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A B S T R A C T   

In order to understand the evaporation dynamic of sessile droplet in pure vapor environment, this paper pre
sented a series of experimental observations on the evolution of thermal patterns and the variation of evapo
ration rate during water and ethanol droplet evaporation at low pressures. The contact radius of droplet is fixed 
at 2.5 mm and the height varies from 0.4 to 1.6 mm. Results show that the surface temperature distributions for 
both water and ethanol are uniform at a high pressure ratio. When the pressure is reduced, a ring-like thermal 
pattern appears on the water droplet surface, while the gear-like pattern and the cellular flow happen on the 
ethanol droplet surface. Interestingly, the gear-like pattern is static when the substrate temperature is low, while 
it will oscillate at a high substrate temperature. Meanwhile, the cellular flow is affected by the droplet height. 
The evaporation is promoted by reducing the pressure. Moreover, due to the decrease of the evaporation surface 
area and the increase of surface temperature, the evaporation rate decreases first and then increases with the 
decrease of the droplet height.   

1. Introduction 

The evaporation of sessile droplet is a ubiquitous natural occurrence 
[1], and there are numerous industrial applications, such as spray 
cooling [2,3], DNA mapping [4,5], surface coating [6,7], inject printing 
[8,9] and biological and medical diagnosis technologies [10,11]. 
Moreover, the droplet evaporation is a complex problem involving 
liquid flow, heat and mass transfer, and phase change, etc. It is precisely 
because of the complexity and importance of sessile droplet evaporation, 
more and more attention has been paid to it in the past few decades. 

In general, the complex flow in an evaporating sessile droplet will 
affect the surface evaporation, as well as the particle assembling in a 
droplet. Numerous studies focus on the internal flow of evaporating 
sessile droplets that have been reported. In 1997, Deegan et al. [1] 
studied the coffee-ring phenomenon during the droplet evaporation. 
They pointed out that for a sessile droplet with pinning contact line, the 
highest evaporation mass flux near the droplet edge may cause an out
ward supplementary flow. It is the flow that makes the particles in the 
droplet deposit near the contact line. Finally, ‘coffee-ring’ will be 
formed. Because the temperature is the highest at the contact line, the 

liquid molecule can escape from the droplet at the contact line region 
more easily, which results in the appearance of the maximum evapo
ration mass flux near the contact line [12,13]. Except for the flow 
induced by nonuniform liquid evaporation on the droplet surface, the 
thermal flow inside the droplet also affects the assembling process a lot. 
Actually, during the sessile droplet evaporation, both the tangential 
temperature gradient on the droplet surface and the normal temperature 
gradient inside the droplet coexist because of the curved gas-liquid 
interface and the evaporative cooling effect. Due to the temperature 
dependence of surface tension and density of the liquid, the existence of 
the temperature gradients may cause a series of thermal flows, such as 
thermocapillary convection and buoyancy flow. In the report of Hu and 
Larson [14], they confirmed that the Marangoni flow exists in an 
evaporating water droplet and it would restrain the particle assembling 
near the three-phase contact line. Nowadays, the thermal flow inside an 
evaporating sessile droplet, as well as its effect on evaporation, has been 
investigated a lot. Interestingly, the thermal flow is affected by many 
factors, including the liquid properties, substrate properties, evapora
tion modes, gas phase conditions et al. In fact, in the sessile droplets 
containing with different volatile liquids, various thermal patterns 
induced by thermal flow have been found, including hydrothermal 
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waves and cellular structure waves et al. [15,16]. Using infrared image 
technology, Sefiane and coworkers [15,17] experimentally investigated 
sessile droplet evaporation on a heated substrate. It was found that 
hydrothermal waves exist on the free surface of ethanol and methanol 
droplet, which is also reported by Sobac and Brutin [18,19]. Moreover, 
they pointed out that the Nusselt number is constant at 1.7, which 
proved that both conduction and convection are essential for energy 
transport. Sefiane et al. [20] confirmed that hydrothermal waves in 
evaporating droplets are bulk waves. Thermal patterns would influence 
the evaporation rate. According to the experimental results of Fukatani 
et al. [21], the evaporation mass flux becomes uniform due to the ex
istence of hydrothermal waves. Although the thermal flow also 
happened in the evaporating water droplet with the poor volatility [22, 
23], the previous reports about the thermal pattern on evaporating 
water droplets are confusing. Some researchers pointed out that the 
thermal pattern is difficult to be observed in an evaporating water 
droplet [14,15,24]. On the other hand, the thermal pattern with the 
stable recirculatory vortices has been found on the evaporating water 
droplet surface in the work of Josyula et al. [25] and Chen et al. [26]. 

