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Abstract: A detailed experimental investigation was made on the droplet evaporation of an azeotropic mixture, ethanol 
solution of 1-heptane. The solution was a pressure-maximum azeotropic mixture and had a minimum boiling point in the 
azeotropic composition. The mixture droplet of 10 mm3 volume was slowly dripped on to heated brass surface, which was 
smoothly burnished and thinly gold plated to prevent oxidization. The evaporating behavior and the lifetime of the droplets 
were examined within a temperature range of the wall from 100 to 300℃. The results were compared with those of a non-
azeotropic mixture, ethanol solution of 1-butanol. There were clear differences on the variations of Leidenfrost point and the 
variations of droplet-lifetime at Leidenfrost point with an increase in the concentration of the mixture, although the 
evaporating behavior of the azeotropic mixture droplets did not differ much from that of the non-azeotropic mixture droplets. 
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1. Introduction 
The evaporation of droplets on heated solid wall has been 
studied extensively concerning, for example, spray-cooling 
and vapor generation [1, 2]. It has been shown that a droplet 
levitated by a thin vapor layer at wall temperatures above 
the Leidenfrost point (LFP in this paper) and the droplet 
lifetime was prolonged because of the film boiling, but the 
droplet evaporated rapidly due to the nucleate boiling at 
lower wall temperatures. There are numerous studies on the 
droplet evaporation of several test liquids upon several 
kinds of heated walls, and the effects of surface roughness, 
initial droplet size and initial liquid temperature upon LFP 
have been reported [3, 4]. The mechanism of the transition 
boiling had been also discussed [5]. These results have been 
used to predict spray behavior and heat transfer in several 
engineering processes. New devices that make good use of 
the Leidenfrost phenomena have also been developed [6].  
 In this century, attention has focused on alternative 
liquid fuels such as synthetic fuels and alcohol-containing 
fuels. These are generally composed of several liquids, and 
may be azeotropic mixtures having extreme vapor pressure 
and boiling points. Though the pool boiling and the 
convective boiling of azeotropic mixtures have been 
studied [7], the droplet evaporation of azeotropic mixtures 
has not been studied sufficiently. There is a lack of basic 
knowledge about the droplet evaporation of mixtures upon 
superheated surfaces.  
 In the present study, the droplet evaporation of pure 
liquids, namely water, ethanol, 1-butanol and 1-heptane, 
was studied first, to confirm the previous knowledge. Based 
on the results, taking ethanol solution of 1-heptane as a 
representative of azeotropic mixtures, droplet evaporation 
of the azeotropic mixture was investigated experimentally. 
The investigation was also made on the droplet evaporation 
of the non-azeotropic mixture, ethanol solution of 1-butanol, 
and the results were compared with those of the azeotropic 
mixture. There were clear differences on the variations of 
LFP and the variations of droplet lifetime at LFP with an 
increase in concentration of the mixture. The differences 
were also found on the variations of droplet lifetime in the 

film boiling regime with an increase in the concentration of 
the mixture. The reasons for these differences were 
discussed in this paper.  
 
2. Experimental Setup and Procedure 
Figure 1 shows a schematic diagram of the experimental 
setup. A liquid droplet was dripped as slowly as possible 
from a dispenser on to the upper concave surface of a long 
brass cylinder that was heated electrically. The diameter of 
the cylinder was 50mm and the depth of the concave was 
0.35mm. Except for the central flat zone with a diameter of 
5mm, the slope of the concave surface was 1.0°. The 
concave surface was burnished, using sandpaper (#2000 
wet) to be sufficiently smooth, and was thinly gold plated to 
prevent oxidation prior to the experiment. The arithmetical 
mean roughness of the concave surface was 0.05 μm and 
the plating thickness was estimated to be about 0.1 μm.   
 The evaporating behavior of the droplet was observed 
using a high-speed camera (1200 fps). The droplet lifetime, 
the time from droplet dripping to evaporation completion, 
was evaluated by analyzing the images. Seven droplets 
were examined at each experimental condition. The mean 
lifetime of five droplets, excluding the longest and the 
shortest, is presented in this paper. The evaporating 
behavior of a representative droplet, which had an 
intermediate lifetime, was also investigated. By means of 
thermo-couples embedded 5mm and 10mm below the 
dripping point of the surface, the temperature of the brass 

 

