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 The Leidenfrost drop is potentially suitable for process intensification due to the well-

mixed and high-temperature field within the drop. To comprehensively evaluate the 

performance, we investigated the collision, coalescence, and mixing processes of two 

Leidenfrost drops. In particular, to clarify the effect of viscosity contrast, an ethanol (Et) 

drop colorized by methylene blue was ejected toward a stationary drop of either distilled 

water (DW), representing a low-viscosity system, or 0.1 wt% xanthan gum solution (XG), 

representing a high-viscosity system. Under various conditions of Weber number (We), the 

distilled water and ethanol drops coalesced immediately after collision; on the other hand, 

the xanthan gum and ethanol drops showed a delayed coalescence without a simultaneous 

coalescence after collision in low We conditions. After coalescence, the time required for 

mixing was measured by the change in the blue value within the drop. As a result, it was 

found that the mixing time depends not on We but on the drop viscosity. Nonetheless, the 

significantly rapid mixing was performed compared with stirred vessel systems, 

suppressing the increase in the energy consumption for the high viscosity liquid mixing 

due to the contactless interaction with any wall by levitation.  
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1. INTRODUCTION 

 

Utilizing drops as a chemical reactor (i.e., drop reactor) has 

been gaining attention as a process intensification technology 

for material synthesis due to several advantages: (i) Short 

characteristic time for mixing, (ii) small size, and (iii) large 

specific area. Owing to these advantages, rapid manufacturing 

with high uniformity is realized. For example, the drop reactor 

has been applied to synthesize quantum dots [1], aerogels [2], 

and nanocrystals [3]. In these processes, drops of reactants 

collide with each other at the initial stage, coalesce, mix, and 

subsequently, the chemical reaction starts. Therefore, 

improving mixing after coalescence is crucial for realizing an 

inherent chemical reaction rate. 

Focke et al. [4] showed both numerically and 

experimentally that the mixing process following the 

collision/coalescence of two drops in the air is insufficient 

under the moderate Weber number, We, condition; We is the 

ratio of inertial forces to surface tension. As We increase, the 

mixing in the coalesced drop is expected to intensify. 

However, the separation of drops after collision without 

coalescence easily occurs in the higher We condition [5]. 

Therefore, a novel manipulation method of drops should be 

developed to create an enhanced mixing field in the drop 

reactor. 

One of the new methods for developing drop reactors is 

utilizing a unique drop motion on the superheated surface. 

When a water drop is dropped onto a superheated surface 

above its boiling temperature, the drop is levitated owing to 

the vapor generated by the instantaneous evaporation. Hence, 

the drop can exist for more than a few hundred seconds 

because the vapor cushion acts as a thermal insulator [6, 7]. 

This is called “Leidenfrost drop” and is observed for several 

types of liquid, e.g., alcohol [8], emulsion [9], refringent [10], 

and polymeric liquid [11]. Although the Leidenfrost drop has 

been investigated mainly in spray cooling [12], it is considered 

suitable for chemical reactors due to the high-intensity mixing 

field [13, 14] and the high-temperature field at approximately 

saturation temperature [15]. The Leidenfrost drop reactor has 

been applied to particle fabrication [16, 17] and organic 

synthesis [18]. However, the transient process of Leidenfrost 

drops during colliding, coalescence, and mixing, which are 

important topics for the initial stage of chemical reaction, is 

not fully understood. Compared with existing techniques of 

drop mixing [1-5], more intensified mixing is expected after 

the coalescence of Leidenfrost drops in even highly viscous 

drops due to the active internal flow. 

Although several studies have investigated the internal flow 

and mixing characteristics of Leidenfrost droplets (e.g., 

Bouillant et al. [13] and Liu et al. [14]), these works did not 

address the collision and coalescence processes that are crucial 

for the initial stage of chemical reactions. In addition, in 

chemical reactions, reactants often have different 

thermophysical properties, such as density, viscosity, and 

saturated vapor pressure. In particular, mixing of high-

viscosity or viscosity-contrasted fluids remains one of the 

long-standing challenges in chemical engineering [19]. When 

handling highly viscous fluids, the operation is often 
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constrained to laminar flow due to the large power 

requirement, making it difficult to achieve efficient mixing 

using conventional mechanically agitated systems such as 

stirred vessels. In contrast, the Leidenfrost drop reactor is 

expected to generate strong internal circulations driven by 

thermocapillary and vapor-flow-induced motion, enabling 

effective mixing even in highly viscous liquids. 

