

n � v ¼ 0 on Ssym; (19)

where vs is the local velocity of the liquid–air interface, 2H
is twice local mean curvature of the interface. The evapora-
tion flux is imposed through boundary condition (16). The
left hand side of Eq. 16 is evaluated in the liquid system and
the right hand side is evaluated in the vapor system.

Equation 4 is solved subject to the boundary conditions
that (i) the particle is depositing on the substrate, (ii) there is
no particle flux across the drop interface, and (iii) there is
also no particle flux across the axis of symmetry,

n � rCp ¼ �Da Cp on SSUB; (20)

ns � rCp � Pe ns � Cpv ¼ 0 on SðtÞ; (21)

n � rCp ¼ 0 on Ssym; (22)

The particle flux on the substrate at radial position r and at
time t, Jp(r,t), is calculated by

Jpðr; tÞ ¼ �Da Cp on SSUB (23)

The deposition rate at time t, _mp(t), is calculated by integrat-
ing the particle flux along the substrate.

Figure 2. The physical domain of the liquid drop and
the vapor above the drop.

The origin of the cylindrical coordinate is fixed and located
at the center of the drop on the substrate.
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_mpðtÞ ¼
Z
Ssub

Jp dS (24)

The total deposited mass on the substrate at time t, mp(t), is
calculated by multiplying the deposition rate to the time step.

mpðtÞ ¼ _mpðtÞ Dt (25)

The accumulated deposited mass at the center of the
computational element i at position r 5 ri,node2 and time t,
macc(ri,node2,t), is calculated by summation of the multiplica-
tion of the time step to the integration of the particle flux at
that element

maccðri;node 2; tÞ ¼
Xt

t¼0

Zri;node 3
ri;node 1

JpðrÞ dS
8>>>>>>>:

9>>>>>>>; Dt (26)

The particle surface concentration at rnode2 and time t,
Cs(rnode2,t), is calculated by

Csðri;node 2; tÞ ¼ maccðriþ1;node 2; tÞ � maccðri;node 2; tÞ
pðriþ1;node 2

2 � ri;node 22Þ (27)

Value of parameters

The liquid used here is water. The properties are density,
q 5 1000 kg/m3, surface tension, r 5 72 3 1023 kg/s2, and
viscosity, l 5 1 3 1023 kg/m s. The vapor diffusivity, Dv

5 26.1 3 1026 m2/s, the saturated vapor concentration cv
5 2.32 3 1022 kg/m3, c1 5 1/r1. The suspended particles
are assumed to be spherical with radius of 100 nm, with
Stokes Einstein equation, the particle diffusivity is obtained
to be Dp 5 4.37 3 10212 m2/s. For a drop with a radius of
R 5 1 3 1023 m, the reference time is tc 5 1650 s and ref-
erence velocity is vc 5 4 3 1026 m/s. The capillary number
is Ca 5 8.4 3 1029 and the Peclet number is Pe 5 277.28.
The deposition rate constant, kd, is not known, so the Dam-
kohler number is an adjustable parameters.

Numerical Analysis

The governing equations for the vapor concentration distri-
bution above the drop, the fluid dynamics inside the drop,
and the particle concentration are solved numerically, using
the G/FEM for discretization in the spatial domain and an
adaptive finite difference method for discretization in the
time domain. For the elliptic mesh generation method, it is
convenient to define a cylindrical coordinate system {z, r,
h}, whose origin lies at the center of the droplet. For this
axisymmetric configuration, the problem is independent of
the h direction. The unknowns need to be solved inside the
sessile drop are p(z, r, t), z(z, r, t), r(z, r, t), vz(z, r, t), vr(z, r,
t), and Cp(z, r, t) and the unknowns need to be solved in the
area outside the drop are z(z, r, t), r(z, r, t), c(z, r, t). The
unknowns, z, r, vz, vr, c, and Cp are expanded using nine-
node biquadratic basis functions. The pressure field is
expanded using four-node bilinear basis functions. Using the
elliptic mesh generation method, the physical domain is dis-
cretized into quadrilateral subdomains which are discretized