 
Fig. 1 Schematic diagram of experimental setup 
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u   fluctuation velocity [m/s] 
γ  particle removal rate [%] 
ν kinematic viscosity [m2/s] 
  density [kg/m3] 
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sprightly, leading the dispersion of the lifetime data. 
 The behavior of the water droplet having intermediate 
lifetime was analyzed, and the observed evaporation 
manners were classified into six representative manners. 
Figure 3 shows the range of wall temperature and elapsed 
time from droplet dripping where each evaporation manner 
was observed. To present clearly the observed evaporation 
manners in the early stage of evaporation, the vertical axis 
of the chart shows the elapsed time on a logarithmic scale. 
Illustrations of the representative evaporation manners can 
be seen around the chart. Typical flash photographs of the 
water droplets showing the representative evaporation 
manners are also presented in Fig. 4. 
 As can be seen from Fig. 3, the manner of ‘boiling’ was 
observed at wall temperatures just above boiling point 
(100℃). At slightly higher wall temperatures, ‘splash 
boiling’ was observed, in which small droplets were 
spouted out of the boiling droplet. So, the range of wall 
temperature below the minimum lifetime point should be 
the nucleate boiling regime. At a wall temperature slightly 
lower than LFP, the droplet showed ‘splash bounding’ in 
the early stage of evaporation, in which the droplet bounded 
on the heated wall with splashing small droplets, then the 
evaporation manner changed to ‘bounding’, in which the 
droplet bounded on the heated wall repeatedly without 
splashing. ‘Splash bounding’ was seldom observed at wall 
temperatures higher than LFP.  Instead the droplet showed 
the manners of ‘bounding’ and ‘pseudo-steady’, in which 
the droplet levitated gently and evaporated without major 
motion. The lifetime of the droplet should be prolonged and 
LFP should be reached due to the disappearance of ‘splash 
bounding’, because the droplet decreased its volume by 
splashing. So, the range of wall temperature higher than the 
LFP should be the film boiling regime, and the range of 
wall temperature between the minimum lifetime point and 
LFP should be the transition boiling regime. Here, one more 
evaporation manner of ‘bounding with occasional splash’ 
was sometimes observed at the end of the evaporation 
process of 1-heptane ethanol-solutions, in which the droplet 
spouted out fine droplets occasionally during the bouncing 
motion. The elapsed-time range of this manner is not found 
in Fig. 3, as the water droplet seldom showed this manner.  
 The lifetime curve of the ethanol droplet resembled that 
of the water droplet in its shape, as shown in Fig. 2. The 
LFP of the ethanol droplet was lower than the water droplet, 

and the lifetime of the ethanol droplet was shorter than that 
of the water droplet. The small vaporization heat and the 
low boiling point of ethanol should enable the droplet to 
levitate at low wall temperatures and to evaporate rapidly. 
The red down arrow shown in Fig. 2 indicates the LFP of a 
previous study on the evaporation of an ethanol droplet 
upon a heated brass wall [1]. The LFP of present work also 
almost agrees with the previous study. 

The droplet lifetime curve of 1-butanol also resembled 
that of ethanol in its shape. The LFP of 1-butanol droplet 
was higher than the ethanol droplet. This should be due to 
the high boiling point of 1-butanol. The droplet lifetime 
curve of 1-heptane is also shown in Fig. 2. The droplet 
lifetime of 1-heptane was shorter than that of 1-butanol, 
especially in the film boiling regime. This should be 
because the droplet of 1-heptane with small vaporization 
heat evaporated more rapidly than 1-butanol.  
 

3.2 Droplet evaporation of mixtures 
3.2.1 Non-azeotropic mixture 

The droplet evaporation of non-azeotropic mixture, ethanol 
solution of 1-butanol, was examined. Figure 5 (a) shows the 
variations of droplet lifetime with an increase in the wall 
temperature for various mixture concentrations. The 
lifetime data of ethanol and the 1-butanol are shown again 
as the cases of C=0 and C=100 wt% respectively. Figure 6 
shows the range of wall temperature and elapsed time from 
dripping where each of the representative evaporation 
manners, illustrated around the chart in Fig. 3, was observed. 
Gray solid lines and gray dotted lines in Fig. 5 (a) and each 
chart in Fig. 6 indicate the LFPs of the ethanol droplet 
(C=0) and the 1-butanol droplet (C=100%) respectively.  
 In the case of C=0, the droplet lifetime was 
minimalized at the wall temperature of about 120℃, 
reached a maximum (LFP) at the wall temperature of about 
150℃, and decreased gradually with an increase in wall 
temperature at higher wall temperatures, as shown in Fig. 5 
(a). In the transition boiling regime, the droplet showed 
‘splash bounding’ in the early stage of evaporation, as 
shown in Fig. 6 (vi). But, the droplet no longer showed this 
at wall temperatures above the LFP, and the droplet showed 
‘pseudo-steady’ immediately after the dripping.  
 In the range of concentration lower than 20 wt%, the 
droplet lifetime decreased with an increase in concentration 
at the wall temperatures around the LFP of ethanol, 

 

     
(a) Non-azeotropic mixtures                                                        (b) Azeotropic mixtures 

Fig.5 The variations in droplet lifetime of azeotropic mixtures and non-azeotropic mixtures with wall temperature increase 
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cylinder was measured just before the droplet was dripped. 
The temperature difference between the two thermo-couples 
was negligibly small, so the initial surface temperature, Tw, 
of the heated wall was approximated as the temperature of 
the upper thermocouple. The temperatures of the thermo-
couples scarcely changed during the evaporation of droplet.  