Therefore, this study preliminarily investigates a series of 

phenomena—collision, coalescence, and mixing—between 

two Leidenfrost drops. Both small and large viscosity-ratio 

systems were examined to clarify the effect of viscosity 

contrast. Furthermore, the mixing performance was 

quantitatively evaluated from the viewpoint of energy 

efficiency and compared with that of a conventional stirred-

tank reactor, thereby highlighting the unique potential of 

Leidenfrost drop reactors for process intensification.  

 

 

2. MATERIALS AND METHODS 
 

Figure 1 depicts the experimental setup. A stationary drop 

with an initial diameter (Ds) of 3.0 mm was first floated on a 

superheated duralumin plate (100 mm wide, 100 mm deep, and 

20 mm thick) featuring a shallow spherical recess (200 mm 

radius and 2 mm depth). The plate was heated from below 

using a ceramic hot plate. The surface temperature was 

estimated based on the temperature measured at the mid-plane 

of the plate, 2 mm below the surface, using a 1 mm-diameter 

K-type sheathed thermocouple. Throughout the experiments, 

the surface temperature was maintained at 300℃. Although 

the surrounding environment, such as temperature and 

humidity, also affects the drop dynamics (e.g., evaporation) 

[20], these factors were not controlled in this study. The 

stationary drop preferably stayed in the center of the recess 

during experiments. Note that the slight curvature of the 

surface did not affect the drop dynamics [21]. After that, a 

colliding drop was dropped onto the superheated surface at 

some point distant from the center of the recess and rolled 

toward the stationary drop. In this study, two types of liquids 

were used as the stationary drop: Distilled water (DW) as the 

lowly viscous drop and 0.10 wt% xanthan gum aqueous 

solution (XG) as the highly viscous drop. In this study, 

assuming organic reactions, ethanol (Et), which has a smaller 

surface tension than DW and XG, was selected as the colliding 

drop. The diameter of the colliding drop, Dc, was 3.0 mm, 

which was the same diameter as the stationary drop. As 

physical properties of drops, viscosity (h), density (r), and 

surface tension (s) for each liquid were measured using a 

rheometer (MCR102, Anton Paar GmbH), a density meter 

(DA-640, Kyoto Electronics Manufacturing Co., Ltd.), and a 

contact angle meter (B100, ASUMI GIKEN Ltd.), 

respectively. Each measurement was carried out at 20℃ as a 

reference value because of the difficulty of the measurements 

at the saturation temperature. These physical properties are 

highly temperature-dependent. Although it is desirable to 

evaluate them at the saturation temperature for more accurate 

analysis of drop dynamics, this is experimentally difficult. 

Therefore, the values at 20℃ are used here as reference values. 

The rheological property of XG is shown in Figure 2, and it 

was confirmed that XG exhibits the typical shear-thinning 

behavior. The shear-thinning property was characterized by 

fitting the data to the Carreau model [22], which is described 

as follows: 

 

𝜂 = (𝜂0 − 𝜂∞)[1 + (𝛽 ∙ 𝛾̇)2]
𝑛−1
2 + 𝜂∞ (1) 

 

where, h0 is the zero shear-rate viscosity, h is the infinite 

shear-rate viscosity, b is the characteristic time, 𝛾̇ is the shear-

rate, and n is the power-law exponent. Note that this study 

primarily focused on the high viscosity of the polymeric drop, 

rather than the shear-thinning behavior exhibited by XG. 

While the shear-thinning property is an important factor in 

non-Newtonian fluids, the present research aimed to 

investigate the effects of high viscosity on drop dynamics. A 

comparison with a high-viscosity Newtonian fluid will be 

addressed in future work. The rheological parameters and 

other physical properties are summarized in Table 1.  

 

 
 

Figure 1. Experimental setup 

 

 
 

Figure 2. Rheological properties of 0.10 wt% XG 

 

Table 1. Rheological parameters and physical properties of liquids 

 
Liquid Rheological Parameters Physical Properties 

 
Zero Shear-Rate 

Viscosity, h0 [Pa∙s] 

Infinite Shear-Rate 

Viscosity, h [Pa∙s] 

Characteristic 

Time, b [s] 

Power-Law 

Exponent, n [–] 

Density, r 

[kg/m3] 

Surface Tension, 

s [mN/m] 

DW 0.001 – – 1 998.2 72.75 

XG 8.7 0.004 900 0.45 998.3 70.95 

Et 0.001 – – 1 789.7 22.40 
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The colliding drop was colorized by adding a small amount 

of methylene blue. After collision and coalescence, the blue 

value decreased as mixing of the blue-colored colliding with 

the transparent stationary drops progressed. Hence, the mixing 

performance can be evaluated by measuring the change in the 

blue value over time. In stirred vessels, colorization (or 

decolorization) experiments using dye are commonly 

employed to determine the mixing time, defined as the time 

required to achieve a certain degree of homogeneity. Notably, 

this method does not focus on absolute color values, but rather 

on the time required to reach a sufficient level of homogeneity, 

as indicated by the color distribution. The validity of this 

colorimetric method for evaluating mixing time has been 

verified through comparison with other techniques, such as 

tracer-input experiments [23, 24]. Cabaret et al. [23] locally 

measured changes in red, green, and blue channel values 

during dye mixing and accurately determined the mixing time. 

