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ABSTRACT

Droplet evaporation coupled with gravity and surface tension on a wall with the
radial temperature gradients is numerically studied with the arbitrary
Lagrangian—Eulerian method. The influence of the wall temperature distribution
on the droplet evaporation process, which is less considered in the existing
literature, is mainly discussed. The droplet temperature coefficient of the surface
tension and the viscosity on the droplet profile evolution, flow, heat and mass
transfer characteristic are also discussed. The results indicate that the droplets
become flat first and then retract under the gravity and Marangoni convection
during droplet evaporation. There are two high-velocity regions inside the
evaporating droplet. One region is at the droplet axis, in which fluid flows to the
wall from the droplet top. The other region is near the droplet surface, where
fluid flows to the droplet top. There are turning points on the two sides of which
the influence of wall temperature distribution on the ratio between the droplet
height and the radius of the three-phase contact line (h/R¢), the velocity in the
droplet and the surface temperature converts. All of them are larger before the
turning point when the wall temperature slope is positive. After the turning point,
these are reversed. For both h/Rc and average surface temperature, there is one
turning point, which are t*=1.63x10* and t*=1.05x10%, respectively. For
maximum velocity and average velocity in droplet, there are two turning points,
which are both t*=1.63x10* and t*=1.7x10. The droplet morphology changes
more obviously when it is with a greater temperature coefficient of surface
tension. Moreover, the turning point is delayed from t*=6.41x10° while « is 8
K/m to t*=7.91x10° while « is -8 K/m, which indicates that the negative wall
temperature slope is beneficial to inhibit the Marangoni effect on droplet
evaporation.

1. INTRODUCTION
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Droplet evaporation on walls is not only ubiquitous
in nature but also a key thermophysical process in
engineering applications, such as spray cooling (Zhang et
al., 2013), thin-film preparation (Hu & Imaishi, 2000),
ink-jet printing (Tekin et al., 2004), biomedical
engineering (Hu & Larson, 2002), particle deposition and
removal (Wang et al., 2001; Chang & Velev, 2006; Al-
Sharafi et al., 2016a), and heat pump systems (Dai et al.,
2019; 2023). During the evaporation process, an
unbalanced surface tension distribution may be derived
from the uneven surface temperature distribution on
account of the nonuniform heat transfer led by the

nonuniform droplet thickness and the inhomogeneous
mass transfer on the surface. (Scriven & Sternling, 1960;
Deegan et al., 1997) Then, Marangoni convection inside
the droplets near the surface occurs. Simultaneously, the
Marangoni convection reacts upon the distribution of
droplet surface temperature distribution.
Correspondingly, the mass transfer on the droplet is also
impacted. Therefore, heat transfer, mass transfer and
fluid flow are coupled during the evaporation process. A
further study on the droplet evaporation flow, heat and
mass transfer mechanism will not only contribute to
improving the evaporation phase change theory but also
provide an important theoretical basis and key technical
support for droplet evaporation regulation in engineering
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NOMENCLATURE
a thermal diffusivity
c mass concentration

Co the specific heat at constant pressure
C.  boundary concentration of the gas phase

D diffusion coefficient

fst force generated due to the interfacial tension

T

external force

g acceleration of gravity

h maximum height of the evaporating droplet
h dimensionless droplet height

H, latent heat of vaporization

k heat conductivity coefficient

Kg thermal conductivity of the gas phase

ki thermal conductivity of the liquid phase

Ms  mass flux at the interface

M. Marangoni number

p pressure
Q heat of evaporation
r dimensionless three-phase contact line radius

Re radius of the three-phase contact line

Rei initial radius of the three-phase contact line
t time

t* dimensionless time

T temperature

Taom  ambient temperature

Taw  droplet surface average temperature
Te wall temperature at the droplet center
Tmax  Maximum surface temperature

Tmin  mMinimum surface temperature
wall temperature at the three-phase contact line

Tr o atthe initial
difference between the average wall temperature
AT .
and ambient temperature
u velocity vector
Ug gas velocity
u liquid velocity

vay  average velocity
vmax ~ Maximum velocity
Greek symbols

a wall temperature slope

0 contact angle

U dynamic viscosity

v kinematic viscosity

p density

Py gas density

Pl liquid density

o surface tension

oy surface tension at the three-phase contact line

oT temperature coefficient of the surface tension
Ty gas phase total stress tensors
T liquid phase total stress tensors

practice. In this case, it can improve the performance of
related devices to increase the utilization rate of materials
and energy, which is very meaningful to achieve the goal
of carbon neutrality.

