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a b s t r a c t 

In order to understand the evolution of thermal patterns and the effect of the thermal convection in the 

sessile droplet on the evaporation processes, a series of experimental investigations on evaporation dy- 

namics of sessile ethanol droplets on a heated substrate were carried out based on the steady state evap- 

oration method. The contact radius of the droplet on the substrate is fixed at 2.5 mm and the droplet 

height varies from 0.4 to 1.2 mm. Results indicate that with the decrease of the droplet height, the tem- 

perature distribution near the droplet center becomes nonuniform, and hydrothermal waves and Bénard- 

Marangoni cells appear in sequence. The effect of liquid supplementation on the thermal patterns can be 

neglected. With the raise of the substrate temperature, both the wave number of the thermal waves and 

the frequency of the temperature fluctuation near the contact line increase. Moreover, the evaporation 

rate decreases first, and then increases with the decrease of the droplet height. The enhancing thermal 

convection in the droplet can promote the evaporation process at a high substrate temperature. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Since the droplet evaporation on a solid substrate is highly

revalent in daily life and industrial production, such as inject

rinting [1 , 2] , spray cooling [3 , 4] and surface coating [5 , 6] etc., it

s important to understand the evaporation dynamics of the sessile

roplet. In recent years, many researchers have investigated the ef-

ects of different factors on the evaporation process of the sessile

roplets. Among them, the interaction between thermal convec-

ion and droplet evaporation dynamics has become an increasingly

opular research topic. 

In the evaporation process of a sessile droplet, the coexistence

f the tangential temperature gradient at the gas-liquid interface

nd the normal temperature gradient inside the droplet will induce

arious thermal convections, such as, the thermocapillary flow and

uoyancy convection. These thermal convections can not only af-

ect the deposition of particles in the droplet [7 , 8] , but also change

he energy transfer during evaporation [9 , 10] . On the other hand,

he intense and flow direction of these thermal convections are in-

uenced by liquid properties [11 , 12] , droplet geometry [13 , 14] , and

ther factors that associated with the sessile droplet evaporation.
∗ Corresponding author. 
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ctually, some thermal convections may destabilize when the in-

ensity is large enough. At this time, a variety of thermal patterns

ssociated with the thermal convections can be observed on the

vaporating droplet surface through infrared image technology. The

esearches on the thermal patterns during sessile droplet evapo-

ation are very rich, a lot of reports on the influences of liquid

olatilities and droplet geometric structure on the thermal patterns

ere published. 

For liquids with the different volatilities, the thermal patterns

re quite different. Sefiane et al. [11] and Gleason et al. [15] exper-

mentally studied the evaporation process of sessile water droplet,

nd the infrared images showed that there is no thermal pattern

n the droplet surface. However, in the works of Josyula et al.

14] and Chen et al. [16] , the thermal pattern with the stable twin

ortices has been observed on the gas-liquid interface of water

roplet that evaporates on a heated substrate. In general, as wa-

er is a non-volatile liquid, the thermal pattern on the droplet sur-

ace is not complicated when water evaporates on a solid sub-

trate. However, for the evaporation of volatile sessile droplet, the

hermal convection in the droplet will destabilize, and the ther-

al patterns on the droplet surface become more complicated. For

he first time, Sefiane et al. [11] observed the thermal pattern on

he evaporating surface of sessile ethanol and methanol droplets,

nd considered it as the hydrothermal waves (HTWs). Prior to that,

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120352
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

c p specific heat capacity, J/(kg ·K) 

E v evaporation rate, μl/min 

h droplet height, mm 

H relative humidity, - 

L V vaporization heat, kJ/kg 

Ma Marangoni number, - 

r radial position, mm 

R radius, mm 

t time, s 

T temperature, °C 

Greek symbols 

α thermal diffusivity, m 

2 /s 

β thermal expansion coefficient, 1/K 

ε emissivity 

λ thermal conductivity, W/(m ·K) 

μ dynamic viscosity, mPa ·s 
ρ density, kg/m 

3 

σ T temperature coefficient of surface tension, N/(m ·K) 

