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a b s t r a c t 

We study experimentally and theoretically how vapor-driven solutal Marangoni flows inside a sessile 

droplet are created. To measure the flow field, we perform a conventional particle image velocimetry 

(PIV). We show that the internal flow pattern can be controlled by the position and number of volatile 

liquid sources. To explain the mechanism, we develop a theoretical model based on Stokes flow, which 

predicts primary flow structures of experimental results. From the current study, we find two main condi- 

tions to determine the internal flow that are the distribution of the vapor molecules and the surface ten- 

sion values depending on the concentration of the volatile liquid. From the analytical model, we success- 

fully explain the mechanism of the solutal Marangoni flows induced by the volatile liquid components 

next to the sessile droplet, which can be used for optimization of the vapor-driven solutal Marangoni 

flow control and mixing. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Flow control inside a small droplet has actively been studied in 

arious areas such as cell separation [1] , inkjet printing [2,3] , and 

ioassays [4,5] . For microfluidics technology, it should be low-cost, 

ortable, easy to implement to the system. However, in general, 

omplex and large devices are used to control and generate a flow 

attern using external forces, for instance acoustic [6] , electric [7] , 

nd magnetic force [8] . In a small volume, particularly, if there is a

iquid-gas interface, surface tension effect becomes important com- 

ared to viscous, inertial, and gravitational effects. For this case, a 

arangoni effect can be highly useful for controlling the flow pat- 

erns by using non-uniform distribution of surfactant [9–11] , tem- 

erature [12–16] , and solute [12,16–22] . According to the literature, 

t is introduced that the solutal Marangoni effect can be possibly 

pplied for some biological applications because the volatile liq- 

id components do not contaminate the sample and maintain a 

onstant temperature while effectively generating flows and trans- 

orting materials [23] . 

Self-induced solutal Marangoni flows have been observed in an 

vaporating binary mixture droplet [24,25] . Recently, it is reported 

hat Marangoni flows are generated while the volatile liquid evapo- 

ates next to the water drop, which were not controlled [20] . Later 

n, vapor-driven solutal Marangoni effects have been proposed for 
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 novel flow control and mixing method for micro-systems, which 

an be controlled by volatile liquid sources [21] . According to the 

iterature, the velocity of the solutal Marangoni flow is propor- 

ional to the vapor pressure of the volatile liquid and the num- 

er of vortices (N) increases with the number of the source points 

M), i.e., 2M = N. However, understanding of the mechanism of 

apor-driven solutal Marangoni flows is still far from complete. For 

nstance, as shown in Fig. 1 , we observe that there is no flow pat-

ern when we apply 4 source points of 3M Novec HFE-70 0 0 to 

he droplet, where the vapor pressure of HFE-70 0 0 is much higher 

han that of acetone [26,27] , i.e. v p (HF E−70 0 0) 
= 52.7 kPa > v p (acetone ) 

 24.8 kPa and the surface tension of HFE-70 0 0 is lower than that

f acetone [28,29] , i.e. γHF E−70 0 0 = 12.3 mN/m < γ acetone = 23.2 

N/m. Interestingly, if there is a single source of HFE-70 0 0, there 

s a strong convection flow (see Supplementary Movie 1). Further- 

ore, for the multiple sources, it is still unclear that the reason of 

he vanishing of the flow pattern. We will try to explain this rea- 

on based on our experimental result and discussion. We expect 

hat a relevant theoretical model could be useful to understand the 

echanism. 

In this study, we experimentally investigate the vapor-driven 

olutal Marangoni flow driven by vapor of a volatile liquid us- 

ng particle image velocimetry (PIV). Based on the experimen- 

al observation, we assume that a primary flow is mostly a two- 

imensional flow in polar coordinates. From this, we obtain an an- 

lytical model for the vapor-driven solutal Marangoni flow based 

n Stokes flow approximation in a sessile droplet. We observe that 

he theory predicts well the experimental results. Using the ana- 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120499
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

v p vapor pressure (kPa) 

R droplet radius (mm) 

h droplet height (mm) 

d distance between droplet and source (mm) 

d 0 capillary tube diameter (mm) 

St Stokes number 

C mole fraction 

D diffusion coefficient (m 

2 /s) 

Pe Peclet number 

Re Reynolds number 

T temperature ( ◦C) 

μ water dynamic viscosity (kg/(m · s)) 

γ surface tension (mN/m) 

ρ density (kg/m 

3 ) 

τ time (s) 

τMa Marangoni stress (Pa) 

ψ stream function 

ε aspect ratio between droplet radius and height 

ω vorticity (1/s) 

ytical model, we explain how solutal Marangoni flows are created 

nd why the internal flow disappeared for multiple vapor sources, 

hile changing the vapor distribution along the droplet interface 

y varying the boundary conditions of the mole fraction in the gas 

hase and the location of volatile liquid sources. We believe that 

he analytical model can be useful to optimize the vapor-driven so- 

utal Marangoni flow controller and mixer for future microfluidics 

pplications. 