To date, considerable attention has been given to
droplet evaporation on heated walls. Deegan (2000b) and
Deegan et al. (1997, 2000) indicated that since the
thickness is larger at the center than at the droplet edge,
the center surface temperature is lower than edge under a
larger heat transfer resistance. Moreover, the hot fluid
will flow to the droplet top from the edge driven by the
unbalanced tension along the surface due to this uneven
surface temperature distribution (Tsoumpas et al., 2015;
Shi et al., 2017; Strizhak et al., 2018). Chandramohan et
al. (2016), Albernaz et al. (2016) and Savino et al.
(2002), and Savino & Fico (2004) found that the
Marangoni convection coupled with the surface
evaporation mass transfer and heat transfer during
droplet evaporation and that the Marangoni convection
dominates and strengthens the heat transfer and impairs
the surface temperature nonuniformity. Simultaneously,
the redistribution of the fluid induced by the Marangoni
convection will cause fluctuation (Girard et al., 2006,
2008), deformation (Thiele & Knobloch, 2004) and other
dynamic behaviors of the droplet surface. For example,
the Marangoni vortex drives fluid aggregation from the
droplet edge to the center (Xu et al., 1984; Quo et al.,

1985; Guéna et al., 2007; Tsoumpas et al., 2015), which
leads to differences from classical large droplets. The
Marangoni convection also impacts the droplet size
during evaporation. A simulation conducted by Barmi &
Meinhart (2014) indicated that as the droplet volume and
surface temperature gradient decrease, the Marangoni
convection gradually weakens until it is negligible. In
addition, the flow in the evaporation droplet is also
impacted by the wall wettability. Droplet evaporation on
wall with different contact angle is numerically
investigated by Hu & Larson (2005, 2006) and found that
there is a critical contact angle where the droplet surface
temperature distribution flips. The surface temperature
rises to the edge from top if the contact angle is over a
critical value. On the contrary, the surface temperature
distribution trend will reverse. Wang & Shi (2020) found
that in the region of the three-phase contact line, the
surface temperature gradient is greater under a larger
contact angle. The gradient direction is also affected by
the critical contact angle, which depends on both the ratio
of the substrate thickness to the droplet contact line
radius and the relative thermal conductivity of the
substrate and the droplet (Ristenpart et al., 2007; Xu et
al., 2012). Zhu et al. (2019) found that thermocapillary
convection always takes place near the three-phase
contact line as long as the temperature gradient exists,
which stabilizes the occurrence of the Marangoni
convective instability. Al-Sharafi et al. (2016b) found
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that the Marangoni convection dominates the flow inside
a droplet when it is on a substrate with high contact
angles.

The wall temperature distribution is an important
boundary condition for droplet evaporation. However,
most researchers have focused on the influences of the
physical property parameters and contact angles on
droplet evaporation on walls with uniform temperature
(Liu et al., 2023; Sefiane et al., 2008). At present, studies
on the impact of the wall temperature distribution
characteristics on droplet evaporation are still limited,
and most of them are about uniform wall temperatures.
Nevertheless, droplet evaporation often occurs on
nonuniform temperature walls in real applications, such
as spray cooling technology for nonuniform internal heat
source electronic equipment (Zhang et al., 2009), surface
cooling of metal processing (Kus et al., 2015) and cell
deposition processes in PCR chip laboratories (Shi et al.,
2011). Simultaneously, it is worth noting that
nonuniform heat transfers inside droplets due to
nonuniform temperature walls and droplet thicknesses
will trigger the Marangoni convection inside droplets.
Therefore, the wall temperature characteristics also have
an important effect on the heat and mass transfer
processes. It is necessary to investigate the influence
mechanism and characteristics of the wall temperature
distribution on the droplet evaporation. For instance, in
an experiment Kita et al. (2016) obtained a nonuniform
wall temperature distribution by laser heating the lower
wall where the droplet evaporates and observed vortex
oscillation in the droplet, which is not observed in droplet
evaporation at a uniform wall temperature. However, the
characteristics of the wall temperature distribution are
difficult to describe guantitatively. Additionally, how the
wall temperature distribution affects the droplet
evaporation process still needs to be further understood.
For this purpose, compared to the experimental study,
numerical simulation is a good method to probe the
mechanism of the evaporation process. Molecular
dynamics simulation (Zhang et al., 2019; Huang et al.,
2022) is an effective method. However, due to limitations
in the computational power, the droplet size that is used
in the simulation is always small. Therefore, in the
current study, droplet evaporation on a wall with a radial
temperature gradient is numerically investigated based on
the arbitrary Lagrangian-Euler (ALE) formulation (Yang
et al., 2014). The morphology and the temperature and
velocity distributions, especially the Marangoni effect in
droplets during the evaporation process, are presented. It
is worth mentioning that a turning point in which the
influence of the wall temperature distribution on the
evaporation process changes is found.