There are several evaporating modes when the droplet contact line is 
not pinned. According to the report of Picknett and Bexon [27], two 
evaporation modes were presented, i.e., the constant contact radius 
(CCR) mode and the constant contact angle (CCA) mode. Furthermore, a 
mixed evaporation mode is also proposed [28,29]. During the mixed 
evaporation mode, the contact angle and the contact radius are simul
taneously reduced. Actually, either the change of contact line or contact 
angle may affect the thermal flow as well as the evaporation. According 
to the work of Peadhan and Panigrahi [23], the direction of the ther
mocapillary flow will change with the change of droplet size. Bouchenna 
et al. [30] numerically simulated the evaporation process of a water 
droplet on a heated substrate and found that the thermocapillary flow 
direction will reverse at a low contact angle. It was also pointed out that 
the evaporation rate is affected by the flow at a large contact angle. 
Meanwhile, Semenov [31] found that the evaporation flux increases 
with the decrease of sessile water droplet volume. 

The gas condition is another important factor that affects the sessile 
droplet evaporation. Some studies have been conducted under 
controlled gas conditions. Fukatani et al. [32] experimentally studied 
the thermal patterns on evaporating ethanol droplets using infrared 
camera. They found that regular waves appear at low relative humidity 
and high ambient temperature. However, the surface temperature dis
tribution becomes uniform when relative humidity increases and/or 
ambient temperature decreases. It has been found that the surface 
temperature and the evaporation rate will be affected by the gas con
vection [33,34]. Ghasemi and Ward et al. [35,36] conducted an exper
iment to study the steady state evaporation of sessile water droplet on Cu 

substrate at low pressures. The temperature in droplet and vapor phase 
is measured by U-shaped thermocouple. The results show that thermo
capillary flow will contribute to energy transport during droplet evap
oration. Similar conclusions have also been proposed by Mahmud and 
MacDonald [37]. However, according to Thompson and his coworkers 
[38], the thermocapillary flow is absent when water evaporates into its 
vapor in a polymethyl methacrylate funnel substrate. They found that 
the energy transport from the liquid and the vapor phase is sufficient for 
droplet evaporation without thermocapillary flow. Recently, using a 
three-dimensional simulation method, Zhang and coworkers [39] 
investigate the evaporation of sessile water droplet in its vapor at 
reduced pressure. Several flow patterns emerge on the droplet surface. 
Moreover, the total evaporation rate is found to be depended 
non-monotonically on contact angle. It is worth mentioning that the 
researches about sessile droplet evaporation are well-reviewed by Erbil 
[40], Brutin and Starov [41]. 

Above all, many researches certified that thermal flows exist in the 
evaporation process of sessile water and ethanol droplet. Furthermore, 
some reports indicate that thermal flow will affect the evaporation 
process and the energy transport. However, most of the previous re
searches are carried out under the atmospheric environment. It should 
also be noted that there still seems to be some confusion. For instance, 
whether the thermal pattern exists in an evaporating sessile water 
droplet surface is contentious. Furthermore, thermal pattern evolution 
of an evaporating droplet in its pure vapor at low pressures has never 
been observed experimentally before. This paper presents a series of 
experiments on the evolution of thermal patterns during steady-state 
evaporation of sessile water and ethanol droplet in its pure vapor at 
low pressures. Meanwhile, the influence of thermal flow on evaporation 
rate is also discussed. 

2. Experimental apparatus 

The experimental apparatus for sessile droplet evaporation in its 
pure vapor at low pressure is illustrated in Fig. 1. A sealed stainless steel 
chamber is designed for the purpose of studying the sessile droplet 
evaporation process in its vapor at low pressures. The geometry of the 
chamber is 155 mm � 155 mm � 155 mm. In order to observe the 
droplet morphology, three quartz glass windows are mounted on the 
left, right, and front sides of the chamber, respectively. To monitor the 
droplet side view, a CMOS camera (PixeLINK, PL-B771, resolution: 800 
� 600) is mounted on the left side of the chamber. Accordingly, a planar 
LED industrial visual light source for a backlight of the COMS camera is 
mounted on the right side. Based on the side view of droplet morphology 
caught by CMOS camera, an open source software ImageJ (Image Pro
cessing and Analysis in Java) can be used to measure the droplet height 