. Experiments 

In this study, to understand the working mechanism of vapor- 

riven solutal Marangoni flow, we performed a 2D conventional 

IV and then we observed the depth-averaged flow pattern inside 

 flat droplet. In this sense, we focus on the 2D primary flow pat- 

ern in the middle of the droplet rather than a complicated three- 

imensional flow structure near the edge of the droplet. We in- 

estigate the solutal Marangoni flows induced by volatile liquid (in 

his study, acetone) while changing the number and the position 

f source points. To measure the flow fields, we perform a con- 

entional PIV that the experimental setup is illustrated in Fig. 2 . 
ig. 1. Internal flow patterns of the vapor-driven solutal Marangoni flow induced by 

a) 4 acetone source points and (b) 4 HFE-70 0 0 source points. Black circle symbols 

ndicate source locations that are equally apart from the droplet by 1 mm and the 

lack dashed circle is the droplet contact line. The scale bar is 1 mm. 

t

μ
v

R

d

t

t

o

m

f

g

t

t

s

a(
w

w

2 
he detail experimental conditions are described in the following 

aragraphs. 

.1. Preparation of droplet and substrate 

For experiments, a 2.0 μL droplet (de-ionized (DI) water, 18.2 

 �cm Merck Millipore, Direct-Q3) is deposited on a hydrophobic 

over glass (Duran group, Germany) using a micropipette (Eppen- 

orf, Germany). To pin the contact line, we partially change the 

urface condition. A PDMS mold that is punched to a circle shape 

t the center is attached on the cover glass and the substrate is 

reated with a BD-10AS high-frequency generator (Electro-Technic 

roducts, USA) to make it hydrophilic. After the surface treatment, 

he PDMS mold is removed. When we deposit a liquid drop on the 

reated area, we observe that the contact line of the droplet pins 

nd it remains a constant droplet radius, R = 1.5 ± 0.1 mm. We 

lso measured the droplet height, h = 0.39 ± 0.02 mm, using the 

ide view measurement. 

.2. Preparation of volatile liquid sources 

A capillary tube (Sutter instrument, USA, d 0 = 0.5 mm) that 

ontains acetone (density ρ = 790 kg/m 

3 , molar mass = 58.08 

/mol, surface tension γ = 22.8 mN/m, and vapor pressure v p = 

4.6 kPa at T = 20 ◦C) is installed next to the sessile droplet to

enerate the vapor-driven solutal Marangoni flow, and its location 

s controlled with a linear stage by attaching on the tube holder 

s shown in Fig. 2 (a). The acetone vapor diffused from the tip of 

he capillary tube alters the local surface tension of the droplet in- 

erface, and then the Marangoni stress generated as described in 

ig. 2 (b). To control the flow pattern, we vary the number of capil- 

ary tubes from 1 to 4 while keeping the same distance d = 1 mm.

ll experimental setups including the sessile droplet and capillary 

ubes are covered by the acrylic hood case (290 mm × 225 mm 

120 mm) to isolate from external convection effects (see Fig. 2 ). 

.3. Particle image velocimetry 

To observe the flow inside the sessile droplet, we use fluores- 

ence particles (PS-FlouRed-Fi320, microparticles GmbH, Germany) 

t a concentration of 12.5 × 10 −5 wt%. In this experiment, the 

tokes number ( St = τp / τ l ) that is the ratio of the particle response

ime ( τp = (1 / 18)	ρd 2 p /μ ≈ 10 −8 s) and the time scale of the flow

 τl = R/U ≈ 10 −1 s) is O (10 −7 ) , where 	ρ = ( ρp - ρw 

) is the den-

ity difference between the particle density ρp (1050 kg/m 

3 ) and 

he water density ρw 

(10 0 0 kg/m 

3 ), d p is the particle diameter (1.9 

m), and μ is the dynamic viscosity of water. The primary flow 

elocity U is O (10 mm/s) obtained from the PIV measurement and 

 is the radius of the droplet. Thus, particles follow the flow well 

ue to St � 1 [18] . The Nd:YAG laser (Microvec, China) stimulates 

he fluorescence particles and emitted fluorescent signals from par- 

icles are captured with a high-speed camera at the recording rate 

f 10 0 0 frames per second. 