2. PHYSICAL AND MATHEMATICAL MODELS

2.1 Assumptions
Some assumptions are considered as follows:

(1) Since the velocity is low, the flow is considered
to be laminar and incompressible.

(2) In the current study, the Bond number (Cheng &
Wu, 2006) is about 0.2. Thus, the gravity cannot be
neglected.

Droplet

Wall

7‘ R .\TR

1.5R

< »
< >

|
50R

< »
<

Fig. 1 Diagram of the computational domain

Table 1 Physical parameters of HFE7100 (Machrafi
et al., 2018; Bi et al., 2016)

Physical parameters value

Density (p) 1482 (kg/m?)

Kinematic viscosity (v) 5.914e-7 (m?/s)

Constant pressure specific heat

capacity (Cy) 1183 (J/kgK)

Surface tension coefficient at 293K

), 0.0393 (N/m)

Latent heat of vaporization (H.) 1.116e5 (J/kg)

Diffusion coefficient at 298K (D). 6.98e-6 (m?%s)

1085

(3) Except the temperature coefficient of the surface
tension (o7), physical parameters are set to be constant.

2.2 Physical Model

Considering the Marangoni effect, the ALE
formulation method is used to establish a model to trace
the droplet evaporation process on a surface with a radial
temperature gradient. As shown in Fig. 1, an
axisymmetric quarter circle region of 50R is adopted as
the computational domain. The sessile HFE 7100 droplet
is on the horizontal wall whose radius is 1.5R. The
physical parameters of HFE 7100 are listed in Table 1.

2.3 Governing Equations

The governing equations involved in the model for
droplet evaporation used in the current study are as
follows:

The incompressible N-S equation in fluid is as
follow (Yang et al., 2014):

{

where p, u, t, p and u are the density, velocity, time,
pressure and dynamic viscosity, respectively.

au
—+

A (uc~V)uj=V-[— pI+y(Vu+(Vu)T)}+F+pg @))
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The continuity equation is (Yang et al., 2014):
V-u=0 )

The diffusion equation in gas is (Yang et al., 2014):
% + (u, - vk = v - (Dve) 3)

in which c represents the molar concentration.

In the whole computation domain, the heat transfer
equation is as follows (Yang et al., 2014)

pcp(i + (u, - v)rj = v . (kvT)

in which k& and T are the thermal conductivity and
temperature, respectively.

“

2.4 Initial Conditions and Boundary Conditions
2.3.1 The initial conditions

The initial velocity in fluid is set as
U=0

®)

The ambient pressure and temperature are set to be
initial pressure and temperature:

To =Tamb

Po = Pamb
Tamband pamp are 293 K and 101325 Pa, respectively.

6
7

The initial concentration in the gas phase is as

follows:
Co= 0

(8)

In addition, there is no grid displacement in the
initial stage.

Droplet evaporation on the wall is coupled with heat
transfer, fluid flow and mass transfer, which involves the
movement of the three-phase contact line and gas—liquid
interface. The boundary conditions are described as
follows.

2.3.2 The boundary conditions of laminar two-phase flow

The Axisymmetric is set at r=0: (Yang et al., 2014)
0 9)

(10)

u-n

0

[— PI + ,u(Vu + (Vu) )J n

On two-phase interface, the stresses are balanced as
follows (YYang et al., 2014):

n-z,=n-7 + f (11)
In the tangential direction of the interface, the

following can be obtained (Yang et al., 2014):

(n'rg —n-r,)-t = —o;V,T (12)

in which z is the stress tensor and ¢ is the surface tension.