Subscripts 

0 initial value 

a ambient 

ap droplet apex 

F full lifetime of droplet evaporation 

h tangential value 

T temperature coefficient 

v normal value 

w substrate 

this thermal pattern was found to appear only in thin liquid layers

with a tangential temperature gradient. The HTWs is a complicated

thermal pattern which is characterized by the alternating tempera-

ture stripes of cold and warm propagating along a direction. More-

over, they also found that the convection cells rather than the

HTWs appear on the evaporation surface of FC-72 droplet. It in-

dicates that the thermal patterns may be very different for differ-

ent volatile sessile droplets. However, Semenov et al. [17] believed

that the HTWs on the evaporation surface of the ethanol droplet

are actually the Bénard-Marangoni (B-M) convection cells. Brutin

et al. [18] experimentally investigated the thermal patterns on the

evaporation surface of ethanol and methanol droplets. They found

that the cells on ethanol surface are more stable and the number

of the cells is less than thoes on methanol droplet surface although

the thermal patterns are similar (i.e., both of them are convection

cells). In addition, the number of the cells on ethanol droplet sur-

face increases with the raise of the substrate temperature. Further-

more, Sefiane et al. [19] innovatively studied the liquid-solid in-

terface temperature and heat flux by using infrared imaging tech-

nology, and pointed out that the thermal patterns on the evapora-

tion surface are actually bulk waves. As a result, the thermal pat-

terns can affect the temperature distribution and heat flux on the

liquid-solid interface, and change the evaporation rate. Similar con-

clusions are supported by Mahmud and MacDonald [9] , Ghasemi

and Ward [10] , and Ward and Duan [20] . However, the effect of

the thermal pattern on evaporation rate is rarely discussed in these

reports. 

In fact, there are several different modes during natural sessile

droplet evaporation process. In 1977, Picnett and Bexon [21] pre-

sented two evaporation modes, they are constant contact radius

(CCR) mode and constant contact angle (CCA) mode. As the name

implies, CCR mode means that the contact radius remains constant

while the contact angle decreases during evaporation; CCA mode
efers to that the contact angle remains constant and the con-

act radius decreases. Nowadays, it is more widely recognized that

here are four evaporation modes: CCR mode, CCA mode, mixed

ode [22 , 23] and stick-slip mode [24] . Regardless of the evapora-

ion mode, the geometric shape of droplet will change during the

vaporation, which has a significant influence on the thermal con-

ection inside the droplet and the evolution of the thermal pat-

erns on the evaporation surface. Lu et al. [25] performed a nu-

erical simulation on the internal flow of sessile water droplet

vaporating on a heated substrate. They found that with the de-

rease of the contact angle, the internal flow evolves from a coun-

erclockwise circulation flow into multiple circulation flows, and

he multicellular structure should correspond to Bénard convec-

ion. Bouchenna et al. [26] used a quasi-steady-state method to

nvestigate the thermocapillary flow in a sessile water droplet at

CR mode. Results showed that the internal flow direction changes

ith the decrease of the contact angle when water droplet evap-

rates on a PTFE substrate. Similar conclusion was also obtained

y Chen et al. [13] . Considering that the change of droplet geome-

ry will affect the observation on the thermal patterns, Zhong and

uan [27] adopted a steady state evaporation method to investi-

ate the thermal pattern during the ethanol evaporation process.

he results revealed that the HTWs also appear on the ethanol

urface under steady state evaporation. Moreover, the higher the

ubstrate temperature is, the larger the temperature oscillatory of

he HTWs is. Using infrared imaging technology and adopting the

teady-state evaporation method, Ye et al. [28] observed the evo-

ution of the thermal pattern during the evaporation of sessile

sopropanol droplets. It was found that several thermal patterns

ppear sequentially on the droplet surface with the decrease of

he droplet height, including HTWs and petal-like patterns, etc.

ang and Shi [29] experimentally studied the transition of ther-

al patterns during the evaporation of sessile methanol and R-

13 droplets at CCR mode. The results showed that the HTWs and

énard-Marangoni cells appear on the droplet surface with the de-

rease of the contact angle. Recently, Ye et al. [30] . investigated the

vaporation of water and ethanol droplet under pure vapor envi-

onment at low pressures. The gear-like pattern and the cellular

ow were found on the droplet surface with the decrease of the

roplet height. 