The test liquids employed were water, ethanol, 1-
butanol, 1-heptane, 1-heptane ethanol-solutions of various 
concentrations and 1-butanol ethanol-solutions of various 
concentrations. The thermo-physical properties of water and 
the components of mixtures are listed in Table 1. The 
ethanol solution of 1-heptane is a pressure-maximum 
azeotropic mixture and has a minimum boiling point of 
70.9℃, which is smaller than those of ethanol and 1-
heptane, in the azeotropic composition (ethanol:1-heptane 
=49:51 wt%) [8, 9]. The ethanol solution of 1-butanol is a 
non-azeotropic mixture. The initial volume, V, of droplet 
was 10 mm3. The diameter of an equivalent volume sphere 
to the droplet was 2.67 mm. The wall temperature range, Tw, 
was from 100 to 300℃. 
 
3. Experimental Results and Discussion 

3.1 Droplet evaporation of pure liquids 
Experimental investigation was made on the droplet 
evaporation of the pure liquids, water, ethanol, 1-butanol 
and 1-heptane. Figure 2 shows the variations of the mean 
droplet lifetime with an increase in the wall temperature, Tw. 
The vertical bars around symbols indicate the dispersion 
ranges of measured values.  
 With a wall temperature lower than about 150℃, the 
lifetime of water droplet decreased with an increase in wall 
temperature and was minimalized. With a slightly higher 
wall temperature, the lifetime increased with an increase in 
wall temperature and reached a maximum at a wall 
temperature of about 240℃. This point should be the LFP 
of the water droplet. At higher wall temperatures, the 

droplet lifetime gradually decreased with an increase in wall 
temperature. The black down arrow shown in Fig. 2 
indicates the LFP of a previous study on the evaporation of 
a water droplet on a heated brass wall [1]. The LFP of 
present work almost agrees with that of the previous study. 
The small difference of LFP between the present work and 
the previous study should be because the droplet size in the 
previous study was larger than that in the present work and 
the LFP of the large droplet was slightly high [3].  
 The lifetime dispersion of the water droplet was larger 
than that of other test liquids especially at intermediate wall 
temperatures, as shown in Fig. 2. The reason is considered 
as follows: Larger amount of vapor is generated by the 
evaporation of the water droplet than other test liquids and 
the vapor flow exerts greater shearing force on the bottom 
interface, especially in the transition boiling regime. Larger 
surface tension also acts on the interface of droplet. These 
forces should cause the droplet to fluctuate randomly and 

Table 1 Thermo-physical properties of water and components of mixtures 

Liquid

1-Heptane
Ethanol

1-Butanol

98.5
78.6

117.7

320.1
854.8
619.2

680
785
806

Boiling
Point, oC

Vaporization
Heat, kJ/kg

Density
@25oC, kg/m3

Specific Heat
@25oC, kJ/(kg.K)

2.246
Water 100.0 2257 9974.174

2.422
2.390

Thermal Conductivity
@25oC, W/(m.K)

0.127
0.610

0.167
0.152 #2 Non-azeotropic

#1 Azeotropic

 
 

 
Fig. 2 The variations of droplet lifetime of pure liquids
with an increase in the wall temperature  
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Fig. 4 Typical flash photographs of water droplets
showing representative evaporation manners 
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sprightly, leading the dispersion of the lifetime data. 
 The behavior of the water droplet having intermediate 
lifetime was analyzed, and the observed evaporation 
manners were classified into six representative manners. 
Figure 3 shows the range of wall temperature and elapsed 
time from droplet dripping where each evaporation manner 
was observed. To present clearly the observed evaporation 
manners in the early stage of evaporation, the vertical axis 
of the chart shows the elapsed time on a logarithmic scale. 
Illustrations of the representative evaporation manners can 
be seen around the chart. Typical flash photographs of the 
water droplets showing the representative evaporation 
manners are also presented in Fig. 4. 
 As can be seen from Fig. 3, the manner of ‘boiling’ was 
observed at wall temperatures just above boiling point 
(100℃). At slightly higher wall temperatures, ‘splash 
boiling’ was observed, in which small droplets were 
spouted out of the boiling droplet. So, the range of wall 
temperature below the minimum lifetime point should be 
the nucleate boiling regime. At a wall temperature slightly 
lower than LFP, the droplet showed ‘splash bounding’ in 
the early stage of evaporation, in which the droplet bounded 
on the heated wall with splashing small droplets, then the 
evaporation manner changed to ‘bounding’, in which the 
droplet bounded on the heated wall repeatedly without 
splashing. ‘Splash bounding’ was seldom observed at wall 
temperatures higher than LFP.  Instead the droplet showed 
the manners of ‘bounding’ and ‘pseudo-steady’, in which 
the droplet levitated gently and evaporated without major 
motion. The lifetime of the droplet should be prolonged and 
LFP should be reached due to the disappearance of ‘splash 
bounding’, because the droplet decreased its volume by 
splashing. So, the range of wall temperature higher than the 
LFP should be the film boiling regime, and the range of 
wall temperature between the minimum lifetime point and 
LFP should be the transition boiling regime. Here, one more 
evaporation manner of ‘bounding with occasional splash’ 
was sometimes observed at the end of the evaporation 
process of 1-heptane ethanol-solutions, in which the droplet 
spouted out fine droplets occasionally during the bouncing 
motion. The elapsed-time range of this manner is not found 
in Fig. 3, as the water droplet seldom showed this manner.  
 The lifetime curve of the ethanol droplet resembled that 
of the water droplet in its shape, as shown in Fig. 2. The 
LFP of the ethanol droplet was lower than the water droplet, 