Using iterative 2D cross-correlations of particles images with 

ultiple interrogation windows (a half overlapping 6 4 × 6 4 pixels 

or a course grid and a half overlapping 32 × 32 pixels for a fine 

rid [30] ), we obtain the velocity vectors. Furthermore, to improve 

he particle image quality, we use a contrast limited adaptive his- 

ogram equalization (CLAHE) and a high-pass filter. In this PIV re- 

ults, the divergence error of the measurement results is estimated 

s [31] , 

∂u 

∂x 
+ 

∂v 
∂y 

)2 

∼= 

(
2 σ	x 

D I 	t 

)2 

(1) 

here σ	x is the particle displacement, D I is the interrogation 

indow size. The error is between 0.050 and 0.396 pixels. Since 
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Fig. 2. (a) Schematic of the experimental setup for particle image velocimetry (PIV). During experiments, to exclude external convection effects, a sessile droplet and capillary 

tubes are covered by the hood case. For flow visualization, we used 1.9 μm fluorescence particles that emitted λ = 607 nm light when they are excited by λ = 532 nm laser. 

Fluorescent signals are captured by using an optical filter ( λ > 540 nm) and a high-speed camera. (b) The top view of the vapor-driven solutal Marangoni flow experiments 

where the number of source points is (i) 1, (ii) 2, (iii) 3, and (iv) 4. Acetone vapor is diffused from a capillary tube. The distribution of the acetone vapor can be defined 

by the arrangement of capillary tubes containing acetone. The red arrow indicates the direction of the Marangoni stress induced by the acetone vapor. d 0 is the capillary 

diameter and d is the shortest distance between the capillary tip and the droplet surface. 
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he error is ~ O (0.1 pixels), we can assume that this error is con- 

istent with a typical measurement uncertainty reported for the 

revious results [31,32] . 

. Results, theoretical model, and discussion 

In this section, to understand the experimental results, we de- 

elop a theoretical model for the vapor-driven solutal Marangoni 

ow in a sessile droplet. By comparing experimental and theoreti- 

al results, we show two dominant factors to determine the inter- 

al flow pattern. Finally, we explain the reason why different flow 

atterns can be observed although volatile liquid’s vapors applied 

o the water droplet (see Fig. 1 ). Furthermore, we present unex- 

ected vapor-driven solutal Marangoni flows by using experiments 

nd theory. 

.1. Experimental result and discussion 

We investigate the vapor-driven solutal Marangoni flow inside 

 sessile droplet by increasing the number of acetone sources, as 

hown in Fig. 3 (a). The black arrows are velocity vectors and 

he red arrows represent a typical flow structure. In this case, we 

bserve that initially the internal flow monotonically develops in 

ime after installing the acetone vapor source. For the acetone case, 

fter 3 minutes, the flow pattern becomes quasi-steady. Therefore, 

o avoid the unsteady effect, in this study, we only consider and 

easure the flow field after 3 minutes. This flow development is 

lready observed and explained in the preceding work (Park et al. 

21] ). In addition, we note that weak three-dimensional flow pat- 

erns near the contact line are observed, which is negligible com- 

ared to the primary flow pattern (the red arrows in Fig. 3 (a)). 

We install the capillary tube containing volatile liquid on the 

ubstrate (see Fig. 2 ). Fig. 3 (a) shows that the number of circu-

ating flows increases with the number of the sources. The flows 

re generated due to the solutal Marangoni stresses along the in- 

erface by the diffused acetone vapor. If the droplet surface is close 

o a source point (i.e., θ = 0), there are more acetone vapors than 

ther locations, so that the surface tension becomes lower at θ = 

. Therefore, the Marangoni stress is directed from the close ( θ = 

) to the far position ( θ = π /2) as shown in Fig. 2 (b) and then

he solutal Marangoni flow along the droplet interface is created 

n the same direction as shown in Fig. 3 (a). Here, since the height

f the droplet is smaller than the diameter of the capillary tube, 

he amount of the acetone vapor diffused from the tip of the cap- 
3 
llary tube along the vertical direction will be similar. Thus, the 

urface tension gradient in the vertical direction would be much 

maller than the horizontal direction. Hence, we assume that the 

urface tension gradient along the azimuthal direction is dominant 

hat mainly drives solutal Marangoni stresses. 