Based on these precedents, this method was employed to 

determine the mixing time in Leidenfrost drops. 

 

 
 

Figure 3. Overview of the image processing method used for 

mixing time evaluation in the coalesced drop 

 

 
 

Figure 4. Time-course change of the blue channel value for 

the XG-Et system at We = 0.7 

 

The drop dynamics during the experiments were observed 

and recorded from above via the mirror at 250 fps using a high-

speed camera (HAS-U2, DITECT Corp.). The temporal 

change in the blue channel value within the drop was then 

analyzed through image processing using ImageJ software. As 

illustrated in Figure 3, the following procedure was employed 

to measure the mixing time: (i) The outline and centroid of the 

drop were detected from the top-view image, and its area was 

calculated; (ii) a control circle, occupying 10% of the total 

area, was placed concentrically at the drop center; (iii) the 

average blue channel value within this control circle was 

calculated; and (iv) its temporal variation was plotted. An 

example of the temporal change in the blue channel value 

within the coalesced drop is shown in Figure 4. As can be seen, 

the blue channel value asymptotically approached a stable 

value, despite some fluctuations in the early stage. After 1800 

ms, these fluctuations became sufficiently small. In this study, 

the mixing time, tM, was defined as the time after which the 

temporal fluctuation of the blue channel value remained within 

5% of the final value. The measurement was repeated several 

times, and the average value is reported in this paper. 

By varying the distance of the initial injection point of the 

secondary drop, the We condition was controlled. We was 

defined based on the colliding drop (Et drop), as follows: 

 

𝑊𝑒 =
𝜌Et𝐷Et𝑉Et

2

𝜎Et
 (2) 

 

where, rEt is the ethanol density, DEt is the diameter of the 

ethanol drop, VEt is the colliding velocity of the ethanol drop 

to the stationary drop, and sEt is the ethanol surface tension. VEt 

was calculated from the recorded movie. The experiments 

were performed under We = 0.6 - 6.2. The drop collision 

phenomenon is also affected by an angle, which is formed 

between a line connecting the centers of two drops and the 

trajectory of the colliding drop [5]. In this study, the angle was 

0 degrees, that is, the drops had a head-on collision in 

experiments. 
The mixing performance of the Leidenfrost droplet system 

was compared with that of a traditional stirred vessel. 

Although the mixing efficiency of stirred vessels is known to 

depend strongly on operational conditions and geometrical 

configuration, the purpose of the present comparison is not to 

characterize the full performance range of stirred tanks but to 

provide a representative baseline for evaluating the relative 

mixing efficiency of the Leidenfrost system. Therefore, a 

widely used and standard configuration was selected. Figure 5 

shows the experimental setup of the stirred vessel equipped 

with a Rushton turbine impeller, which is a common impeller 

type in laboratory and industrial mixing. Distilled water (DW) 

and xanthan gum (XG) solution were used as the working 

liquids, and the total liquid volume in the vessel was 1.30 × 

10–3 m3. In each experiment, a small amount of methylene blue 

aqueous solution was injected into the vessel while the 

impeller was rotated at 3.33 rps, which is a typical agitation 

speed for laboratory-scale vessels under the high-viscosity and 

thus low-Reynolds-number conditions of the XG solution. As 

mixing proceeded, the blue channel value in the vessel 

asymptotically approached a uniform level. The time required 

to reach this asymptotic value, as determined from the 

recorded video, was defined as the mixing time for the stirred 

vessel system. Additionally, the torque during mixing was 

measured using a torque meter (ST-3000II, SATAKE 

MultiMix Corp.). 

 

 
 

Figure 5. Experimental setup of a stirred vessel with a 

Rushton turbine impeller 
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3. RESULTS AND DISCUSSION 
 

3.1 Collision and coalescence of Leidenfrost drops 

 

Figure 6 shows a series of drop dynamics during collision, 

coalescence, and mixing at lower and higher We conditions. 