and the lifetime of the ethanol droplet was shorter than that 
of the water droplet. The small vaporization heat and the 
low boiling point of ethanol should enable the droplet to 
levitate at low wall temperatures and to evaporate rapidly. 
The red down arrow shown in Fig. 2 indicates the LFP of a 
previous study on the evaporation of an ethanol droplet 
upon a heated brass wall [1]. The LFP of present work also 
almost agrees with the previous study. 

The droplet lifetime curve of 1-butanol also resembled 
that of ethanol in its shape. The LFP of 1-butanol droplet 
was higher than the ethanol droplet. This should be due to 
the high boiling point of 1-butanol. The droplet lifetime 
curve of 1-heptane is also shown in Fig. 2. The droplet 
lifetime of 1-heptane was shorter than that of 1-butanol, 
especially in the film boiling regime. This should be 
because the droplet of 1-heptane with small vaporization 
heat evaporated more rapidly than 1-butanol.  
 

3.2 Droplet evaporation of mixtures 
3.2.1 Non-azeotropic mixture 

The droplet evaporation of non-azeotropic mixture, ethanol 
solution of 1-butanol, was examined. Figure 5 (a) shows the 
variations of droplet lifetime with an increase in the wall 
temperature for various mixture concentrations. The 
lifetime data of ethanol and the 1-butanol are shown again 
as the cases of C=0 and C=100 wt% respectively. Figure 6 
shows the range of wall temperature and elapsed time from 
dripping where each of the representative evaporation 
manners, illustrated around the chart in Fig. 3, was observed. 
Gray solid lines and gray dotted lines in Fig. 5 (a) and each 
chart in Fig. 6 indicate the LFPs of the ethanol droplet 
(C=0) and the 1-butanol droplet (C=100%) respectively.  
 In the case of C=0, the droplet lifetime was 
minimalized at the wall temperature of about 120℃, 
reached a maximum (LFP) at the wall temperature of about 
150℃, and decreased gradually with an increase in wall 
temperature at higher wall temperatures, as shown in Fig. 5 
(a). In the transition boiling regime, the droplet showed 
‘splash bounding’ in the early stage of evaporation, as 
shown in Fig. 6 (vi). But, the droplet no longer showed this 
at wall temperatures above the LFP, and the droplet showed 
‘pseudo-steady’ immediately after the dripping.  
 In the range of concentration lower than 20 wt%, the 
droplet lifetime decreased with an increase in concentration 
at the wall temperatures around the LFP of ethanol, 

 

     
(a) Non-azeotropic mixtures                                                        (b) Azeotropic mixtures 
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cylinder was measured just before the droplet was dripped. 
The temperature difference between the two thermo-couples 
was negligibly small, so the initial surface temperature, Tw, 
of the heated wall was approximated as the temperature of 
the upper thermocouple. The temperatures of the thermo-
couples scarcely changed during the evaporation of droplet.  

The test liquids employed were water, ethanol, 1-
butanol, 1-heptane, 1-heptane ethanol-solutions of various 
concentrations and 1-butanol ethanol-solutions of various 
concentrations. The thermo-physical properties of water and 
the components of mixtures are listed in Table 1. The 
ethanol solution of 1-heptane is a pressure-maximum 
azeotropic mixture and has a minimum boiling point of 
70.9℃, which is smaller than those of ethanol and 1-
heptane, in the azeotropic composition (ethanol:1-heptane 
=49:51 wt%) [8, 9]. The ethanol solution of 1-butanol is a 
non-azeotropic mixture. The initial volume, V, of droplet 
was 10 mm3. The diameter of an equivalent volume sphere 
to the droplet was 2.67 mm. The wall temperature range, Tw, 
was from 100 to 300℃. 
 