The solutal Marangoni flow is observed using PIV, and time- 

veraged wall-normal vorticity w̄ = 

(
∂ ̄v 
∂x 

− ∂ ̄u 
∂y 

)
is calculated with 

he time-averaged velocity ( ̄u , v̄ ) in cartesian coordinates. We ob- 

erve that the magnitude and the size of vortices decreased with 

he number of sources. To understand this result, it is important to 

now the exact boundary condition, i.e., the surface tension gradi- 

nt depending on the vapor concentration. However, unfortunately, 

t is extremely difficult to measure the Marangoni stress at the in- 

erface directly. Therefore, we try to develop an analytical model 

or this problem, which can be useful to understand the mecha- 

ism of the solutal Marangoni flows driven by the vapor of the 

olatile liquid component. 

.2. Analytical model for vapor-driven solutal Marangoni flow 

In this problem, the acetone vapor is continuously propagated 

rom the tip of the capillary tube to the water droplet surface, 

hich is driven by diffusion. The diffusion time scale for this can 

e scaled as τ d ~ d 2 / D , where D (10.5 × 10 −6 m 

2 /s) is the diffu-

ion coefficient of acetone in air [33] . After the acetone vapor ar- 

ives at the droplet interface, the attached acetone vapors generate 

arangoni stresses and the vapors are followed by the Marangoni 

onvective flow in a finite time τ a ~ R / U a , where the flow velocity 

 a is O (10 mm/s). Then, here, for the outside of the droplet, the 

eclet number, Pe out = τd /τa = 

d 2 

R · U a 
D , is order of unity, so that we 

an assume that the acetone vapor absorbs into the droplet inter- 

ace [34] . Furthermore, for this particular case, the rate of diffu- 

ion inside the sessile droplet τ ′ 
d 

is scaled as R 2 / D , where D (1.2

10 −9 m 

2 /s) is the diffusion coefficient of acetone in water [35] , 

o the Peclet number inside the droplet, Pe in = τ ′ 
d 
/τa � 1 , is much 

arger than unity. Thus, we can assume that the convection effect 

aused by the surface tension gradient is dominant in compari- 

on to diffusion [36] , and hence the solutal Marangoni circulat- 

ng flow brings a pure DI water to the interface and therefore the 

arangoni flow is continuously generated until the volatile liquid 

omponent is saturated [23] . 

In this problem, we assume that the in-plane two-dimensional 

ow inside the droplet is predominant because Re · ε ( Re = 
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Fig. 3. (a) Experimental and (b) analytical results for the velocity vectors (black arrows) and vorticity (color map) of vapor-driven solutal Marangoni effects by varying the 

volatile liquid source point from 1 to 4 where R = 1.5 mm and d = 1.0 mm, respectively. In this case, we consider the solutal Marangoni flow caused by acetone sources. 

The black circle symbol indicates the position of the acetone source point, and the red arrows show a typical flow pattern inside a droplet. Boundary conditions for the 

analytical model: (c) The acetone mole fraction and (d) the normalized Marangoni stress ( τ Ma, norm = 	γ / γ w ) along the droplet interface (- π ≤ θ < π ) where γ w is the 

surface tension of water. The scale bar is 1 mm. 
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UR / μ, ε = h/R � 1 ; h is the height of the droplet) is smaller

han unity due to a relatively flat shape of the droplet. Therefore, 

e simplify the system as a circular domain, so we assume that 

he two-dimensional flow is pre-dominant and it is governed by 

he Stokes equation in polar coordinates. The governing equation 

eads to the biharmonic equation in polar coordinates, 

 