Nomenclature 

cp specific heat capacity, J⋅kg� 1⋅K� 1 

Ev evaporation rate, μl/min 
h droplet height, mm 
H relative humidity 
Lc capillary length, mm 
LV vaporization heat, kJ⋅kg� 1 

p pressure, Pa 
r radial position, mm 
R radius, mm 
t time, s 
T temperature, �C 

Greek symbols 
β thermal expansion coefficient, K� 1 

ε emissivity 
γT temperature coefficient of surface tension, N⋅m� 1⋅K� 1 

λ thermal conductivity, W⋅m� 1⋅K� 1 

η pressure ratio 
μ dynamic viscosity, mPa⋅s 
ρ density, kg⋅m� 3 

Subscripts 
0 initial value 
a ambient 
c cold 
h hot 
s saturated 
w substrate  
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[42]. During experiments, an infrared image camera with a 25 μm macro 
lens (FLIR SC325, resolution: 320 � 240, the field of view: 8 � 6 mm, 
heat sensitivity: 0.05 �C) is used to measure the temperature distribution 
on the droplet surface. It is vertically installed above the substrate. Thus, 
an infrared window that is made of Germanium glass is mounted on the 
top side of the chamber to ensure the effectiveness of using an infrared 
camera. It is worth mentioning that the effect of the curved surface on 
the accuracy of infrared temperature measurement is very small because 
the droplet height is low. Therefore, the infrared temperature mea
surement is used in order to display the thermal pattern on droplet 
surface. 

A vacuum pump (Edwards E2M1.5, pumping speed: 1.6 m3/h, ulti
mate vacuum: 0.3 Pa) is used to maintain the low-pressure state of the 
chamber. To monitor the pressure of the sealed chamber, a high preci
sion vacuum gauge (INFICON CDG 025D, measurement range: 1.33 �

101–1.33 � 105 Pa, accuracy: 0.20% of reading) is installed on it. By 
connecting the vacuum gauge to a multi-channel data acquisition in
strument (Keysight Technologies, 34972A), the pressure of the test 
chamber can be monitored in real time. The leak rate of the evaporation 
chamber is below 1.5 Pa/min. Before every experiment, the vacuum 
pump is used to continually evacuate the chamber for more than 6 h to 
remove impurities other than droplet vapor. 

The cylindrical substrate is the same as the substrate used in the 
previous report [16]. The side view and surface infrared imaging map of 
the small substrate is shown in Fig. 2. The small substrate is glued 
together with a base substrate. Moreover, the thickness and the radius of 
the small substrate are δ ¼ 0.5 � 0.05 mm and R ¼ 2.5 � 0.05 mm, 
respectively. In the center of the small substrate, there is a hole with the 
radius of 0.3 � 0.05 mm for the liquid supplement. Moreover, both the 
small substrate and the base substrate are made of copper. Before the 

Fig. 1. The schematics of the experimental apparatus.  

Fig. 2. The side view (left) and surface infrared imaging map (right) of the small substrate.  
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droplet formation, a thermostatic water bath (Shanghai Qiqian Elec
tronic Technology Co. Ltd, DC-2006, temperature ranges from � 20 �C to 
100 �C, and the accuracy is �0.05 �C) is used to maintain the substrate 
temperature. Furthermore, the substrate temperature is measured by 12 
K-type thermocouples, which are uniformly mounted in the base sub
strate. All the temperature data are real-time monitored by the data 
acquisition instrument. 

It is worth mentioning that the gaseous impurities of the experi
mental liquid in the storage bottle are exhausted with the help of the 
vacuum pump. Accompanied by a heating and stirring process, the 
exhausting process lasts at least 6 h until there is no bubble formation. 
Then the liquid is filled into a syringe without contacting with air. Using 
a syringe pump (KDS 200 series), the degassed liquid can be continu
ously supplied to the small substrate to form a sessile droplet. When the 
droplet is maintained in steady state evaporation, the evaporation rate is 
equal to the syringe rate. In this work, pure water and ethanol are used 
as the experimental liquids. Both of them are supplied by Chongqing 
Chuandong Co. Ltd. The purity of ethanol is higher than 99.7%. Table 1 
shows the physical properties of the experimental liquids at 25 �C. 
During the experiments, steady-state evaporation is sought by adjusting 
the pumping rate of the syringe pump and the evacuated rate of the 
vacuum pump. Within 15 min, if the variation of droplet height is no 
more than 45 μm and the change of vapor pressure is no more than 26.6 
Pa, the droplet evaporation is considered to be a steady state. Then the 
experimental data can be collected, including the evaporation rate, 
infrared images of the droplet surface, etc. 