)
)
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The relationship between the flow velocity and the
mass flow at the droplet surface is as follows
(Scardovelli, & Zaleski, 1999):

(13)

In the above equations, 7y and 7 are the gas liquid phase
total stress tensors. f is the force generated due to the
interfacial tension. t is the tangential vector. ugand pq are
the gas velocity and density, respectively, and u; and p
are the liquid velocity and density, respectively. M is the
mass flux.

In the current study, vapor at the droplet surface is
treated as saturated, and the vapor saturation pressure of
HFE 7100 is calculated as follows (Manetti et al., 2020):
InP = 22.415 — 3641.9% (14)

The Navier slip boundary condition (Xu et al., 2018)
is used for the wall, and the length of the slip packet is 2

um. The pressure at the edge of the gas phase area is set
to 1 atm.

2.3.3 The heat transfer boundary conditions

At r=0, axisymmetric conditions are applied as
follows (Yang et al., 2014):

-n (-kvT)=0

Since evaporation occurs, the latent heat across the
interface should be considered, where the boundary
condition is as follows (Yang et al., 2014):

n -k, (VT), —k(vT)) = Q

in which kg and k; are the gas thermal conductivity and
liquid thermal conductivity. Q is the heat of evaporation,
and Q = -M:H,, where Mr and Hy are the total evaporation
rate and latent heat, respectively.

The wall is set as the temperature boundary
condition, and the temperature distributions are evaluated
according to this condition. The gas phase area edge
temperature is

Towo = Tamb
2.3.4 The Mass Transfer Boundary Conditions

(15)

(16)

(1)

Axisymmetric conditions and non-flux boundary
conditions are adopted at r=0 and the wall, respectively.

Both are described as follows (Yang et al., 2014):
—-n-(Dve) =0 (18)

The outer boundary of the gas phase is the constant
concentration boundary:

c,=0 (19)
2.5 Grid Independence Test

To adapt to the boundary conditions well, the
calculation area is divided by the unstructured triangular
mesh. Additionally, the mesh at the droplet surface and
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Fig. 2 Mesh for droplet with radius of 0.75 mm
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Fig. 3 Comparison of the maximum height and
contact radius of evaporating droplets between
simulations in the current study and experiments by
McHale et al. (1998).

wall are refined. For example, when the droplet radius is
0.75 mm, after the grid independence test, the total
number of selected grids is 21150, including 2673
droplet areas, as shown in Fig. 2.

2.6 Model Validation

In order to validate the model used in the current
study, the experiment and numerical studies of water
droplet evaporation are compared. Figure 3 shows the
comparison of profile of droplet with the initial droplet
radius of 0.488 mm and the contact angle of
approximately 108° during the evaporation process
(McHale et al., 1998). The average errors of the contact
radius and maximum height between simulation in the
current study and in experiment are 16.2% and 4.9%,
respectively. As shown in Fig. 4, it compares the volume
evolution of evaporation water droplet on wall with the
contact angle of 57° in still air during the experiment
conducted by Song et al. (2011) and the simulation based
on the model in the current study. It is found that the
average errors of the droplet volume between simulation
and in experiment is about 4.8%. In addition to the
droplet evaporation, the comparison of average surface
temperature of HFE 7100 film between the experimental
results and the simulation results based on
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Fig. 4 Comparison of the droplet volume between
simulations in the current study and experiments by
Song et al. (2011)
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Fig. 5 Comparison of the average surface temperature
of evaporating film between simulation results and
infrared visualization results

the model in the current study is also proposed, as shown
in Fig. 5. The film with the thickness of 1.5 mm is in a
cavity with the diameter of 20mm, and the cavity is
heated at the bottom where the temperature is adjusted to
318 K. It can be seen that the simulation results and the
infrared visualization results are very closed.

Furthermore, under constant contact angle mode,
Erbil et al. (2002) carried out a theoretical analysis on the
evolution of droplet volume, which is influenced by the
surface contact angle, droplet physical properties and
concentration in the environment. Figure 6 shows a
comparison of the numerical simulation and theoretical
model results. It is indicated that under droplet contact
angles of 30°, 60°, 90° and 120°, the average errors
between the results by model and simulation results are
8.9%, 4.9%, 7.3%, and 10.9%, respectively.