into quadrilateral elements. Each element is mapped onto a
unit square in the computational domain. The governing
equations are cast as Galerkin Finite Element weighted resid-
uals. The set of nonlinear governing equations are solved via
the Newton Raphson’s iteration method. The matrix
assembled in the G/FEM formulation is solved by using ma-
trix frontal solver.15 An adaptive implicit time step is used in
the time integration scheme. More details about this method
will be discussed in the following sections.

Domain discretization and time discretization

The first step is the discretization of the physical domain
into quadrilateral subdomains. The procedure used in discre-
tizing the physical domain and the time domain has been dis-
cussed in our previous work.7 The position of the node
points was generated by solving a partial differential equa-
tion for each computational coordinate. In this work the
equations used were developed by Christodoulou and
Scriven16 (Eqs. 28 and 29).

Ri
n ¼

Z
VðtÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2n þ y2n
x2g þ y2g

s
þ es

" #
rn � rUi J dndg

� en

Z
VðtÞ

f ðnÞ lnðx2n þ y2nÞ Ui
n dndg

�Mn

Z
AðtÞ

f ðnÞ lnðx2n þ y2nÞ Ui
n dn ¼ 0; i ¼ 1; . . . ;N ð28Þ

Ri
g ¼

Z
VðtÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2g þ y2g
x2n þ y2n

s
þ es

" #
rg � rUi J dndg

� eg

Z
VðtÞ

f ðgÞ lnðx2g þ y2gÞ Ui
g dndg

�Mg

Z
AðtÞ

f ðgÞ lnðx2g þ y2gÞ Ui
g dg ¼ 0; i ¼ 1; . . . ;N ð29Þ

N is the number of biquadratic finite element basis functions
used in representing the positions,

z

r

8>>>:
9>>>; ¼

XN
i¼1

zðtÞ
rðtÞ

8>>>:
9>>>;Uiðz; rÞ: (30)

Finite element analysis

The Galerkin weighted residuals of the Laplace equation,
continuity equation, Stokes equations, and particle convective
diffusive equation, Ri,L, Ri,C, Ri,k, and Ri,p are

Ri;L ¼
Z

VIðtÞ

Uir2c dV ¼ 0; i ¼ 1; . . . ;N (31)

Ri;C ¼
Z

VIIðtÞ

Wir � v dV ¼ 0; i ¼ 1; . . . ;M; and (32)
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Ri;k ¼
Ri;z

Ri;r

8>>>>:
9>>>>; ¼

Z
VPðtÞ

Uiek � r � Tf gdV

¼ 0; i ¼ 1; . . .N ð33Þ

Ri;p ¼
Z

VIIðtÞ

Ui Pe
@Cp

@t
þ v � rCp

8>: 9>;�r2Cp

� �
dV ¼ 0;

i ¼ 1; . . . ;N ð34Þ

here ek is either ez or er and Ri,z and Ri,r denote the z- and r-
Stokes residuals. Here M is the number of bilinear finite-ele-
ment basis functions used in representing the pressure,

pðz; r; tÞ ¼
XM
i¼1

piðtÞ Wiðz; rÞ: (35)

N is the number of biquadratic finite element basis functions
used in representing the vapor concentration and the velocity,

cðz; r; tÞ ¼
XN
i¼1

ciðtÞ Uiðz; rÞ (36)

u ¼ uz
ur

8>: 9>; ¼
XN
i¼1

uiðtÞUiðz; rÞ ¼
XN
i¼1

uz;iðtÞ
ur;iðtÞ

8>: 9>;Uiðz; rÞ:

(37)

Cpðz; r; tÞ ¼
XN
i¼1

CpiðtÞ Uiðz; rÞ (38)

In the Stokes residuals, the divergence theorem is applied to
the stress terms, then the traction boundary is applied to
resulting expression. Then the surface divergence theorem is

Figure 3. Particle concentration contour and the streamline inside the drop for initial aspect ratio 5 0.8, Pe 5 1,
and Da 5 10.