3. Experimental results and discussion 

In all experiments, the droplet contact radius is fixed at R ¼ 2.5 mm, 
which is equal to the radius of the small substrate. To understand the 
influence of ambient pressure on droplet evaporation at different sub
strate temperatures, different ambient pressures were set in the experi
ment. In order to describe the evaporation ambient pressure, the 
pressure ratio η of vapor is introduced, which is defined as the ratio of 
real pressure in the sealed chamber to the saturation vapor pressure at 
the substrate temperature. Antoine equation is used to calculate the 
saturation pressure Ps [46]. 

log10Ps¼A � B=ðT þCÞ (1)  

where units of Ps and T are mmHg and �C, respectively. A, B and C are 
Antoine coefficients. For water, A ¼ 8.05573, B ¼ 1723.6425 and C ¼
233.08 in the temperature range of from 0.01 to 373.98 �C; For ethanol, 
A ¼ 8.12875, B ¼ 1660.8713 and C ¼ 238.131 in the temperature range 
of from � 5.15 to 240.75 �C [47]. Two pressure conditions are set in this 
work, i.e., η ¼ 0.9 and 0.6. 

When pure water droplet evaporates in its vapor at Tw ¼ 25 �C and η 
¼ 0.9, the side view and infrared images are shown in Fig. 3. As shown in 
Fig. 3(a), the droplet height is defined as the distance between the small 
substrate surface and the droplet apex. The infrared images show that 

the temperature seems to be homogeneous on most droplet surface, 
while a temperature gradient exists in the region near the three-phase 
contact line. Moreover, the temperature distribution does not seem to 
vary with the droplet height. 

To confirm that the temperature gradient exists in the contact line 
region, the tangential temperature distribution along the droplet surface 
is analyzed. First of all, the three-phase contact line should be accurately 
determined. As presented in Fig. 4(a), through the relationship between 
the diameter of the small substrate and the field of infrared imaging 
view, the position of the three-phase contact line can be accurately 
found. The red dash circle in Fig. 4(a) is the position of the three-contact 
line. Fig. 4(b) shows the temperature distribution along the droplet 
surface obtained at line 1 that is also shown in Fig. 4(a). According to the 
temperature distribution curve, it is obvious that the surface tempera
ture rises sharply near the three-phase contact line region. Furthermore, 
when water droplet evaporates at Tw ¼ 20 �C and η ¼ 0.9, the surface 
temperature distribution is similar to that at Tw ¼ 25 �C and η ¼ 0.9. 

The evaporation of water droplet at η ¼ 0.9 seems similar to some 
previous reports, in which no thermal patterns exist on the evaporating 
water droplet surface [15,21,48,49]. In Ref. [48], a water droplet is 
deposited on a heated copper substrate with a temperature of Tw ¼ 60 
�C. The infrared image shows that temperature difference exists in the 
latitudinal direction. However, unlike the surface temperature distri
bution of water droplet at η ¼ 0.9, the surface temperature rises grad
ually from the droplet apex to the contact line. The authors do not 
explain why there is no thermal patterns on the water droplet surface. 
Although some researchers pointed out that the surfactant will suppress 
the thermocapillary flow [14,50,51], which may be the reason for the 
thermal patterns to be observed difficultly. Kazemi et al. [52] carried out 
experimental and numerical studies about water with concave interface 
evaporating into its vapor. It was found that the thermocapillary flow 
does not happen. They also attributed the reason for the absence of 
thermocapillary flow to the surfactant. However, since pure water is 
used and the steam is the only gas component in the test chamber, there 
is no surfactant in present work. Thus, it is not the result of surfactant 
contamination that no thermal patterns emerged on water droplet sur
face at η ¼ 0.9. It is worth mentioning that, according to numerical 
simulation [39], when water droplet evaporates into its vapor at η ¼
0.94 and Tw ¼ 25 �C, the obvious temperature gradient only exists in the 
region near the three-phase contact line. In other words, the numerical 
result about the surface temperature distribution of evaporating water 
droplet at low pressures is in accordance with the present experimental 
result. 