3. Experimental Results and Discussion 

3.1 Droplet evaporation of pure liquids 
Experimental investigation was made on the droplet 
evaporation of the pure liquids, water, ethanol, 1-butanol 
and 1-heptane. Figure 2 shows the variations of the mean 
droplet lifetime with an increase in the wall temperature, Tw. 
The vertical bars around symbols indicate the dispersion 
ranges of measured values.  
 With a wall temperature lower than about 150℃, the 
lifetime of water droplet decreased with an increase in wall 
temperature and was minimalized. With a slightly higher 
wall temperature, the lifetime increased with an increase in 
wall temperature and reached a maximum at a wall 
temperature of about 240℃. This point should be the LFP 
of the water droplet. At higher wall temperatures, the 

droplet lifetime gradually decreased with an increase in wall 
temperature. The black down arrow shown in Fig. 2 
indicates the LFP of a previous study on the evaporation of 
a water droplet on a heated brass wall [1]. The LFP of 
present work almost agrees with that of the previous study. 
The small difference of LFP between the present work and 
the previous study should be because the droplet size in the 
previous study was larger than that in the present work and 
the LFP of the large droplet was slightly high [3].  
 The lifetime dispersion of the water droplet was larger 
than that of other test liquids especially at intermediate wall 
temperatures, as shown in Fig. 2. The reason is considered 
as follows: Larger amount of vapor is generated by the 
evaporation of the water droplet than other test liquids and 
the vapor flow exerts greater shearing force on the bottom 
interface, especially in the transition boiling regime. Larger 
surface tension also acts on the interface of droplet. These 
forces should cause the droplet to fluctuate randomly and 

Table 1 Thermo-physical properties of water and components of mixtures 

Liquid

1-Heptane
Ethanol

1-Butanol

98.5
78.6

117.7

320.1
854.8
619.2

680
785
806

Boiling
Point, oC

Vaporization
Heat, kJ/kg

Density
@25oC, kg/m3

Specific Heat
@25oC, kJ/(kg.K)

2.246
Water 100.0 2257 9974.174

2.422
2.390

Thermal Conductivity
@25oC, W/(m.K)

0.127
0.610

0.167
0.152 #2 Non-azeotropic

#1 Azeotropic

 
 

 
Fig. 2 The variations of droplet lifetime of pure liquids
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6 (i), the droplet of 1-butanol ethanol-solution of C=20 
wt% should show ‘splash boiling’ at the wall temperatures 
in the final stage of evaporation. 
 At higher concentrations than 40 wt%, the droplet 
lifetime became short with an increase in the concentration 
except for the nucleate boiling regime. However, as shown 
in Fig. 6 (ii)-(iii), the evaporation manner distributions of 
C=60 wt% and C=80 wt% did not differ much from that of 
C=100 wt%. The evaporation manner distribution of C= 
100 wt% was almost similar to that of C=0, with a shift to 
the right of about 40 K, as shown in Fig. 6 (i). The amount 
of the shift was comparable to the difference in the boiling 
point between 1-butanol and ethanol. 
 

3.2.2 Azeotropic mixture 
The droplet evaporation of the azeotropic mixture, ethanol 
solution of 1-heptane, was examined next. The evaporation 
behavior of the azeotropic mixture droplet was not 
significantly different overall from that of the non-
azeotropic mixture droplet. Figure 5 (b) shows variations of 
the droplet lifetime with an increase in wall temperature for 
various mixture concentrations. The data of C=0 and C= 
100 wt% were those of ethanol and 1-heptane respectively. 
Figure 7 shows the range of wall temperature and elapsed 
time from dripping where each of the representative 
evaporation manners was observed. Gray solid lines and 
gray dotted lines in Fig. 5 (b) and each chart in Fig. 7 
indicate the LFPs of ethanol droplet (C=0) and 1-heptane 
droplet (C=100 wt%) respectively. The data of ethanol are 
shown again as the case of C=0 in the figures.  
 The droplet lifetime of C=20 wt% was slightly shorter 
than that of C=0 at wall temperatures above the minimum 
lifetime point, as shown in Fig. 5 (b). The marked decrease 
of droplet lifetime at the wall temperatures around the gray 
solid line, found in Fig. 5 (a), was not observed. The droplet 
lifetime of C=40 wt% was also slightly shorter than that of 
C=20 wt%. The LFP became high slightly with an increase 
in the concentration at the concentrations of C≤ 40 wt%. As 
shown in Fig. 7 (iv)-(vi), the evaporation manner 
distributions of C=20 wt% and C=40 wt% also did not 
differ much from that of C=0, except that the manners of 
‘splash bounding’ and ‘bounding with occasional splash’ 
were sometimes observed at the end of evaporation process 
in the transition boiling regime. Here the latter manner was 
not often observed with the 1-butanol ethanol-solution 
droplets. The azeotropic composition should evaporate first 
and the remained ethanol should evaporate next from the 