By comparing the numerical simulation results with
those in literatures, it can be considered that the model
adopted in the current study is reliable. In addition, a
droplet contact angle of 90° is adopted in the current
study.
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Fig. 6 Comparison of the volume change of
evaporating droplets between the simulation in the
current study and the model by Erbil et al. (2002)

3. RESULTS AND DISCUSSION

To quantify the droplet evaporation process,
dimensionless time, dimensionless three-phase contact
line radius, and dimensionless droplet height are used as
follows (Gao et al., 2018):

*=Dt/R (20)
7*=Ro/R (21)
h*=h/R (22)

In the equations above, t, D, R, and h are the time
duration from the evaporation beginning, diffusion
coefficient, droplet radius and height, respectively. The
Marangoni number is also used in this study and is
calculated as (Zhu & Shi., 2023)

Ma = CrATR (23)
pva

in which, Ry, AT, p, v and a are droplet radius, difference
between the average wall temperature and ambient
temperature, droplet density, droplet kinematic viscosity
and droplet thermal diffusivity, respectively.

The wall temperature slope is defined as
a= (Tr'Tc)/Rci (24)

Tc and T, are the initial wall temperatures at the droplet
center and edge, respectively, and R is the initial three-
phase contact line radius.

In addition, during the data analysis, significant
digits are taken to one or two decimal places based on
rounding. Therefore, there are errors in the results in this
manuscript. Based on the data error analysis, the
uncertainties of temperature, velocity in droplet,

Maragoni number and h/R. are about 0.3%, 2.5%, 0.73%
and 0.95%, respectively.

3.1 Flow and Heat Transfer Characteristics During
Droplet Evaporation on a Gradient Temperature
Wall

Figure 7 shows the droplet profile during droplet
evaporation on the wall with a contact angle of 90° and
different wall temperature distributions. The mean wall
temperatures of five cases are all 313 K. However, the
wall temperature distribution is different. In Figs. 7(a)
and (b), a is positive. The wall temperature distribution is
uniform, and a is 0 in Fig. 7(c). In Figs. 7(d) and 7(e), «
is negative.

The droplet evaporation processes on walls with
different temperature distributions are similar. As
evaporation progresses, the droplet volume gradually
decreases. However, the evolution of droplet morphology
is different during the evaporation process. For instance,
by comparing the droplet profile at t*=1.09x10%, it can
be seen that the droplet is the smallest when it evaporates
on the surface with an o of 8 K/mm, as shown in Fig.
7(a). In contrast, when a is -8 K/mm, the droplets have
the largest h and R¢, as shown in Fig. 7(e).

Correspondingly, Fig. 6 shows a comparison of the
evolution of h/R; on the surface with different a to
represent the influence of the wall temperature
distribution on the evaporation. The evolution of h/R.
involves three stages. Initially, under the impact of
gravity, the droplet tends to flatten, and h/R. rapidly
decreases. In the next stage, the droplet begins to contract
back as h/R. rapidly decreases.

In the next stage, the droplet begins to contract back
with increasing h/Rc. This is mainly due to two reasons.
First, the droplet center thickness is greater than that of
the edge. Hence, during the transfer of the teat to the
droplet surface from the wall, the heat transfer resistance
at the center is greater than that at the edge. For this
reason, the droplet surface temperature monotonically
increases to the top. This uniform surface temperature
distribution will induce an unbalanced surface tension on
the droplet surface, and drives the liquid to the droplet
top. That is, the droplet height is intensified under the so-
called Marangoni effect. In addition, the influence of
gravity on the droplet morphology becomes weaker when
the droplet size decreases. From Fig. 8, it is also
indicated that h/R. continues to increase when it is larger
than 1. This indicates that droplet evaporation is
markedly affected by the Marangoni effect. After h/R.
reaches its maximum, it is the third stage. In this stage,
the droplet volume decreases. The decreasing droplet
surface temperature gradient weakens the impact of the
Marangoni effect on the droplet morphology. When the
droplet becomes small enough, the effect of gravity is
also attenuated. Therefore, h/R. tends to decrease to 1. In
addition, before t*=1.63x10*, h/R; is larger for droplets
on walls with a positive slope k of the wall temperature
than for droplets on walls with a negative temperature
slope. Moreover, h/R; increases with increasing k.
However, after t*=1.63x10%, the trend of h/R; is
reversed. In addition, the droplet morphology changes more
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Fig. 8 h/Rc during the evaporation process for
droplets on walls with different temperature
distributions

1089

Obviously when it is on a wall with a negative
temperature slope. The minimum and maximum h/R is
are 0.91 and 1.07 for droplet on wall with temperature
slope of -8 K/mm. However, these are 0.92 and 1.06 for
droplet on wall with temperature slope of 8 K/mm.