(a) time 5 0.09, (b) time 5 0.17, (c) time 5 0.24, (d) time 5 0.29.

Figure 4. Particle surface concentration on the sub-
strate as a function of the radial position for
initial aspect ratio 5 0.8, Pe 5 1, and Da 5
10.

r 5 0 is the center of the drop and r 5 1 is the contact
line of the drop.
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applied to the curvature term in the resulting expression to
reduce the order of the equation.

Code validation

The procedure for the code validation is similar to the pre-
vious work.7 Similar mesh configuration is found to be an
optimal configuration for the cases that we are solving.
Besides monitoring the evaporation time tevap, the final as-
pect ratio ARfinal, and the final evaporation rate _mfinal, we
also monitor the particle concentration in the system. The
summation of mass in the bulk fluid and the mass on the
substrate should be constant. The algorithm is programmed
in FORTRAN and is executed in serial on computers with
2.1 GHz AMD Athlon processors.

Results and Discussion

Initially the drop is at its equilibrium shape for a specified
initial aspect ratio, and then evaporation flux is imposed
along the drop interface. The governing equations are solved
numerically using the G/FEM for discretization of the spatial
domain and an adaptive finite difference method for discreti-
zation in the time domain. The vapor concentration profile
surrounding the drop, the drop shape, the fluid velocity, the
pressure, and the particle concentration inside the drop are
solved simultaneously.

The evaporation flux is increasing closer to the contact
line and the fluid is flowing outward to the contact line to

compensate the evaporated solvent while fixing the contact
line.7 The influence of the fluid dynamics on the deposition
profile is controlled by the importance of convective mass
transfer relative to diffusive mass transfer. The surface con-
centration profile is determined by the competition of the dif-
fusive mass transfer, convective mass transfer, and the parti-
cle deposition rate.

Figure 5. Particle concentration contour and the streamline inside the drop for initial aspect ratio 5 0.8, Pe 5 10,
and Da 5 10.

(a) time 5 0.08, (b) time 5 0.18, (c) time 5 0.25, (d) time 5 0.28.

Figure 6. Particle surface concentration on the sub-
strate as a function of the radial position for
initial aspect ratio 5 0.8, Pe 5 10, and Da 5
10.

r 5 0 is the center of the drop and r 5 1 is the contact
line of the drop.
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Effect of Peclet number on particle surface
concentration profile

At low Peclet number, the diffusive mass transfer domi-
nates over the convective mass transfer. The particle transfer
is driven by the particle concentration gradient, the particle

motion is not affected much by the fluid flow. The highest
particle concentration is on the apex of the drop, then the
particle concentration is decreasing toward the substrate of
the drop where the particles are deposited to the substrate,
and the lowest particle concentration in the liquid is at the

Figure 7. Particle mass as a function of time in the bulk fluid and deposited on the substrate.

(a) Pe 5 1 and Da 5 10, (b) Pe 5 10 and Da 5 10.

Figure 8. Particle surface concentration profiles for ini-
tial drop aspect ratio 5 0.8, Pe 5 1.

(a) Da 5 1, (b) Da 5 3, (c) Da 5 10.

Figure 9. Particle surface concentration profiles for ini-
tial drop aspect ratio 5 0.8, Pe 5 10.

(a) Da 5 10, (b) Da 5 100, (c) Da 5 1000.
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contact line of the drop (Figure 3). For Pe 5 1 and Da 5
10, the surface concentration is almost uniform, the highest
surface concentration is at the center of the drop and the
lowest is at the contact line (Figure 4).