Interestingly, when η ¼ 0.9, the surface temperature distributions for 
ethanol droplets evaporating at Tw ¼ 25 �C and 20 �C are also similar to 
those for pure water droplet evaporating. As exhibited in Fig. 5, the 
infrared images of ethanol droplet show that the surface temperature is 
homogeneous. Meanwhile, with the change of droplet height, the tem
perature distribution does not change a lot. 

There are many references that reported the existence of the hy
drothermal waves during sessile ethanol droplet evaporating in an at
mospheric environment [18,19,53]. We also carried out the experiment 
on the evaporation of ethanol droplet at Tw ¼ 20 �C in open air condi
tion. The ambient temperature Ta is 25.0 �C�1.0 �C, and the relative 
humidity H of air is 65% � 5%. Due to the low substrate temperature, no 
obvious hydrothermal waves appear on the ethanol droplet surface. 
However, it can be found that the surface temperature distribution is not 
uniform at Tw ¼ 20 �C and h ¼ 0.6 mm, as shown in Fig. 6 where the 
radius of Line 1 is 1.25 mm. Obviously, the surface temperature fluc
tuates along the longitudinal direction. When ethanol droplet evapo
rates in the open air, because of the existence of the curved interface, the 
thermal-conduction resistance between the substrate and the droplet 
surface is nonuniform. Meanwhile, the evaporation cooling effect may 
cause temperature disturbances along the longitudinal direction. Thus, 
the temperature distributions along both the longitudinal and latitudinal 
directions are not uniform. As a result, thermocapillary flow along the 

Table 1 
Physical properties of water and ethanol at 25 �C and 1 atm.   

Water [19] Ethanol [19] 

Boiling point (�C) 100 78.0 
Density, ρ (kg⋅m� 3) 997 789 
Dynamic viscosity, μ (mPa⋅s) 0.890 1.095 
Vaporization heat, LV (kJ⋅kg� 1) 2449 923 
Specific heat capacity, Cp (J⋅kg� 1⋅K� 1) 4180 2845 
Thermal conductivity, λ (W⋅m� 1⋅K� 1) 0.606 0.140 
Capillary length, Lc (mm) 2.73 1.69 
Thermal expansion coefficient, β (K� 1) 2.56 � 10� 4 

[43] 
1.08 � 10� 3 

[44] 
Surface tension temperature coefficient, γT 

(N⋅m� 1⋅K� 1) 
� 1.68 � 10� 4 

[17] 
� 0.83 � 10� 4 

[17] 
Emissivity, ε (� ) 0.96 [45] 0.92 [45]  
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longitudinal and latitudinal directions will happen on the free surface 
due to the temperature dependence of surface tension. However, 
compared with the evaporation process in open air condition, the mass 

transfer resistance will be reduced because the air around the droplet is 
removed when ethanol droplet evaporates in its pure vapor at η ¼ 0.9. 
Thus, the droplet evaporation will be enhanced at η ¼ 0.9. In this case, 

Fig. 3. The side view and top infrared images of a water droplet at Tw ¼ 25 �C and η ¼ 0.9.  

Fig. 4. The Temperature distribution on the droplet surface. (a) The position of the three-phase contact line and line 1. (b) Temperature distribution obtained along 
line 1 at Tw ¼ 25 �C, h ¼ 1.2 mm, and η ¼ 0.9. 

Fig. 5. The infrared images of the ethanol droplet at η ¼ 0.9.  
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the violent evaporation makes the evaporative cooling effect more 
pronounced. In addition, according to the report of Karapetsas et al. 
[54], the surface temperature will become uniform when the evapora
tion rate increases. Therefore, the surface temperature distribution be
comes homogeneous when ethanol droplet evaporates at η ¼ 0.9. 
Meanwhile, the liquid near the three-phase contact line is very close to 
the substrate, which ensures that the heat dissipation caused by evap
oration can be quickly compensated from the substrate. Therefore, there 
is a large temperature gradient at the three-phase contact line region. 