4 ψ(r, θ ) = 0 , (2) 

here ψ( r , θ ) is the stream function and there is a general Fourier

eries solution to biharmonic equation, so-called Michell’s solu- 

ion [37] . To obtain the solution we apply five boundary con- 

itions, i.e. (1) the periodicity of the stream function and ve- 

ocity field ( ψ(r, θ ) = ψ(r, 2 π + θ ) , u r,θ (r, θ ) = u r,θ (r, 2 π + θ ) ), (2)
4 
o velocity divergence at the center from the physical observa- 

ion ( ∇ψ(0 , θ ) = 0), (3) mass conservation ( ∇ 

2 ψ = 0), (4) the kine-

atic boundary condition along the contact line ( u r (R, θ ) = 0), 

nd (5) symmetric azimuthal velocity due to geometry ( u θ (r, θ ) = 

u θ (r, −θ ) , u r (r, θ ) = u r (r, −θ ) ). As a result, the stream function

nd velocity vectors are, respectively, 

(r, θ ) = 

∞ ∑ 

1 

B n 1 r 
n (r 2 − R 

2 ) sin nθ, (3) 

 r (r, θ ) = 

∞ ∑ 

1 

nr n −1 B n 1 (r 2 − R 

2 ) cos nθ, (4) 

 θ (r, θ ) = −
∞ ∑ 

1 

B n 1 r 
n −1 ((n + 2) r 2 − nR 

2 ) sin nθ, (5)
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Fig. 5. Comparison of U center aligned to the vapor source position (the capillary 

tube) between theory and experiments while the number of source points is varied 

from 1 to 4. (a) Black symbols from experiments and blue symbols are from the 

analytical model where C max is from Eq. (15) . The error bar indicates the range of 

velocity fluctuations in the quasi-steady regime. In this case, for the blue symbols, 

C tan / C max is assumed to be 1/2 from Eq. (15) and Park et al. [21] , where C max is the 

mole fraction at the point that is the closest from the source and C tan indicates the 

mole fraction at the position that meets with the tangent line from the source on 

the interface of the droplet. The inset indicates the location of U center . (b) Compar- 

ison of the effect of the prefactor α ( = C tan / C max ) for the vapor distribution where 

the C max value is empirically obtained to match with experimental results, which is 

doubled as the previously determined condition ( Eq. (15) ). Here, the variation of α

indicates the shape of the Gaussian distribution profile. 
here B n 1 coefficients can be obtained from the Marangoni stress 

oundary condition from the following equation, Eq. (6) . Here, we 

an assume that the Marangoni stress is equal to a viscous shear 

tress along the droplet interface due to Re · ε (∼ 10 −1 ) < 1 and 

a (= μU/ 	γ ∼ 10 −3 ) � 1, 

Ma = τrθ | r= R = μ

(
1 

r 

∂u r 

∂θ
+ 

∂u θ

∂r 
− u θ

r 

)∣∣
r= R . (6) 

he Marangoni stress induced by the surface tension gradient ( 	γ ) 

an be scaled as 

Ma ∼ 	γ

R 

, (7) 

nd by the chain rule the surface tension gradient can be written 

s 

γ ≈ ∂γ

∂C 

∣∣
C(θ ) 

∂C 

∂θ

∣∣
θ
	θ, (8) 

here C is the local concentration of the vapor of the volatile liq- 

id components. As a result, by substituting Eqs. (3), (4), (5) for 

q. (6) , we can get the stream function ψ( r, θ ), radial velocity u r ( r,

), and azimuthal velocity u θ ( r, θ ) as 

 ( r, θ ) = −
∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

∂γ

∂C 

∣∣
C ( θ ) 

∂C 

∂θ

∣∣
θ
	θ sin nθdθ

]

×
r n 

(
r 2 − R 

2 
)

4 πμnR 

n 
sinn θ, (9) 

 r ( r, θ ) = −
∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

∂γ

∂C 

∣∣
C ( θ ) 

∂C 

∂θ

∣∣
θ
	θ sin nθdθ

]

×
nr n −1 

(
r 2 − R 

2 
)

4 πμnR 

n 
cosn θ, (10) 

 θ ( r, θ ) = 

∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

∂γ

∂C 

∣∣
C ( θ ) 

∂C 

∂θ

∣∣
θ
	θ sin nθdθ

]

×
(
( n + 2 ) r n +1 − nR 

2 r n −1 
)

4 πμnR 

n 
sinn θ . (11) 

urthermore, the vorticity ω is obtained from 

 = −∇ 

2 ψ = 

∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

∂γ

∂C 

∣∣
C ( θ ) 

∂C 

∂θ

∣∣
θ
	θsinn θdθ

]
n + 1 

πμnR 

n 
sinn θ . 