The results of the case for DW (colliding drop) and Et 

(stationary drop) drops at We = 1.3 and 6.2 are shown in Figure 

6(a). In this case, the viscosity ratio of the two drops is close 

to 1. The time when the colliding drop was in contact with the 

stationary drop was designated as t = 0. At We = 1.3, the 

surface deformation of the colliding drop was small during the 

coalescing process (t = 8 – 24 ms), although the surface of the 

stationary drop slightly oscillated. This oscillation would be 

caused by the relatively lower viscous force and surface 

tension of the stationary drop, which was not enough to 

suppress the inertial force. After the coalescence, the distorted 

drop gradually returned to a sphere owing to the surface 

tension effect (t = 24 – 48 ms). At We = 6.2, the colliding drop 

was largely deformed due to the higher inertial force during 

the coalescing process (t = 4 – 20 ms), while the stationary 

drop kept the spheroid shape. The coalesced drop became the 

approximate spheroid (t = 20 – 24 ms) more rapidly than in the 

case of We = 1.3 and subsequently continued moving (t = 28 – 

60 ms). This difference in the collision/coalescence pattern 

between lower and higher We conditions is analogous to that 

in the air5 or on a superhydrophobic surface [25]. 

Figure 6(b) shows the results of the higher viscosity ratio 

cases for XG (colliding drop) and Et (stationary drop) at We = 

1.1 and 5.7. At We = 1.1, the different dynamics from the lower 

viscosity ratio system were observed, that is, there was a delay 

after the colliding drop came into contact with the stationary 

drop until they coalesced (t = 0 - 20 ms). The delayed 

coalescence is also observed in the collision of two drops with 

a large viscosity or surface tension ratio in the air [4, 26]. Note 

that the delayed coalescence is not observed normally in the 

head-on collision of identical drops. Although there was no 

clear difference in the surface tension ratio, Rs, for each system 

(Rs ~ 3.25 for DW-Et and 3.17 for XG-Et), the delayed 

coalescence was not observed in the DW-Et system. Thus, it 

is inferred that the delayed coalescence in the XG-Et system 

at We = 1.1 originates in the viscosity ratio. Due to the shear-

thinning property, the viscosity of XG drops depends on the 

shear rate, which is generated in collision/coalescence 

processes. Basically, to estimate an effective viscosity, the key 

issue is estimating the effective shear rate. For drop flows, the 

effective shear-rate, 𝛾̇eff , is estimated as V / D (V is the 

representative velocity and D is the drop diameter) [27]. 

Therefore, in this system, the effective shear-rate for the XG 

drop, 𝛾̇eff was estimated as VEt / DXG. By substituting 𝛾̇eff =
𝑉Et/𝐷XG to the term of 𝛾̇ in Eq. (1), the effective viscosity, heff, 

is obtained, as shown in Eq. (3): 

 

𝜂eff = (𝜂0 − 𝜂∞) [1 + (𝛽 ∙
𝑉Et
𝐷XG

)
2

]

𝑛−1
2

+ 𝜂∞ (3) 

 