When the vapor pressure ratio is reduced to η ¼ 0.6, the surface 
temperature distributions of both water and ethanol droplets become 
diverse. As shown in Fig. 7, the infrared images during water droplet 
evaporating at η ¼ 0.6 reveal that a ring-shaped high-temperature region 
emerges on the free surface at a low droplet height, e.g., the position of 
white dash circle for water droplet in Fig. 7 (d) and (h). More details can 
be seen in Supplementary Video 1 and 2. At the same time, like the 
surface temperature distribution of water droplet at η ¼ 0.9, a warmer 
region appears near the three-phase contact line. Obviously, the tem
perature distribution along the latitudinal direction is non-uniform. 
Since the surface tension is inversely proportional to the temperature, 
the fluid flows from the high temperature region to the low temperature 
region. Therefore, the direction of the thermocapillary flow along the 
latitudinal direction is multiple. In this case, a multi-cell flow pattern 

appears on the meridian plane, as shown in Fig. 8. This multi-cell flow is 
similar to the numerical result of Bouchenna et al. [30] on the water 
droplet evaporation. Indeed, when water droplet evaporates at η ¼ 0.6, 
evaporation is strong due to the decrease of pressure. The evaporation 
rate of water droplet increases at least 2.5 times when pressure ratio 
reduces from 0.9 to 0.6. Consequently, the evaporative cooling effect 
increases, which means that the surface temperature will reduce 
accordingly. The temperature difference between the droplet surface 
and the substrate becomes large. This vertical temperature difference 
may be the cause of the multi-cell flow on the meridian plane. Therefore, 
the ring-shaped temperature distribution appears on the droplet surface. 
Interestingly, this ring-shaped temperature distribution has not been 
found in previous similar work. Ward and Duan [36] also investigated 
the water evaporating into its vapor at low pressures. They found the 
surface temperature decreases gradually from the contact line to the 
droplet apex when the vapor pressure is 299.7 � 7.1 Pa, which is 
different from the presented results. The main cause for this difference 
should be different substrate temperatures. In Ref. [36], the substrate 
temperature was maintained at 3.56 � 0.03 �C, which can ensure that 
the buoyancy is suppressed. Therefore, the hot water could not reach the 
droplet surface and the ring-shaped temperature distribution does not 
appear in their work. 

Supplementary video related to this article can be found at 

Fig. 6. Ethanol droplet evaporating in open air. (a) Infrared image of droplet surface at Tw ¼ 20 �C and h ¼ 0.6 mm and the location of line 1. (b) Temperature 
distribution at Line 1. 

Fig. 7. The infrared images of the water droplet at η ¼ 0.6. The white dash circle is the position of the ring-shaped high-temperature region.  
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Because the thermophysical parameters of ethanol and water are 

quite different, the thermal flow during ethanol droplet evaporating at η 
¼ 0.6 is different from that in water droplet. When Tw ¼ 20 �C, the 
uniform high-temperature region near the droplet triple line gradually 
evolves into a gear-like pattern with the decrease of the droplet height, 
as shown in Fig. 9. This thermal pattern hardly moves along the longi
tudinal direction (see Supplementary Video 3). As the droplet height 
decreases, the surface is closer to the substrate. The high temperature 
region near the contact line will extend. In the three-phase contact line 
region, a high evaporation flux can be maintained because the evapo
rating surface is closer to the substrate. The supplement flow takes the 
cold liquid to the contact line region. The cold liquid may cause the non- 
uniform temperature distribution in the high temperature region near 
the contact line. As a result, the gear-like thermal patterns gradually 
emerged. On the other hand, the heat conduction path near the apex of 
the droplet is longer than that near the droplet edge. Thereby, the liquid 
near the apex region is less affected by the substrate temperature. As 
mentioned before, the evaporation is very severe at low pressures. For 
instance, when h ¼ 0.4 mm and Tw ¼ 20 �C, the evaporation rate at η ¼
0.6 is 8.55 μl/min, which is more than twice as many as 3.97 μl/min at η 
¼ 0.9. Therefore, due to the intensive evaporative cooling effect, a 
uniform temperature distribution will be maintained near the droplet 
apex region at η ¼ 0.6 and Tw ¼ 20 �C. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.ijthermalsci.2019.106213 