As mentioned above, the droplet morphology is
affected by internal flow, which is strongly coupled with
the temperature distribution. Figure 9 shows the internal
flow and temperature distribution in droplet. The gradient
surface temperature is induced by the nonuniform heat
transfer cross droplet due to the nonuniform thickness.
Thus, the Marangoni flow is generated by the gradient
surface tension. Then, a counterclockwise vortex occurs
in the droplet, which is consistent with the flow
characteristic in sessile droplets when the Marangoni
effect is considered (Yang et al., 2014). In the early
stage, the vortex is located in the low-temperature region.
The droplet inner temperature becomes uniform under
the mixing of fluid.



Z.G. Leietal. / JAFM, Vol. 17, No. 5, pp. 1083-1098, 2024.

315

tr=

3.39x10°®

310 305

Tk T

1.36x10°®

5.43x10°

1.09x10% }
1

1.63x10*

2.17x10%

=i

Tc=310K, T,=316K

Te=313K, T=313K

P ]

“T.=316K, T,=310K

Fig. 9 Internal flow and temperature distribution in droplet

From Fig. 9, it is also found that the low and high
temperature fluid flows downward along axis and to the
top along the surface, respectively. Therefore, the low
temperature region is at the center. As the droplet
becomes small, the influence of evaporation on the
droplet temperature reduction becomes increasingly
obvious, and the overall droplet temperature gradually
decreases. Furthermore, the surface temperature
distribution is monotonic, while the top has the lowest
temperature.

Heat transfer and flow are coupled when droplet
evaporation occurs. Therefore, the wall temperature will
affect the flow and inner droplet temperature. Figure 10
shows a plot of the average flow velocity and the
maximum flow velocity in the droplet. It is shown that

both rapidly increase when driven by gravity in a short
time when the droplet starts to evaporate. However, with
nonuniform heat transfer, a temperature gradient forms
along the droplet surface and results in a corresponding
unbalanced surface tension. Then, the Marangoni effect
begins to counteract gravity, and the flow in the droplet
weakens. However, above approximately t*=1.7x10,
when the Marangoni effect surpasses gravity, the average
and maximum velocities will increase. When the volume
of the droplet diminishes to a small enough value, the
flow in the droplet decreases due to the increasingly
obvious impact of viscous dissipation. In addition,
similar to the evolution of h/R, before t*=1.63x10", the
average velocity (Va;) and maximum velocity(Vmax) in the
droplet are larger for the droplet on the wall with
a positive slope k of the wall temperature than for the
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Fig. 10 Evolution of vav and vmax in droplets during
evaporation. (a) Average velocity. (b) Maximum
velocity

droplet on the wall with a negative temperature slope.
The velocity is larger for droplets on walls with higher o.
Furthermore, after t*=1.63x10%, the trends of the
average, maximum velocities, and h/R. are reversed.

The Marangoni flow is induced and strongly
impacted by surface temperature distribution. Figure 11
illustrates the minimum surface temperature (Tmin) and
the temperature difference between the three-phase
contact line and droplet top (T,-Ty). As seen from Fig. 11
(@), Tmin rises to a peak value and then decreases. This is
because the Tmin is always within the droplet top. When
heat is transferred through the droplet to the top and hot
fluid flows to the top, the droplet top temperature
gradually increases. However, the latent heat has an
increasingly obvious influence on the droplet surface
temperature during vaporization, especially when the
droplet volume decreases. For this reason, Tmin drops.
During droplet evaporation, under the Marangoni effect,
the fluid will flow to the droplet top. Thus, T,-T; has an
important effect on this process. In Fig. 11 (b), T, T:
rapidly decreases from the beginning and soon increases
during the evaporation process.