Previous researches have shown that the volatile droplets

resent complex thermal patterns on the evaporation surface, and

he change of the droplet geometry has a significant effect on

he thermal patterns. Furthermore, some researchers have reported

hat the thermal patterns can affect the evaporation rate of the

essile droplet. However, very few reports focus on the promo-

ion action of the thermal convection on the evaporation rate. In

resent work, we observed the evolution of thermal patterns on

he evaporating surface of ethanol droplets and revealed the pro-

otion mechanism of the thermal convection on the evaporation

ate by using the steady-state evaporation method and infrared im-

ge technology. 

. Experimental apparatus 

The experimental apparatus for steady state evaporation of the

essile droplet is shown in Fig. 1 . In order to prevent the influ-

nce of air convection on the droplet evaporation, the substrate is

nstalled inside a stainless-steel chamber. Since the infrared cam-

ra is mounted vertically above the substrate, the top side of the

hamber adopts a germanium infrared window to ensure that the

nfrared image camera (FLIR SC325, resolution: 320 × 240, the field

f view: 8 × 6 mm, thermal sensitivity: 0.05 °C) can be used to ob-

erve the droplet surface temperature. Two quartz glass windows

re mounted on the left and right sides to facilitate the CMOS

amera (PixeLINK, PL-B771, resolution: 800 × 600) to monitor the
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Fig. 1. The schematics of the experimental apparatus. 

Table 1 

Physical properties of ethanol at 25 °C and 1 atm [18] . 

Parameter Unit Value 

B oiling point, T b °C 78.0 

Density, ρ kg/m 

3 789 

Dynamic viscosity, μ mPa ·s 1.095 

Vaporization heat, L V kJ/kg 1 923 

Specific heat capacity, c p J/(kg ·K) 2845 

Thermal conductivity, λ W/(m ·K) 0.140 

Thermal expansion coefficient, β 1/K 1.08 × 10 −3 

Surface tension temperature coefficient, σ T N/(m ·K) 0.83 × 10 −4 

Emissivity, ε – 0.92 [33] 

d  

m  

t  

d  

e  

d  

t

 

b  

w  

i  

c  

R  

f  

p  

s  

t  

E  

−  

°  

c  

u  

m  

o  

d  

t

 

m  

t  

a  

J  

j  

p  

a  

t  

s  

r  

s  

i

3

 

s  

b  

t  

r

 

t  

d  

d  

a  

f  

t  

t  

s  

A  

t  

b  

W  

p  

d  

t  

i  

m  

[  

c  

t  
roplet side view. The front of the chamber is connected to the at-

osphere to avoid the vapor accumulation in the chamber. Thus,

he influence of vapor accumulation on droplet evaporation and

ata measurement is avoided. The storage bottle is used to place

thanol in advance. The ethanol is provided by Chongqing Chuan-

ong Co. Ltd., and the purity is higher than 99.7%. Table 1 shows

he physical properties of ethanol at 25 °C. 

A syringe pump (KDS 200 series) is connected to the storage

ottle and the substrate. The substrate in present work is the same

ith the previous one [28] . Fig. 2 shows the side view and the

nfrared image of the small substrate. The substrate is made of

opper, and the radius and thickness of the small substrate are

 = 2.5 ± 0.05 mm and δ= 0.5 ± 0.05 mm, respectively. The sur-

ace roughness of the small substrate is 0.8 μm. The hole for re-

lenishing experimental liquid is located in the center of the small

ubstrate, and its radius is 0.3 ± 0.05 mm. The substrate tempera-
Fig. 2. The side view (left) and surface infrared i
ure is maintained by a thermostatic water bath (Shanghai Qiqian

lectronic Technology Co. Ltd, DC-2006, temperature ranges from

20 °C to 100 °C, and the temperature control accuracy is ±0.05

C). The substrate temperature is monitored by 12 K-type thermo-

ouples. When the set temperature is reached, the syringe pump is

sed to inject liquid onto the substrate to form droplets. It is worth

entioning that, in order to avoid the influence of the temperature

f the injection liquid on the thermal pattern, before entering the

roplet, the injection liquid will be sufficiently heated to make its

emperature equal to the substrate temperature. 