When the substrate temperature increases to Tw ¼ 25 �C, the gear- 
like thermal patterns also emerge near the triple line with the 
decrease of droplet height. Different from the result at Tw ¼ 20 �C, the 
waves of the gear-like pattern are not static. The waves will oscillate 
along the longitudinal direction. At the same time, a cellular flow ap
pears near the center of the droplet surface, as shown in Fig. 10. When h 
¼ 1.2 mm, the cellular flow is first generated near the center of the 
droplet. Then, it will move to the vicinity of the three-phase contact line 
and the size gradually shrinks. Finally, the cell will disappear with the 

oscillation at the three-phase contact line, as shown in Fig. 10(a), and 
more details can be seen in Supplementary Video 4. The evolution of the 
cellular flow is periodic. A new cell will appear after the old one dis
appears at the three-phase contact line. When the pressure ratio is 0.6, 
the evaporative cooling effect is remarkable due to the strong surface 
evaporation. The surface temperature is significantly reduced. There
fore, the temperature difference between the substrate and the free 
surface increases. When h ¼ 1.2 mm, the temperature difference be
tween the droplet apex and the substrate at Tw ¼ 25 �C is about 3.5 �C. It 
is more than twice of that at Tw ¼ 20 �C. Therefore, the increase of 
vertical temperature difference causes the upward thermal flow, which 
results in the generation of the cell flow. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.ijthermalsci.2019.106213 

When the droplet height decreases to h ¼ 1.0 mm, a combination of 
the cellular flow and the gear-like pattern will emerge on the droplet 
surface, as shown in Fig. 10(b). However, the cell size is smaller than 
that at h ¼ 1.2 mm, and it does not move to the contact line. Meanwhile, 
the region that gear-like patterns occupied becomes more significant, 
and the wave oscillation of the gear-like pattern become more obvious 
(see Supplementary Video 5). As illustrated before, the surface tem
perature will rise with the decrease of the droplet height. The temper
ature difference between the substrate and the droplet surface decreases 
from 3.5 �C at h ¼ 1.2 mm to about 2.8 �C at h ¼ 1.0 mm, which makes 
the thermal flow in the vertical direction become weakened. Therefore, 
the cell size decreases. At the same time, the increase of the surface 
temperature makes the region of the gear-like thermal pattern extend to 
the center of the droplet surface. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.ijthermalsci.2019.106213 

In order to understand the temperature fluctuation on the droplet 
surface, two temperature monitoring points are set near the contact line 
and the droplet apex, respectively, as shown in Fig. 10(a). Fig. 11(a) 
shows the temperature fluctuation at point 1 near the contact line for 
ethanol droplet evaporating at η ¼ 0.6. It can be found that there is no 

Fig. 8. The schematic of multi-cell flow on a meridian plane.  

Fig. 9. The infrared images of the ethanol droplet at η ¼ 0.6 and Tw ¼ 20 �C.  
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fluctuation near the contact line at Tw ¼ 20 �C, even though the gear-like 
pattern is pronounced at h ¼ 0.4 mm. Nonetheless, the two troughs on 
the temperature curve at Tw ¼ 25 �C prove the existence of temperature 
fluctuation. Fig. 11(b) shows the temperature evolution with time at the 
monitoring point 2 at the droplet apex at Tw ¼ 25 �C. It can be found that 
there is an obvious temperature fluctuation at the droplet apex at h ¼
1.2 mm and h ¼ 1.0 mm. When ethanol droplet height decreases from 
1.2 mm to 1.0 mm, the apex temperature oscillation amplitude becomes 
small and the frequency increases. As the drop height decreases, the 
surface temperature rises, which causes the lowest value of the tem
perature oscillation to increase. It can be seen from Fig. 11(b), the 
highest temperatures in the temperature oscillation at the droplet apex 
for h ¼ 1.0 mm and 1.2 mm are almost the same, while the lowest 
temperature for h ¼ 1.2 mm is lower than that for h ¼ 1.0 mm. In other 
words, the oscillation magnitude of the thermal flow rising from the 
bottom will decrease with the decrease of the droplet height. At the same 
time, due to the proximity of the droplet surface to the substrate, the 
upward thermal flow is more likely to reach the droplet surface, and the 
oscillation frequency is thus increased. 

Benefitting from the steady-state evaporation, the evaporation rate 
Ev can be obtained through the injection rate of the syringe pump. 
Fig. 12 shows the variations of the evaporation rate of water and ethanol 
droplets with the droplet height on a heated substrate in its pure vapor at 
low pressures. Interestingly, the evaporation rate does not change 
monotonically with the droplet height. It decreases first and then in
creases with the decrease of the droplet height for water and ethanol 
droplet evaporating in its vapor. This conclusion is in accordance with 
the numerical result of Zhang et al. [39]. 