droplets of C=20 wt% and C=40 wt%. Because the boiling 
point of ethanol was close to that of the azeotropic 
composition, the evaporation manner distributions of C=20 
wt% and C=40 wt% should resembled that of C=0. 
 The lifetime curves of C=40 wt% and C=60 wt% lay 
apart, as shown in Fig. 5 (b). The droplet lifetime of C=60 
wt% was clearly shorter than that of C=40 wt% at all wall 
temperatures above the minimum lifetime point. The 
azeotrope should be concerned with this difference, since 
the concentration of the azeotropic composition, C=51 wt%, 
was between 40 wt% and 60 wt%. However, as shown in 
Fig. 7 (iii)-(iv), the evaporation manner distribution of 
C=60 wt% did not differ much from that of C=40 wt%.  
 The droplet lifetime of C=100 wt% was considerably 
shorter than that of C=0 at all wall temperatures above the 
minimum lifetime point, as shown in Fig. 5 (b). The droplet 
lifetime of C=80 wt% was slightly longer than that of C= 
100 wt%, and the droplet lifetime of C=60 wt% was longer 
than that of C=80 wt% especially at the wall temperatures 
of 140℃≤ Tw≤160℃. Although the droplet of C=80 wt% 
showed ‘splash bounding’ in this temperature range, the 
droplet of C=60 wt% mainly showed ‘pseudo-steady’, as 
shown in Fig. 7 (ii)-(iii). The droplet lifetime should be 
prolonged due to the change of the evaporation manner. The 
evaporation manner distribution of C=100 wt% almost 
resembled that of C=0, with a shift to the right of about 30 
K, as shown in Fig. 7 ( i), except that ‘splash bounding’ and 
‘bounding with occasional splash’ were observed at the end 
of evaporation process in the transition boiling regime.  
 

3.2.3 Comparison of evaporation characteristics 
The evaporation characteristics of the azeotropic mixture 
droplet and the non-azeotropic mixture droplet were 
compared focusing on the film boiling regime, because the 
data dispersion was not small in the transition boiling 
regime in this study. Figure 8 shows the variations of 
droplet lifetime with an increase in the mixture 
concentration at representative wall temperatures. The 
droplet lifetime of the non-azeotropic mixture, ethanol 
solution of 1-butanol, decreased monotonously with an 
increase in concentration, as shown in Fig. 8 (a). 
Considering that ethanol has a greater vaporization heat 
than 1-burtanol, the decrease in droplet lifetime should be 
because the total vaporization heat of the mixture droplet 
decreased with an increase in concentration. In contrast, the 
droplet lifetime variations of the azeotropic mixture, ethanol 
solution of 1-heptane, showed an obvious change in the 
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130℃≤ Tw≤170℃, and the LFP became high as the results, 
as shown in Fig. 5 (a). In the case of C=20 wt%, ‘splash 
bounding’ was observed for a longer period than the case of 
C=0 in the early stage of evaporation at wall temperatures 
just below the gray solid line, as shown in Fig. 6 (v). Owing 
to the prolonged period of ‘splash bounding’, the droplet 
lifetime should be decreased. And also, in the final stage of 
evaporation, the droplet did not show ‘bounding’ much in 

the range of wall temperature from the gray solid line to 20 
K higher, and the droplet showed ‘splash boiling’ instead. 
The ethanol should vaporize first from the droplet of 1-
butanol ethanol-solution, and 1-butanol would be left in the 
droplet. Consequently the droplet should behave as the 1-
butanol droplet in the final stage of evaporation. Because 
the 1-butanol droplet showed ‘splash boiling’ at the wall 
temperatures just above the gray solid line, as shown in Fig. 

 

 
Fig.6 Maps of observed breakup manner of non-azeotropic mixture droplets having intermediate lifetime 

 

 
Fig.7 Maps of observed breakup manner of azeotropic mixture droplets having intermediate lifetime 
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6 (i), the droplet of 1-butanol ethanol-solution of C=20 
wt% should show ‘splash boiling’ at the wall temperatures 
in the final stage of evaporation. 
 At higher concentrations than 40 wt%, the droplet 
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C=100 wt%. The evaporation manner distribution of C= 
100 wt% was almost similar to that of C=0, with a shift to 
the right of about 40 K, as shown in Fig. 6 (i). The amount 
of the shift was comparable to the difference in the boiling 
point between 1-butanol and ethanol. 
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shown in Fig. 7 (iv)-(vi), the evaporation manner 
distributions of C=20 wt% and C=40 wt% also did not 
differ much from that of C=0, except that the manners of 
‘splash bounding’ and ‘bounding with occasional splash’ 
were sometimes observed at the end of evaporation process 
in the transition boiling regime. Here the latter manner was 
not often observed with the 1-butanol ethanol-solution 
droplets. The azeotropic composition should evaporate first 
and the remained ethanol should evaporate next from the 