During the liquid injection process, the droplet side view is

onitored in real time by the CMOS camera. At the same time,

he side view obtained by the CMOS camera can be analyzed by

n open source software ImageJ (Image Processing and Analysis in

ava) to obtain the height of the droplet [31] . By continuously ad-

usting the injection rate of the syringe pump, a droplet with a

redetermined height is formed on the substrate. After that, stop

djusting the injection rate. If the droplet height changes no more

han 45 μm within 15 min, the evaporation is considered to be

table. At this time, the evaporation rate is equal to the injection

ate of the syringe pump. When the droplet evaporates to a stable

tate, the thermal pattern of droplet surface is recorded by infrared

mage camera. 

. Experimental results and discussion 

In present work, the contact radius R is equal to the radius of

mall substrate, i.e. R = 2.5 mm. Change the droplet geometry only

y adjusting the droplet height. Furthermore, for all experiments,

he ambient temperature is controlled at T a = 25.0 ± 1.0 °C, and the

elative humidity is H = 65% ±5%. 

To show the influence of droplet geometry on the thermal pat-

erns, the side view and surface infrared images of the ethanol

roplet at T w 

= 45 °C are shown in Fig. 3 . The droplet height h is

efined as the distance from the small substrate to the droplet

pex. As shown in Fig. 3 (a), when h = 1.2 mm, most of the sur-

ace has no obvious temperature fluctuation, while the tempera-

ure fluctuation at the top of droplet is ununiform. Actually, for

hese cases that the droplet height h is higher than 1.2 mm, the

urface temperature distribution is similar to that at h = 1.2 mm.

fter reducing the droplet height by adjusting the injection rate of

he syringe pump, it is found that some striated thermal patterns

egin to appear in the region near the three-phase contact line.

ith the further decrease of the droplet height, the region occu-

ied by the striated thermal patterns extends gradually. When the

roplet height is decreased to 0.8 mm, the thermal pattern seems

o be some curved temperature stripes near the contact line rotat-

ng longitudinally, as shown in Fig. 3 (b). The rotating directions are

arked by arrows in Fig. 3 (b). Compared with the previous work

28] and the reports from Sefiane et al. [11] , it is found that the

haracteristics of this thermal pattern are very similar to those of

he HTWs. Therefore, it is believed that this thermal pattern should
maging map (right) of the small substrate. 
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Fig. 3. The side view and surface infrared images of ethanol droplet at T w = 45 °C. 

Fig. 4. The surface infrared images of ethanol droplet without the liquid supplement. 
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be the HTWs. As displayed in Fig. 3 (c), when the droplet height

is decreased to 0.6 mm, the HTWs still exist on the droplet sur-

face. However, some convection cells (marked by the ‘Convection

cells’ in Fig. 3 (c)) generate near the contact line. Notably, at this

time, these cells are first generated in the region near the con-

tact line. Then, it will be squeezed by the new cells. After that, the

original cells become smaller and continue to shrink toward the

droplet center. Eventually, they disappear near the droplet center.

When the drop height continues to decrease, as shown in Fig. 3 (d),

more and more convection cells appear. The thermal pattern at

h = 0.4 mm is different from the situation that the convection cells

first appear at h = 0.6 mm. In addition to the continuous appear-

ance of convection cells near the contact line, some cells also gen-

erate at the droplet center. Once the cell generates at the droplet

center, it will become large. At the same time, the cell will move

toward the contact line. Then, the big cell will split into two or

more small cells in the contact line region. Finally, like the cells

generated in the contact line region, they will shrink toward the

droplet center, and disappear near the droplet center. These ther-

mal patterns at h = 0.6 mm and 0.4 mm are very similar to those

reported by Wang and Shi [29] . However, they studied the ther-

mal model during transient evaporation of the methanol droplets

and attributed this thermal pattern to the Bénard-Marangoni

cells. 