At η ¼ 0.9, the surface temperature distribution is uniform, and the 
thermocapillary flow induced by the surface tension gradient is weak. 
Thus, the evaporation rate is affected by the surface area and the surface 
temperature of the droplet. When the droplet height is high, almost 
when h > 1.0 mm in the present work, the effect of surface temperature 
on evaporation is less than that of droplet surface. Therefore, owing to 
the reduction of surface area with the decrease of droplet height, the 

evaporation rate gradually decreases. As the height decreases further, 
the surface temperature increases sufficiently, and the heat dissipation 
generated by liquid evaporation can be rapidly supplemented from the 
substrate. In this case, the evaporation rate increases with the decrease 
of the height. 

On the other hand, when the pressure ratio is reduced to η ¼ 0.6, the 
thermal flow also affects the evaporation rate. When the height is low 
enough, the existence of thermocapillary flow and upward thermal flow 
will make the warm liquid near the substrate flow to the cold region near 
the surface. Compared with heat conduction from the substrate to the 
droplet surface, the thermal flow can quickly compensate for the energy 
needed for evaporation. Finally, the droplet evaporation will be 
enhanced. It also can be found that the evaporation rate at η ¼ 0.6 is 
larger than that at η ¼ 0.9, which demonstrates that the pressure 
reduction will promote the droplet evaporation. Actually, when the 
pressure ratio is reduced from 0.9 to 0.6, the evaporation rates are 
promoted at least by 1.5 times for ethanol droplet and 2.5 times for 
water droplet. Moreover, although the evaporation rate of ethanol 
droplet is higher than that of water droplet, it seems that the influence of 
pressure reduction on the water droplet evaporation rate is larger than 
that on the ethanol droplet evaporation rate. 

4. Error analysis 

In order to ensure the accuracy of the evaporation rate measurement, 
the evaporation rate in Fig. 12 was measured three times for each point. 
The average value of the total three measurements was used as the 
representative evaporation rate. The error bars in Fig. 12 is the standard 
deviation of measured values. It can be calculated by 

s¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
ðEv � EvÞ

2

s

(2) 

The largest deviation is 16.5% for water droplet at η ¼ 0.9, Tw ¼ 20 
�C, and h ¼ 0.6 mm. During the experiment, there are two possible 
reasons for the deviation of the evaporation rate measurement. On the 

Fig. 10. The infrared images of the ethanol droplet at η ¼ 0.6 and Tw ¼ 25 �C.  
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one hand, the pressure inside the sealed chamber fluctuates within a 
small range. On the other hand, the deviation of droplet height mea
surement may exist during the experiment. However, the largest devi
ation of evaporation rate measurement is 16.5%, which should be 
acceptable. 

5. Conclusions 

This paper presented a series of experimental results on the evapo
ration of water and ethanol droplets at low pressures. The evolution of 
thermal pattern and the variation of evaporation rate are obtained. The 
following conclusions can be drawn.  

(1) For water droplet evaporation, there is a uniform temperature 
distribution on the free surface due to the intense evaporation at 
η ¼ 0.9. Only a temperature gradient exists near the three-phase 
contact line. When the pressure reduced to η ¼ 0.6, the surface 
temperature distribution becomes non-uniform, the ring-like 
thermal pattern appears on the free surface. 

(2) For ethanol droplet evaporation, the surface temperature distri
bution is similar to that of water at η ¼ 0.9. Moreover, the change 

of vertical temperature difference induced by pressure reduction 
also influences the temperature distribution on ethanol droplet. 
However, it is different from that on water droplet. When η ¼ 0.6 
and Tw ¼ 20 �C, a stable gear-like pattern appears on ethanol 
droplet surface at low droplet height. When η ¼ 0.6 and Tw ¼ 25 
�C, a cellular flow happens on the ethanol surface. At the same 
time, the waves of the gear-like pattern will oscillate along the 
longitudinal direction.  

(3) The pressure reduction will promote evaporation. Meanwhile, 
when the droplet height is high, the evaporation rate decreases 
with the decrease of droplet height due to the surface area 
reduction. However, when the droplet height is low, the evapo
ration rate increases with the droplet height decreasing due to the 
increase of surface temperature. 
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Fig. 11. The temperature fluctuation at the monitoring points.  

Fig. 12. The evaporation rate of water and ethanol droplets. Solid symbol: η ¼
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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