(12) 

The velocity can be determined by the concentration distribu- 

ion of the vapor ( ∂C 
∂θ

) and the surface tension gradient depending 

n the concentration of the volatile liquid component ( 
∂γ
∂C 

) if we 

x the system including the working fluid, the source distance, and 

he droplet size. 

.3. Vapor distribution of volatile liquid 

To estimate the Marangoni stress at the liquid-gas interface, the 

urface tension gradient along the droplet interface should be de- 

ned. Based on Eq. (8) , we decomposite two parts: the surface ten- 

ion value depending on concentration γ ( C ) and the vapor concen- 

ration depending on the location C ( θ ). γ ( C ) is directly measured

y the pendant droplet method as shown in Fig. 4 . However, it is

ifficult to measure C ( θ ) along the droplet surface, and therefore 

he vapor distribution of the volatile liquid along the droplet inter- 

ace should be properly estimated. 

In this problem, the vapor of acetone is purely diffused into air 

nd then vapor distribution can be expressed as exponential func- 

ion of time and distance based on Fick’s second law. However, we 
5 
an neglect the time term because we observe the flow pattern at 

 quasi-steady regime around 3 min after exposing the sources. So 

or the sake of simplicity we assume that the vapor diffused with 

 Gaussian vapor distribution profile along the droplet interface, 

 A (θ ) = 

1 

σ
√ 

2 π
exp 

[ 

−1 

2 

(
θ − θ0 

σ

)2 
] 

, (13) 

here σ is a standard deviation constant of Gaussian distribution 

nd θ0 is the azimuthal location aligned to the source point ( θ = 

). The acetone mole fraction in the vicinity of the contact line of 

he droplet assumed to be almost the same as that in air ( C(θ ) =
 A (θ ) ) because the acetone vapor can be absorbed to the liquid 
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Fig. 6. (a) Comparison of internal flow patterns based on the theoretical model while increasing the maximum mole fraction ( C max ). In this figure, we plot the case of 

4 volatile liquid sources where the Marangoni stress decreases as the acetone mole fraction increases. Here, the condition, C max = 0.12, is the best matched case with 

experimental results. The black circle symbol represents the position of acetone source points. (b) Profiles of the acetone mole fraction and (c) the normalized Marangoni 

stress where the number of source points is (i) 1, (ii) 2, (iii) 3, (iv) 4. The scale bar is 1 mm. 
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nterface in a very short time [38] . To apply the Gaussian profile 

o our system, we defined the mole fraction at θ0 which is the 

losest to the source point as C max ( = C(θ0 ) = 

1 

σ
√ 

2 π
), and the mole

raction at the point which meets with the line that tangent to 

he surface of the droplet from the source point as C tan = C ( θ1 )

here θ1 = cos −1 (R/ (d + R )) , as shown in the inset of Fig. 5 (a).

rom C max , C tan , and θ1 , the concentration profile along the vicinity 

f the droplet surface reads as 

(θ ) = C max exp 

(
θ

θ1 

)2 

ln 

(
C tan 

C max 

)
, (14) 

here C max and C tan of the acetone mole fraction profile can be 

etermined such as, 

 max = 

c 0 d 0 
2 d 

and C tan = 

c 0 d 0 

2 

√ 

(d + R ) 2 − R 

2 
. (15) 

ere, c 0 is the saturated concentration that is the acetone mole 

raction at the tip of the capillary tube, which is calculated by Dal- 

on’s law [39] based on the diffusion mechanism [21] . By defining 

he mole fraction, we obtain the analytical result from Eqs. (10) 
6 
nd (11) , 

 r ( r, θ ) = −
∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

f ( θ ) g ( C ) 	θ sin nθdθ

]

×
nr n −1 

(
r 2 − R 

2 
)

4 πμnR 

n 
cos nθ, 

(16) 

 θ ( r, θ ) = 

∞ ∑ 

n =1 

[
1 

R 

∫ 2 π

0 

f ( θ ) g ( C ) 	θ sin nθdθ

]

×
(
( n + 2 ) r − nR 

2 r n −1 
)

4 πμnR 

n 
sin nθ, 

(17) 

here f ( θ ) = 

C(θ ) 
C max 

= exp [( θ
θ1 

) 2 ln ( C tan 
C max 

) ] and g(C) = 

∂γ
∂C 

( 2 θC max 

θ2 
1 

) ln ( C tan 
C max 

) . The analytical results for flow patterns are 

resented in Fig. 3 (b) and the boundary conditions are described 

n Figs. 3 (c) and 3 (d). 