Figure 12 shows the evolution of the surface average
temperature (Tav), Which has the same characteristics as
the minimum surface temperature. T, rapidly increases
due to heat transfer from wall after evaporation begins.
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Fig. 11 Droplet surface temperature during
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Fig. 12 Variation in the average surface temperature
during droplet evaporation on the wall with different
temperature distributions

Then, it decreases gradually. This is because
evaporation occurs on the surface. Therefore, in addition
to the wall temperature distribution, the surface
temperature is greatly impacted by latent heat.
Considering the thickness of the droplet, when heat
transfers to the surface, the smallest resistance is at the
droplet edge. Therefore, under the average wall
temperature of 313 K and «>0, the high wall temperature
region is at the edge, and heat transfer to the surface from
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the hot wall is more unhindered at the early evaporation
stage. For this reason, Ta is higher when «>0. In
contrast, at the later evaporation stage, the droplet
becomes small enough due to evaporation mass transfer.
Hence, the high wall temperature region is near the three-
phase contact line when a<0. Tay is higher when a<0 at
this stage. Furthermore, a closer observation of Figs. 11
and 12 indicates that there are turning points for the
evolution of the evolution of Tmin, Tay and T,-Ti. The
turning points are at approximately t*=0.96x10*,
t*=1.78x10* and t*=1.05x10*. Before the turning point,
the surface temperature is higher for the droplet on the
wall with a positive slope k than for the droplet on the
wall with a negative temperature slope, and after the
turning point, it is reversed.

By looking into the droplet surface tension
distribution, it is found that the surface tension difference
between the droplet surface and the three-phase contact
line (o-or) decreases from the droplet top. In addition, o-
or is greater when the droplet is on the wall with a
positive temperature slope. Furthermore, -0 is enhanced
s. However, due to the contraction of the droplet, Ma
decreases during evaporation (Figs. 13 (a-2), (b-2) and
(c-2)). That is, the Marangoni effect gradually weakens.
The trends of o-0r and Ma contribute to the evolution of
the flow velocity in the droplet, as shown in Fig. 8.

3.2 Effect of the Temperature Coefficient of the
Surface Tension

Since evaporation process is significantly impacted
by the Marangoni flow, the Marangoni effect is
investigated by changing the ot of the droplet, which are
-8.5x10° N/mK, -4.85x10"° N/mK and -8.85x10° N/mK
in the current study. Figure 14 shows the droplet profiles
with different ot values during the evaporation process.
Droplet evaporation processes under different conditions
are similar. However, the evaporation rate of droplets
with a larger ot is higher, i.e., by comparing the profile at
t*=2.71x10"*in Fig. 14. The r* is 0.121 for droplets with
ot of -8.85x10° N/mK, which is smaller than 0.231 for
droplets with o7 of -8.5x10° N/mK.

Figure 15 shows the h/R. ratio for droplets with
different o7, of which the evolution trend is the same as
that mentioned above. However, for droplets with
different o7, the droplet morphology during evaporation
is still distinct. When o is larger, the influence of the
Marangoni effect is more pronounced. Thus, h/Rc is
greater for droplets with larger or in the later evaporation
process. That is, the droplet is higher under the stronger
Marangoni effect, which is similar to what Tsoumpas et
al. (2015) found. Since heat and mass transfer are
strongly coupled in evaporation, h/R; is different for
droplets on walls with different temperature distributions.

By comparison, it is found that the turning point is
smaller when the droplet is on the wall with a positive
temperature slope. As shown in Fig. 13, the turning point
is t*=6.41x10 for droplets on the wall with a positive
temperature slope of =8 K/mm (T.=310 K, T,=316 K),
which is smaller than that (t*=7.91x107) for droplets on
the wall with a negative temperature slope of a=-8 K/mm
(Tc =316 K, T, =310 K). This is because when a<0, the
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Fig. 15 h/R. for droplets with different o1

droplet temperature at the edge is lower than that at the
edge if the when «>0. In this case, the larger surface
temperature gradient results in a higher surface tension
gradient. Under a greater unbalanced force, the fluid is
driven faster to the top from the droplet edge. This also
indicates that the negative wall temperature slope is
beneficial for inhibiting the Marangoni effect in droplets.
That is, the wall temperature distribution is important for
regulating the flow in evaporating droplets. This is very
meaningful for droplet evaporation-related applications.
For instance, the self-assembly of particles in droplets is
significantly affected by the Marangoni flow (Bi et al.,
2012; Nerger et al. 2020; Yin et al., 2023). Therefore, by
adjusting the wall temperature distribution, the flow
characteristics inside the droplet are regulated, and then
different droplet deposition patterns are obtained.