In the steady-state evaporation, the working liquid is supplied

from the bottom of the droplet to maintain the shape of the

droplet. Therefore, the effect of the liquid supplement on the ther-

mal pattern must be carefully considered. As a comparative exper-

iment, an ethanol droplet is formed on the small substrate with

T w 

= 45 °C by using the syringe pump. It should be noted that

the initial droplet height is higher than 1.2 mm. After the droplet

is formed, syringe pump is turned off to make the droplet evap-

orate naturally until it almost completely evaporated. Fig. 4 shows

the thermal pattern evolution of the ethanol droplet without liquid
upplement, where t stands for the evaporating time, and t F stands

or the full lifetime of droplet evaporation. It is seen from Fig. 4 (a)

hat when t / t F ≈0.06, i.e. at the initial stage of the droplet evapo-

ation, the surface temperature distribution is very similar to that

n Fig. 3 (a). When t / t F is increased to about 0.38, the HTWs appear

n the droplet surface, and their rotating directions are marked by

rrows in Fig. 4 (b). After that, when t / t F ≈0.68, the droplet height

ecreases further as the evaporation continues, the thermal pat-

erns show that the HTWs and Bénard-Marangoni cells coexist (the

TWs and B-M cells are marked by dash circle in Fig. 4 (c)). Finally,

hen t / t F ≈0.91, the droplet height is very low. Therefore, the ther-

al pattern is Bénard-Marangoni cells. In this case, the appearance

nd the movement of the cells are similar to those at h = 0.4 mm

n the steady state evaporation. By comparing Figs. 3 and 4 , it can

e found that the effect of liquid supplementation on the thermal

atterns is negligible. 

According to Figs. 3 and 4 , the variation of the thermal patterns

ith the droplet height is very pronounced. In fact, the evolution

f the thermal patterns depends greatly on the temperature gradi-

nt acting on the evaporating droplet. In order to reveal the evolu-

ion mechanism of the thermal patterns, the variations of the tan-

ential and normal temperature gradients with the droplet height

re depicted in Fig. 5 , where the temperature gradients are the av-

rage values of at least three sets of data measured by infrared

amera. Moreover, the ratio of Ma v to Ma h is also shown in Fig. 5 ,

here Ma v and Ma h represents the Marangoni numbers with re-

pect to the normal and tangential temperature gradients, respec-

ively. They are defined as [29] 

a v = | σT | h 	T / (μa ) (1)

 a h = | σT | h 

2 ∂T 

∂r 
/ ( μa ) (2)

here σ T is the temperature coefficient of surface tension, μ is

ynamic viscosity, a is the thermal diffusivity, 	T is the temper-
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Fig. 5. The tangential and normal temperature gradients, and the ratio of Ma v to 

Ma h at T w = 45 °C. 
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Fig. 6. The evolution of thermal patterns with the dro
ture difference between the bottom and the apex of the droplet,

nd ∂ T / ∂ r is the averaged tangential temperature gradient along

he droplet surface between 0.5 R and 1.0 R . 

As shown in Fig. 5 , with the decrease of the droplet height,

he tangential temperature gradient tends to decrease, but the nor-

al temperature gradient increases. This means that the effect of

angential temperature gradient weakens, while the effect of the

ormal temperature gradient increases significantly as the droplet

eight decreases. In present work, there are two types of thermal

atterns. The first type is HTWs characterized by curved stripes

hat randomly propagate along the longitudinal direction, which is

nduced by the tangential temperature gradient. The second type is

-M cells characterized by closed cell patterns, which is induced by

ormal temperature gradient. Actually, according to the definition

f Ma v and Ma h , the ratio of Ma v to Ma h reflects the relative mag-

itude of the normal and the tangential temperature gradient ef-

ects. When Ma v / Ma h is small, the tangential temperature gradient

an induce the HTWs. However, when it is large enough, the effect
plet height at different substrate temperatures. 
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Fig. 7. The evolution (a) of the central cell during a period at T w = 60 °C and the temperature fluctuations at the droplet apex of the ethanol droplet at h = 0.8 mm. 
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of the normal temperature gradient is dominant. At this time, B-

M cells will appear. The value of Ma v / Ma h increases with the de-

crease of droplet height. Especially for the case that the droplet

height is low enough, the value of Ma v / Ma h becomes very large.

For example, when h = 0.4 mm, Ma v / Ma h ≈128, which means that

the Marangoni convection becomes very significant. It is precisely

because of the change in the relative size of the tangential and the

normal temperature gradients that the thermal pattern changes

from HTWs to B-M cells. 