droplets of C=20 wt% and C=40 wt%. Because the boiling 
point of ethanol was close to that of the azeotropic 
composition, the evaporation manner distributions of C=20 
wt% and C=40 wt% should resembled that of C=0. 
 The lifetime curves of C=40 wt% and C=60 wt% lay 
apart, as shown in Fig. 5 (b). The droplet lifetime of C=60 
wt% was clearly shorter than that of C=40 wt% at all wall 
temperatures above the minimum lifetime point. The 
azeotrope should be concerned with this difference, since 
the concentration of the azeotropic composition, C=51 wt%, 
was between 40 wt% and 60 wt%. However, as shown in 
Fig. 7 (iii)-(iv), the evaporation manner distribution of 
C=60 wt% did not differ much from that of C=40 wt%.  
 The droplet lifetime of C=100 wt% was considerably 
shorter than that of C=0 at all wall temperatures above the 
minimum lifetime point, as shown in Fig. 5 (b). The droplet 
lifetime of C=80 wt% was slightly longer than that of C= 
100 wt%, and the droplet lifetime of C=60 wt% was longer 
than that of C=80 wt% especially at the wall temperatures 
of 140℃≤ Tw≤160℃. Although the droplet of C=80 wt% 
showed ‘splash bounding’ in this temperature range, the 
droplet of C=60 wt% mainly showed ‘pseudo-steady’, as 
shown in Fig. 7 (ii)-(iii). The droplet lifetime should be 
prolonged due to the change of the evaporation manner. The 
evaporation manner distribution of C=100 wt% almost 
resembled that of C=0, with a shift to the right of about 30 
K, as shown in Fig. 7 ( i), except that ‘splash bounding’ and 
‘bounding with occasional splash’ were observed at the end 
of evaporation process in the transition boiling regime.  
 

3.2.3 Comparison of evaporation characteristics 
The evaporation characteristics of the azeotropic mixture 
droplet and the non-azeotropic mixture droplet were 
compared focusing on the film boiling regime, because the 
data dispersion was not small in the transition boiling 
regime in this study. Figure 8 shows the variations of 
droplet lifetime with an increase in the mixture 
concentration at representative wall temperatures. The 
droplet lifetime of the non-azeotropic mixture, ethanol 
solution of 1-butanol, decreased monotonously with an 
increase in concentration, as shown in Fig. 8 (a). 
Considering that ethanol has a greater vaporization heat 
than 1-burtanol, the decrease in droplet lifetime should be 
because the total vaporization heat of the mixture droplet 
decreased with an increase in concentration. In contrast, the 
droplet lifetime variations of the azeotropic mixture, ethanol 
solution of 1-heptane, showed an obvious change in the 
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130℃≤ Tw≤170℃, and the LFP became high as the results, 
as shown in Fig. 5 (a). In the case of C=20 wt%, ‘splash 
bounding’ was observed for a longer period than the case of 
C=0 in the early stage of evaporation at wall temperatures 
just below the gray solid line, as shown in Fig. 6 (v). Owing 
to the prolonged period of ‘splash bounding’, the droplet 
lifetime should be decreased. And also, in the final stage of 
evaporation, the droplet did not show ‘bounding’ much in 

the range of wall temperature from the gray solid line to 20 
K higher, and the droplet showed ‘splash boiling’ instead. 
The ethanol should vaporize first from the droplet of 1-
butanol ethanol-solution, and 1-butanol would be left in the 
droplet. Consequently the droplet should behave as the 1-
butanol droplet in the final stage of evaporation. Because 
the 1-butanol droplet showed ‘splash boiling’ at the wall 
temperatures just above the gray solid line, as shown in Fig. 
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Abstract: MT type blade configuration, which is exclusively designed for vertical axis wind turbine, has been proposed by 
authors. It has been discovered that performance of this MT blade is better than those of conventional blades such as Savonius 
turbine or NACA0018 airfoil. In this paper it is attempted to improve the performance of the MT blade by changing its 
configuration. To this end, genetic algorithm is employed. By changing blade configuration, it is attempted to increase lift force 
of the MT blade. Two-dimensional panel method, numerical analysis of inviscid potential flow, is employed to evaluate the lift 
force. Obtained improved new MT blade are provided for experiments to confirm its lift force. This experiment is conducted in 
Hele-Shaw cell. In this Hele-Shaw cell streamlines of potential flow around a blade are visualized. The lift force of the new MT 
blade is calculated from streamline intervals visualized in the Hele-Shaw cell.  Results of the experiments show that the lift force 
of the new MT blade has similar trend to that predicted by two-dimensional panel method. Lift and drag forces of the blades in 
viscous flow condition are also measured by wind tunnel experiments. From the results obtained by these inviscid and viscid 
investigation it is suggested that the new MT blade may increase the performance of actual VAWT. 
 
Keywords: Fluid engineering, Vertical axis wind turbine blade, Genetic algorithm, Hele-Shaw cell, Panel method. 
 
1. Introduction 
Vertical axis wind turbine (VAWT), see Fig. 1, is classified 
into two types, such as lift driven type (lift type) and drag 
driven type (drag type). Lift type VAWT can be operated in 
high tip speed ratio condition, although its cut-in wind speed 
is relatively high. Drag type VAWT can be operated in low 
wind speed condition but its tip speed cannot exceed the 
wind speed. Therefore, it can be said that the VAWT has not 
been a windmill for practical use. Recently, some new 
VAWT rotors that can fix those problems are proposed [1, 
2]. On these new rotors, some existing conventional blades 
are combined.  