For the single source, we use Eqs. (16) and (17) combined 

ith the concentration condition Eq. (15) . Then, for the multi- 

le sources, the solution could be obtained by using superposition 

rom the single source result because of linearity. We observe that 

he primary flow fields show a good agreement between theory 
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Fig. 7. (a) Experimental and (b) analytical results by changing the location of source 

points where d = 1.0 mm for 4 sources. The black circle symbol indicates the lo- 

cation of acetone source points, and the red arrows indicate a typical flow pattern 

inside a droplet. The scale bar is 1 mm. Boundary conditions for (c) the acetone 

vapor concentration and (d) the Marangoni stress along the droplet interface are 

presented, respectively. The scale bar is 1 mm. 
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nd experiments. Namely, the number of vortices increases with 

he number of sources and the typical flow pattern is also sim- 

lar. However, the detail flow structure near the contact line is 

ot perfectly matched. Possibly, this could be due to the three- 

imensional effect that is already mentioned earlier and data post- 

rocessing. Furthermore, the magnitude of vorticity is lower than 

hat of experiments. We suspect the actual local concentration of 

he acetone vapor might be different from what we expected from 

q. (15) and Park et al. [21] . 

To check the effect of the local vapor concentration on the re- 

ult of the primary flow, we plot and compare the magnitude of 

he internal flow velocity at θ = 0 aligned to the capillary tube, 

amed as U center (see the inset of Fig. 5 (a)), by varying the num-

er of volatile liquid sources (see the black symbols of Fig. 5 ). The

rror bars in Fig. 5 are from the minimum and maximum veloc- 

ty due to the oscillatory flow pattern, which is already reported 

y Park et al. [21] . We also confirm that the periodically repeating 

ow patterns are quasi-steady. Based on Eq. (15) that is suggested 

rom the preceding work, we plot the blue line in Fig. 5 (a), which

oes not predict well the experimental results. As we discussed 

arlier, this might be due to the incorrect estimation for the va- 

or distribution along the droplet interface, which is not possible 

o measure directly for now. From Eqs. (16) and (17) , the magni- 

ude of velocity is affected by C max and the ratio between C max 

nd C tan at the same time. Therefore, we compare the U center by 

hanging C max and the value α ( = C tan / C max ). In Fig. 5 (b), we empir-

cally find C ( θ0 ) = 2 C max to match the U center between experiments

nd theory for one source where θ (0) = θ0 . The prefactor α de- 

ermines the shape of the vapor distribution, which is tested and 

lotted in Fig. 5 (b). In this problem, for α = 1/10, the U center of the

nalytical results show a good agreement with the experimental 

esults. We admit that the analytical model might still be incom- 

lete because of the unknown boundary condition, ( ∂ C / ∂ θ ). Nev- 

rtheless, we should emphasize that the current analytical model 

ossibly contributes to predict the primary flow patterns inside a 

essile droplet, which can be used for the optimization of the so- 

utal Marangoni effects as an effective flow controller in the near 

uture. 

.4. Effects of boundary conditions on internal flow patterns 

We show that the analytical results are qualitatively in good 

greement with experimental results. It shows that the flow struc- 

ure is determined from the interplay of the two effects: the sur- 

ace tension gradient ( 
∂γ
∂C 

) and the mole fraction profile ( ∂C 
∂θ

) si- 

ultaneously. Typically, the surface tension value depending on a 

ixture ratio is measured by experiments, so that it can be prede- 

ermined. Then, it turns out that the internal flow pattern can be 

etermined by the vapor concentration distribution of the volatile 

iquid. We observe that the effects of the vapor concentration dis- 

ribution by changing the amount of a vapor and the source loca- 

ion on the internal flow patterns. 