In addition to the droplet geometry, the substrate temperature

is another important factor affecting the thermal patterns [18 , 28] .

Fig. 6 shows the evolution of the thermal patterns with the droplet

height at three different substrate temperature. It can be found

that the surface temperature distribution of ethanol droplet shows

different characteristics when it evaporates at three different sub-

strate temperatures. In general, the nonuniform temperature distri-

bution near the droplet center, the HTWs and Bénard-Marangoni

cells appear in sequence with the decrease of the droplet height.

However, it is notably that the surface temperature distribution at

T w 

= 60 °C is slightly different from those at T w 

= 45 °C and 30 °C.

As marked by black dash circle in Figs. 6 (c), an obvious central cell

appears at h = 0.8 mm and 0.6 mm. 

Fig. 7 shows the evolution of the central cell at T w 

= 60 °C and

the temperature fluctuations at the droplet apex at different sub-

strate temperatures. First, the central cell is generated near the

droplet apex, and then it will move towards the contact line and

disappear near the contact line, as shown in Fig. 7 (a). Interestingly,
he evolution of this cell seems to be very periodic. After one cell

isappearing near the contact line, another new cell will be gener-

ted near the droplet apex. From the temperature fluctuation curve

t the droplet apex, it can be found that the temperature fluctua-

ion is very regular at T w 

= 60 °C, while there is almost no fluc-

uation at T w 

= 45 and 30 °C, as shown in Fig. 7 (b). According to

he temperature fluctuation curve, the periodicity of the central

ell appearance is very obvious, which is similar to the results of

ur previous work [30] at low pressures. When the ethanol droplet

vaporates at low pressures, the evaporation rate increases greatly.

herefore, the enhancing evaporative cooling effect leads to the

ncrease of the temperature difference between the vapor-liquid

nterface and the substrate. As a result, a large normal tempera-

ure gradient induces the appearance of the central flow cells. In

resent work, when the substrate temperature increases to T w 

= 60

C, the evaporation is also very intense, and should be mainly af-

ected by normal temperature gradient. That’s why the central cell

ppears. 

Fig. 8 shows the variation of the ratio of Ma v to Ma h with the

roplet height when the ethanol droplet evaporates at different

ubstrate temperatures. It can be found that the value of Ma v / Ma h 
t T w 

= 60 °C is always greater than those at T w 

= 45 and 30 °C. It

ints that the Marangoni convection at T w 

= 60 °C is stronger than

hat at T w 

= 45 and 30 °C under the same droplet height, which is

he reason for the central cell appearance at T w 

= 60 °C. It should

e noted that the value of Ma v / Ma h at T w 

= 45 °C and 30 °C and

 = 0.6 mm is larger than one at T w 

= 60 °C and h = 0.8 mm.
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Fig. 8. The variation of the ratio of Ma v to Ma h with the droplet height at different 

substrate temperatures. 
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Fig. 10. The variation of Ma h with the droplet height and substrate temperature. 
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i  
owever, Ma v is 14,0 0 0 at T w 

= 60 °C and h = 0.8 mm, which is

uch larger than 6271 at T w 

= 45 °C and 1604 at T w 

= 30 °C at

 = 0.6 mm. It is the reason why the central cell does not appear

t T w 

= 45 °C and 30 °C and h = 0.6 mm. 

From Fig. 6 , it can be seen that the wave number of HTWs

ncreases with the increase of the substrate temperature at

 = 0.6 mm. For example, the wave number of HTWs at T w 

= 60

C is about 33, while they are 21 and 10 at T w 

= 45 and 30 °C, re-

pectively. This result is in accordance with the previous researches

18 , 28 , 29 , 32] . Fig. 9 shows the position of the temperature mon-

toring point and corresponding temperature fluctuations at dif-

erent substrate temperatures. It can be found that the frequency
Fig. 9. The position (a) of the temperature monitoring point and corresponding tem
f temperature fluctuation increases with the increase of the sub-

trate temperature. 