As the Peclet number is increased, the convective mass
transfer is more important relative to the diffusive mass
transfer. The particle transfer is influenced more by the fluid
flow profile. The particles are carried by the fluid flow to-
ward the drop contact line, which causes accumulation of
particles in the area above the contact line. In the bulk fluid,
the highest particle concentration is at the contact line and
the lowest concentration is along the substrate (Figure 5). On
the substrate, the highest surface concentration is at the con-
tact line and the lowest is at the center of the drop (Figure
6).

Figure 7 shows particle mass evolution in the fluid and on
the substrate. The particle mass in the fluid is calculated
from the integration of the bulk particle concentration
throughout the drop volume. The particle mass on the sub-
strate is calculated by the integration of particle flux along
the substrate or by the integration of the product of the Dam-
kohler number and the bulk concentration along the sub-
strate. By adding the mass in the bulk and on the substrate,
the total mass conservation is monitored. The total mass dis-
crepancy as a function of time is usually less than 1%, unless
there is an extremely sharp increase in the deposited particle
surface concentration near the contact line of the drop. This

problem is resolved by using a finer mesh near the contact
line; however, these results in large computational times
since the same number of elements are used throughout the
computations. Furthermore, the experimental particle deposi-
tion profiles tend not to produce the extremely sharp particle
surface concentration near the contact line. The total mass
discrepancy is therefore acceptable for computations that
tend to qualitatively match experimental observations. The
integration of the particle flux requires a very refined element
close to the substrate. To save computational time, the depos-
ited mass calculation is done by integrating the product of
Damkohler number to the particle concentration and the time
step size.

At low Peclet numbers, the particles are distributed more
uniformly above the substrate, and the particle flux occurs
over a large area of the substrate; therefore, takes a shorter
time for the particles to be deposited. At higher Peclet num-
bers, the particles are swept to the area above the contact
line, so the deposition is mostly occurring above the contact
line. Because the particle deposition occurs over a small area
on the substrate, it takes a longer time for the particles to be
deposited.

Effect of Damkohler number on particle surface
concentration profile

Figure 8 shows the different surface concentration profile
for different Damkohler numbers for Peclet 5 1. For Da 5

Figure 10. Phase diagram for different particle deposition profile obtained for different Da and Pe, initial drop as-
pect ratio 5 0.8.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

AIChE Journal September 2008 Vol. 54, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2257



10, the particles are deposited almost uniformly on the sub-
strate. The highest particle surface concentration is at the
center of the drop, and the lowest at the contact line of the
drop. For Da 5 3, which mean at lower deposition rate,
some of the particles are swept toward the contact line of the
drop forming a shoulder-like profile, the lowest concentration
is at the center of the drop, and the highest is at the peak of
the shoulder. For Da 5 1, which mean the deposition rate is
lower, the particles are swept by the fluid flow to the contact
line before they have time to deposit. In this case, the lowest
concentration is at the center of the drop and the highest sur-
face concentration is at the contact line of the drop. So by
decreasing the deposition rate, the particles are shifted to-
ward the contact line of the drop.

At a higher Peclet number (Pe 5 10, Figure 9), the con-
vective mass transfer is more important relative to the diffu-
sive mass transfer. The particles are carried by the fluid flow
toward the drop contact line. For Da 5 1000, the shoulder-
like profile is formed, with the highest surface concentration
at the peak of the shoulder, and the lowest at the contact line
of the drop. Increasing the Peclet number, increases the con-
vective effect. For Da 5 100, the shoulder is also formed,
the highest concentration is still at the peak of the shoulder,
but the lowest concentration is at the center of the drop. For
Da 5 10, most of the particles are swept to the contact line.
Similar to the low Peclet number case, more particles are de-
posited near the contact line as the deposition rate decreases.