Figure 16 shows a comparison of the flow inside
droplets with different temperature coefficients of the
surface tension. As mentioned above, the counterclockwise
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Marangoni convective vortex always exists due to the
gradient surface temperature. There are two high-velocity
regions inside the evaporating droplet. One region is at
the droplet axis, in which fluid flows to the wall from the
droplet top. The other region is near the droplet surface,
where fluid flows to the droplet top. As evaporation
progresses, the flow velocity inside the droplet gradually
increases.  Furthermore, during evaporation, the
Marangoni effect becomes stronger with increasing or,
and the internal velocity increases. Enhancement in
internal flow is beneficial to evaporation mass transfer.

3.3 Effect of the Viscosity

Figure 17 shows the morphology evolution of
droplets with different viscosities. Consistent with the
above description, h/R. in droplet evaporation
experienced a process of first decreasing, then increasing,
and then decreasing at different viscosities. However, for
a droplet with a larger viscosity, the wall adhesion on the
droplet is stronger to prevent the droplet from spreading
on the wall under gravity. Therefore, h/R; is larger.
Figure 18 also indicates that the greater the viscosity of

the droplet is, the more obvious the influence of viscosity
resistance in the droplet, and the smaller the average and
maximum velocity in the droplet during evaporation.
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Fig. 17 h/Rc during the evaporation process for
droplets with different viscosities
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4. CONCLUSIONS

In order to explore how the wall temperature
distribution affects the droplet evaporation process, a
numerical study is conducted on the sessile droplet
evaporation on a wall with radial gradient temperature by
the arbitrary-Lagrangian—Eulerian (ALE) formulation
method. The influence of the wall temperature
distribution on the droplet evaporation process, which is
less considered in the existing literature, is mainly
discussed. The droplet temperature coefficient of the
surface tension and the viscosity on the droplet profile
evolution, flow, heat and mass transfer characteristic are
also discussed. It is found that the negative wall
temperature slope, when the wall center temperature is
higher, is beneficial for inhibiting the Marangoni effect.
The four main conclusions are as follows.

(1). Affected by gravity and Marangoni convection, the
droplets become flat first and then retract during the
evaporation process. The droplet morphology
changes more obviously when it is on a wall with a
negative temperature slope. The minimum and
maximum h/R. is are 0.91 and 1.07 for droplet on
wall with temperature slope of -8 k/mm. However,
these are 0.92 and 1.06 for droplet on wall with
temperature slope of 8 k/mm.

(2). During the evaporation process, there is a turning
point, before which the ratio between the droplet
height and the radius of the three-phase contact line
(h/R¢), the average velocity and the average surface
temperature are higher when the wall temperature
slope is positive. After the turning point, these are
reversed. For h/R. and the velocity in the droplet, the
turning points are t*=1.63x10* and t*=1.05x10* for
the average surface temperature, respectively.

(3). There are two high-velocity regions in the
evaporating droplet, which are at the droplet axis
and near the surface. And there are two turning
points for wvelocity in droplet, which are
t*=1.63x10* and t*=1.7x10° for both maximum
velocity and average velocity.

(4). The droplet morphology changes more obviously
when the temperature coefficient of the surface
tension is greater. In addition, the turning point is
delayed from t*=6.41x10"° while « is 8 K/mm to
t*=7.91x10"° while o is -8 K/mm, which indicates
that the negative wall temperature slope is beneficial
for inhibiting the Marangoni effect. The viscous
resistance is more obvious inside the droplet with
higher viscosity.

It is worth indicating that the focus of the current
study is the influence mechanism of the wall temperature
distribution on the droplet evaporation process, not the
application. In practice, droplet evaporation has an
important impact on related applications. Thus, it is
worth paying attention to droplet evaporation on walls
with different temperature distributions in the context of
practical applications. In addition to the constant contact
angle model is adopted in the current study, the constant
contact line model is another important model. In future
research, this model will be considered.
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