Fig. 10 exhibits the variation of Ma h with the droplet height and

ubstrate temperature. Ma h increases with the increase of the sub-

trate temperature, which indicates that the thermocapillary con-

ection is gradually enhanced. It is precisely because of the en-

ancement of thermocapillary convection that both the wave num-

er of HTWs and the frequency of temperature fluctuation increase

t a high substrate temperature. 

Fig. 11 shows the variation of the evaporation rate E v with

he droplet height and the substrate temperature. Each data point

s the average value of the evaporation rate obtained from at
perature fluctuations (b-d) at different substrate temperatures at h = 0.6 mm. 
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Fig. 11. The evolution of E v with the change of droplet height and substrate tem- 

perature. 
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least three independent repeated experiments. With the increase

of the substrate temperature, the evaporation pressure raises and

the ethanol droplet can obtain more energy from the substrate.

Therefore, the evaporation rate increases gradually. Furthermore,

the evaporation rate decreases first, and then increases with the

decrease of the droplet height regardless of the substrate temper-

ature. 

In present work, the evaporation rate is mainly affected by the

substrate temperature, the droplet surface area and the thermal

convection. When the droplet height decreases, the droplet surface

area decreases, which will lead to a reduction in the evaporation

rate. However, the evaporating interface is closer to the substrate,

which means the thermal conduction path becomes shorter. Thus,

the surface temperature tends to raise, which will lead to the in-

crease of the evaporation rate. 

Moreover, when the evaporating interface is closer to the sub-

strate, the vertical temperature gradient increases and the Bénard-

Marangoni convection is enhanced. As shown in Fig. 5 , when the

droplet height is equal to 0.4 mm, the entire droplet surface is oc-

cupied by Bénard-Marangoni cells. As mentioned above, Bénard-

Marangoni cells are generated near the droplet center or the three-

phase contact line and move along the latitudinal direction. There-

fore, the Bénard-Marangoni convection will carry the warm fluid

from near the high-temperature substrate to the evaporating sur-

face. After that, the surface temperature is raised by tangential mo-

tion. It is worth mentioning that although the increase in surface

temperature reduces the normal temperature gradient and weak-

ens the Bénard-Marangoni convection, under the combined action

of the evaporative cooling effect and the normal temperature gra-

dient, the stable Bénard-Marangoni convection is finally formed.

Compared with the case where there is no Bénard-Marangoni con-

vection, the surface temperatures of the droplets with Bénard-

Marangoni convection are higher, which promote the evaporation

rate. Finally, under the combined effect of the reduction of the

evaporating surface area, the raise of the surface temperature and

the enhancement of the thermal convection, the evaporation rate

tends to decrease first, and then increase with the decrease of

the droplet height. It should be noted that the inflection point of

the evaporation rate variation occurs earlier because of the pres-

ence of central cells at T w 

= 60 °C. As can be seen in Fig. 5 (c),

when the droplet evaporates at T w 

= 60 °C, a central cells appears

at h = 0.8 mm. It is the central flow cells that take the warm liquid

near the substrate to the evaporating surface to promote the evap-

oration. This phenomenon proves the promotion effect of upward

thermal flow (i.e. Bénard-Marangoni cells and central cells) on the

evaporation. 
. Conclusions 

This paper presented a series of the experimental results on the

vaporation dynamics of the ethanol droplet on a heated substrate.

he evolution of thermal patterns and the variation of the evapo-

ation rate with the droplet height and the substrate temperature

re obtained. The main conclusions can be summarized as follows.

1) No matter how the substrate temperature changes, the temper-

ature distribution near the droplet center is nonuniform fluc-

tuation, and the HTWs and Bénard-Marangoni cells appear in

sequence on the evaporating surface with the decrease of the

droplet height. The effect of liquid supplementation on the

thermal patterns is negligible. 

2) With the raise of the substrate temperature, the tangential and

normal temperature gradients increase. Therefore, the thermal

convection is enhanced, which results in the increase of both

the wave number of HTWs and the temperature fluctuation fre-

quency. Especially, there is an obvious and regular central cell

at T w 

= 60 °C. 

3) With the decrease of the droplet height, the evaporation rate

decreases first, and then increases. The enhancing thermal con-

vection can promote the evaporation process of the ethanol

droplet. 
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