Authors have proposed a new blade configuration, such 
as Magatama type blade (MT blade, hereafter) [3, 4]. This 
MT blade is exclusively developed for VAWT. Its cross 
section consists of four arcs such as C�, C�, C� and C�, see 
Fig. 2. These arcs are leading edge, trailing edge, upper and 
lower surfaces of the MT blade. 

It has been shown that the tip speed of this MT blade can 
exceed the wind speed, not like that of conventional drag 
type VAWT, e.g. Savonius turbine. Also, cut-in wind speed 
is lower than of conventional lift type VAWT blade, e.g. 
NACA0018 airfoil [4]. Therefore, the VAWT that rotor has 
MT blade can realize these two incompatible performances 
at the same time. 

In this paper, it is attempted to improve the performance 
of MT blade that has been proposed by Yamada et al. [4].  To 
this end, inviscid numerical analysis by two-dimensional 
panel method and genetic algorithm (GA, hereafter) are 
employed. By these methods, it is attempted to change 
outline of the MT blade configuration to increase its lift force. 
This is because the rotor that has high-lift MT blades can 
rotate at high speed. It is then confirmed by experiments 
using potential flow in Hele-Shaw cell that the lift force of 
obtained new MT blades are increased. This trend is similar 
to that numerically predicted by panel method. These 

inviscid experiments are conducted by procedure reported by 
Ninomiya and Yoshioka [5]. Following above investigations 
in inviscid condition, wind tunnel experiments are then 
conducted. By this wind tunnel experiments aerodynamic 
forces (lift and drag) generated by the new MT blade are 
measured in viscous flow condition. Results suggest the new 
MT blade has better performance also in the viscous 
condition. 

 
 

 
Fig. 1 Lift type vertical axis wind turbine 

 
 
 

 
 
 
 
 

Fig. 2 Cross section of MT blade 
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trends around the concentration of the azeotropic 
composition, as shown in Fig. 8 (b). 
 Figures 9 and 10 respectively show the variations of the 
LFP and the droplet lifetime at LFP with an increase in the 
mixture concentration. The LFP of the azeotropic mixture 
increased gradually with an increase in concentration, and 
no remarkable change in the trend was found in the 
variation of LFP, as shown in Fig. 9. In contrast, the LFP of 
the non-azeotropic mixture increased rapidly in the range of 
C≤ 10 wt% and increased gradually at larger concentrations. 
In the case of the azeotropic mixture, the droplet lifetime at 
LFP decreased with an increase in concentration, and the 
trend of the lifetime decrease changed discontinuously 
around the concentration of the azeotropic composition, as 
can be seen in Fig. 10. In contrast, the droplet lifetime at 
LFP of the non-azeotropic mixture decreased gradually with 
an increase in concentration, although the droplet lifetime 
showed a rapid decrease in the range of C≤ 5 wt%. 
 The azeotropic composition should evaporate first from 
the droplet of 1-heptane ethanol-solution. Consequently, 
ethanol would be left when C< 51 wt% and 1-heptane 
would be left when C>51 wt% within the droplet. The 
evaporation rates of the remained ethanol and 1-heptane 
differ much, as can be seen in Fig. 2. In contrast, ethanol 
should vaporize first from the droplet of 1-butanol ethanol-
solution, and 1-butanol would be left. The evaporation rate 
of 1-butanol also differs from that of ethanol. Considering 
these facts, it is confirmed that the differences in droplet 
evaporation characteristics between an azeotropic mixture 
and a non-azeotropic mixture should be due to the 
difference in the evaporation order of component liquids 
from a droplet.  
 
4. Conclusions  
The droplet evaporation of the pure liquids, water, ethanol, 
1-butanol and 1-heptane, was studied first to confirm the 
previous knowledge. Based on the results, a detailed 
experimental investigation was conducted on the droplet 
evaporation of the azeotropic mixture, ethanol solution of 1-
heptane. The droplet evaporation of the non-azeotropic 
mixture, ethanol solution of 1-butanol, was also 
investigated, and the results were compared with those of 
the azeotropic mixture. The following were deduced:  

1. The LFP of an azeotropic mixture droplet varies 
gradually with an increase in the mixture 
concentration, although the LFP of a non-azeotropic 
mixture droplet shows rapid change in the range of 

relatively small concentrations. 
2. In the case of an azeotropic mixture, obvious trend 

changes can be found on the variations of the droplet 
lifetime at LFP and the droplet lifetime in the film-
boiling regime with an increase in concentration 
around the concentration of azeotrope composition. 

3. The evaporating manner of an azeotropic mixture 
droplet does not differ much from that of non-
azeotropic mixture droplet. 

 
Nomenclature 
C  concentration of mixture  [wt%] 
LFP  Leidenfrost point of droplet  [℃] 
Tw   wall temperature  [℃] 
tlife   mean lifetime of droplet  [s] 
tlife,LFP  mean lifetime of droplet  at Leidenfrost point  [s] 
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Fig. 9 The variations of LFP with an increase in the 
mixture concentrations 

 Fig. 10 The variations of droplet lifetime at LFP with an 
increase in the mixture concentrations 
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