In the previous work, we reported that when the volatility of a 

olatile liquid source increases, a velocity of the solutal Marangoni 

ow becomes stronger [21] . In the same manner, we can imag- 

ne that if there are more vapors diffused into air (next to the 

roplet interface), the Marangoni stress should be increased. How- 

ver, through the experimental result in Fig. 1 (b), we observe that 

t is not always true. To clarify this result, we vary the C max indi-

ating the amount of a vapor and increase as 0.12, 0.3, 0.5, and 0.7 

here C max = 0.12 is the best matched case with current experi- 

ental results using acetone (see Fig. 5 (b)). The analytical model 

hows that the magnitude of vorticity and velocity decreases with 

he concentration of the vapor, as shown in Fig. 6 . In fact, this

esult can explain why the HFE-70 0 0 case shows almost no flow 

attern as presented in Fig. 1 (b). Due to the large amount of the
7 
apor in the vicinity of the surface of the sessile droplet, the va- 

ors of HFE-70 0 0 cover the entire droplet and the concentration of 

he vapors is larger, so that the concentration gradient is decreased 

namely, the Marangoni stress is decreased as well), as shown in 

igs. 6 (b) and 6 (c). 

To further investigate, based on the theoretical model, we ex- 

mine the concentration profile and Marangoni stress along the 

roplet interface by increasing the number of sources. As the num- 

er of sources increases, the overlapped region of the acetone va- 

or increases where the local concentration is not zero, as shown 

n Fig. 6 (b). Therefore, the magnitude of the Marangoni stress 

Ma, norm 

decreases as shown in Fig. 6 (c). For the vapor-driven 

arangoni stress, the surface tension gradient 
∂γ
∂C 

is important, 

ather than the magnitude of the local surface tension. 

Additionally, we test whether the distribution of the vapor 

ources can affect to the Marangoni velocity and vorticity. Based 

n the current study (see Figs. 1 , 3 , and 6 ), 8 vortices should be

nduced by 4 source points. However, we observe that 4 vortices 

re generated by 4 source points experimentally and analytically as 

hown in Figs. 7 (a) and 7 (b). Since volatile liquid vapors from dif- 

erent sources are overlapped as shown in Fig. 7 (c), the Marangoni 

tresses are almost zero at the overlapped region. This indicates 

hat the internal flows can be dramatically changed by the loca- 

ion of source points. Furthermore, using the analytical model, we 

bserve various flow patterns by tunning the boundary conditions 

s Fig. 8 (Experimental results of each case are presented in Fig. 

1 of the Supplementary Information). For Fig. 8 (a) case, by modi- 

ying the position of the sources, we obtain the higher magnitude 

f vorticity and velocity compared to the double and triple sources 

f Figs. 3 (a) and 3(b) while keeping d = 1 mm. These examples
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Fig. 8. Examples for unexpected internal flow patterns by changing the location 

and the number of source points where d = 1.0 mm for (a) 2 and (b) 3 sources. 

The black circle symbol indicates the location of acetone source points, and the 

red arrows indicate a typical flow pattern inside a droplet. Boundary conditions for 

(c) the acetone vapor concentration and (d) the Marangoni stress along the droplet 

interface are presented, respectively. The scale bar is 1 mm. 
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epresent that the analytical model could be used for the opti- 

ization of the vapor-driven solutal Marangoni flow controller and 

ixer. 

. Conclusion 

In this study, we investigate how the vapor-driven solutal 

arangoni flow creates inside a sessile droplet. To explain this 

echanism, we develop an analytical model based on the Stokes 

ow, which shows a good agreement with experimental re- 

ults. Furthermore, the model clarifies why acetone and HFE-70 0 0 

ources provide a different flow pattern as shown in Fig. 1 . 

Using the analytical model, we demonstrate that the Marangoni 

tress is the result of interplays of surface tension values of a 

olatile liquid and a molecule distribution of the diffused vapor 

n the gas phase. It shows that the interference between the dif- 

used vapors is also important to generate the vapor-driven solutal 

arangoni flow. Based on this analytical model, we could consider 

nd generate all the possible flow structures by applying bound- 

ry conditions and we expect that we can develop an optimization 

odel if we can use a machine-learning model. 

Experimentally, we could measure the surface tension values 

epending on the mole fraction using multiple methods. Unfor- 

unately, for now, the vapor concentration of the volatile liquid 

omponent in the vicinity of the droplet interface was not mea- 

ured. In this study, by comparing analytical results with experi- 

ental results, we estimated the vapor distribution. However, re- 

ently, using an optical interferometry method, the vapor cloud 

as visualized [26,40] . If this measurement technique can capture 

he molecule distribution of the diffused vapor in air, it could be 
8 
seful to understand the detail of the mechanism. Nonetheless, we 

elieve that the current analytical model as a simulation tool could 

rovide insights into the optimization and commercialization of 

olutal Marangoni flow controller and mixer. 
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