Parametric study of Peclet and Damkohler numbers

The following particle deposition profiles have been
observed which depend on the Peclet and Damkohler num-
bers: (i) the highest concentration at the center of the drop
and the lowest concentration at the contact line of the drop,
(ii) the shoulder-like profile with the lowest concentration at
the contact line of the drop, (iii) the shoulder-like profile
with the lowest concentration at the center of the drop, and
(iv) the profile with the highest concentration at the contact
line of the drop. Based on these results, more systematic
parametric studies of the Da vs. Pe (Figure 10) and Da/Pe
vs. Pe (Figure 11) were done.

In the parametric studies, we can see four regions. The
first region is when the deposition rate is high and the diffu-
sive mass transfer dominates over the convective effect. An
almost uniform distribution is obtained with the highest parti-
cle concentration at the center of the drop and the lowest at
the contact line of the drop. The second region is when the
deposition rate is high and the convective effect dominates
the diffusive effect. A shoulder-like profile is formed with
the highest concentration at the peak of the shoulder and the
lowest concentration at the contact line of the drop.

The third region is when the deposition rate is low and the
diffusive mass transfer dominates the convective effect. A
shoulder-like profile is formed with the highest concentration
at the peak of the shoulder and the lowest concentration at
the center of the drop. The fourth region is when the deposi-

Figure 11. Phase diagram for different particle deposition profile obtained for different Da/Pe and Pe, initial drop
aspect ratio 5 0.8.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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tion rate is low and the convective mass transfer dominates
the diffusive mass transfer. Most of the particles are swept to
the contact line.

Parameters that control the particle deposition profile

Besides Peclet and Damkohler numbers, there are two
other parameters which influence the particle deposition pro-
file, the initial aspect ratio of the drop and the evaporation
rate. As we decrease the initial aspect ratio, the evaporation
flux closer to the contact line rises, but the evaporation rate
drops. As we decrease the evaporation rate, the velocities
inside the drop decrease. So, the particles have more time to
deposit, before they swept to the contact line of the drop. So,
as we decrease the initial aspect ratio of the drop or as we
decrease the evaporation rate, the deposition rate increases.

Understanding how the parameters varied with the deposi-
tion profile enable us to control the particle deposition pro-
file. For example to shift particles toward center can be done
by increasing the deposition rate which is achieved by
increasing Damkohler number or decreasing Peclet number
or decreasing the initial aspect ratio of the drop or decreasing
the evaporation rate. Figures 12 and 13 show different sur-
face concentration profiles that can be obtained by varying
those parameters.

Conclusions

We have successfully obtained the particle deposition pro-
file along the substrate during sessile drop evaporation of a
particle suspension. The governing equations are solved
numerically using the G/FEM for discretization of the spatial
domain and an adaptive finite difference method for discreti-

Figure 12. Particle surface concentration profiles.

(a) Pe 5 10, Da 5 100, initial aspect ratio 5 0.8, (b) Pe 5 10, Da 5 50, initial aspect ratio 5 0.8, (c) Pe 5 20, Da 5 100, initial as-
pect ratio 5 0.8, (d) Pe 5 10, Da 5 100, initial aspect ratio 5 0.4.

Figure 13. Particle surface concentration profiles for
Pe 5 10, Da 5 100, initial drop aspect ratio
5 0.8, for different evaporation rate.

(a) c1 5 0, (b) c1 5 0.5 (lower evaporation rate than
case (a)).
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zation in the time domain. The vapor concentration profile
around the drop, the drop shape, the fluid velocity and pres-
sure, and the particle concentration profile inside the drop
have been solved simultaneously.

Four different particle deposition profiles have been
obtained. Several particle deposition profiles which have been
obtained experimentally, such as a ring-shaped deposit and uni-
form particle distribution, are obtained from the numerical sim-
ulations. The particle deposition profile is determined by the
competition of particle transfer in the bulk (both convective
and diffusive mass transfer) and the particle deposition rate
along the substrate. The deposition profile can be modified by
altering the Peclet number, Damkohler number, the evapora-
tion rate, and the drop initial aspect ratio. Using this numerical
model, the deposition profile can be predicted.
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