As a result, the viscosity ratio, Rv (= hs / hc), for the XG-Et 

system was estimated to be approximately 22–39, depending 

on VEt. Focke et al. [4] experimentally observed the delayed 

coalescence of drops with Rv ~ 23. Their system of drop 

collision is essentially different from this study; two drops 

having each velocity collided in the air at room temperature 

(i.e., no Leidenfrost effect) and higher We (~ 26); besides, the 

diameter of the drops was smaller (~ 0.7 mm). Nevertheless, 

the delayed coalescence was observed in a similar Rv 

condition, although We (~ 1) was much smaller than Focke’s 

study [4]. According to Focke et al. [4], air is trapped between 

contacting drops with a large viscosity ratio and needs a 

certain time to leave the gap, although the detailed mechanism 

for air trapping is unclear. The mechanism proposed by Focke 

et al. [4] provides a useful analogy for interpreting the present 

observations; however, its direct applicability to Leidenfrost 

drop systems requires careful consideration. In the Leidenfrost 

state, a vapor layer continuously exists beneath the droplets, 

and additional vapor is generated upon collision. Therefore, 

the film between the colliding drops may consist of vapor 

rather than air, and its drainage dynamics could differ 

substantially from those in air collisions. Nevertheless, the 

observed delay in coalescence suggests that a similar film-

rupture process might occur, governed by the interplay 

between vapor flow, viscosity ratio, and impact inertia. In 

Focke et al.’s study [4], they assumed that the delayed 

coalescence is attributed to the rupture of the thin air film 

between drops. Therefore, the delayed time is considered 

shorter at higher collision velocity because a higher inertial 

force destabilizes the thin air film, as analytically indicated by 

Krishnan and Loth [28]. They assumed that the delayed 

coalescence is attributed to the rupture of the thin air film 

between drops. Therefore, the delayed time is considered 

shorter at higher collision velocity because a higher inertial 

force destabilizes the thin air film, as analytically indicated by 

Krishnan and Loth [28]. In our experiments, at higher We (e.g., 

We = 5.7), the obvious delay was not observed, and drops 

immediately coalesced, as shown in Figure 6(b). In addition, 

there was no large deformation of the colliding Et drop, 

differing from the DW-Et system. This result suggests that the 

viscosity ratio between the colliding and stationary drops 

suppresses the drop deformation, leading to smooth 

coalescence. In addition, as reported by Qian et al. [29], the 

non-Newtonian properties of the fluid can influence the 

evolution of kinetic and surface energies during drop 

coalescence. Therefore, for a more complete understanding, 

not only the viscosity ratio but also the non-Newtonian 

behavior should be considered in future investigations. 
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Figure 6. Drop dynamics after contact: (a) DW–Et system, 

and (b) XG–Et system 

 

Figure 7 shows the delayed time until coalescence, td, in the 

XG-Et system with We. Note that the delay shorter than 4 ms 

could not be detected due to the limitation of the camera 

capability (250 fps); hence, if the delayed coalescence is not 

observed above for 4 ms, no delay (i.e., td = 0) was assumed. 

The delayed time tended to decrease with We, as shown in 

Figure 7. This decrease in the delayed coalescence time with 

increasing We can be interpreted in terms of the dynamics of 

the thin film between the drops. A larger We corresponds to a 

higher impact velocity, which increases the dynamic pressure 

acting on the film (approximately ∼ρV²). This enhanced 

pressure accelerates the drainage of the vapor layer trapped 

between the two drops. The characteristic drainage time is 

expected to decrease with increasing dynamic pressure and is 

therefore shortened at higher We. In addition, the higher 

inertial force at large We amplifies interfacial deformation, 

leading to a locally reduced film thickness and promoting 

interfacial instabilities that facilitate film rupture. As a result, 

the thin film becomes unstable more rapidly and the 

coalescence initiates earlier. This dynamical interpretation is 

consistent with the trends observed in previous studies by 

Focke et al. [4]. 

 

 
 

Figure 7. Effect of Weber number on the delayed time for 

drop coalescence in the XG-Et system 

Moreover, it was confirmed that the delayed coalescence 

occurs at relatively lower conditions, We  2. This indicates 

that the thin air film is easily ruptured (i.e., more unstable) 

compared to the study by Focke et al. [4] in which the delayed 

coalescence was observed even at the higher We (~26). 

Evidently, the stability of thin air film is affected by the vapor 

generated from the side surface of the Leidenfrost drops (i.e., 

the contact surface of the drops) [30]. Although this effect was 

not directly measured in the present study, it is reasonable to 

consider that vapor flow and pressure dynamics influence the 

coalescence behavior. A more quantitative investigation, 

including direct measurement of vapor-film evolution, will be 

required to clarify this mechanism in future work. Further 

experiments varying parameters such as viscosity ratio, 

diameter ratio, and surface temperature will be necessary to 

understand the detailed mechanism of drop coalescence. In 

addition, numerical simulations would be a powerful approach 

to elucidate the detailed mechanisms of delayed coalescence, 

as they enable the analysis of local velocity and pressure fields 

at the liquid–gas–liquid interfaces during the coalescence 

process. 
 

 
 

Figure 8. Effect of mixing time on Weber number in the 

Leidenfrost drops system 

 

Figure 8 indicates the effect of We on mixing time (tM) for 

each system (DW-Et and XG-Et). The mixing time can be 

considered constant in each system, although there is a certain 

variation with We; the average tM is 822 ms for the DW-Et 

system and 1810 ms for the XG-Et system. This tendency of 

no clear dependence of tM on We suggests that, under the range 

of We examined in this study, the convection generated within 

the drop after coalescence was sufficient to promote mixing, 

even at lower We. It is also possible that internal flow driven 

by evaporation contributed to the observed mixing behavior. 

The weak dependence of the mixing time tM on We can be 

interpreted by comparing the characteristic time scales of the 

internal flow. The large-scale motion induced directly by the 

collision can be characterized by an advective time scale 

𝑡𝑎𝑑~𝐷 𝑉⁄ . For the present conditions, tad is on the order of 101 

ms. The subsequent relaxation of the deformed droplet shape 

is governed by a capillary time scale 𝑡𝑐𝑎~√𝜌𝐷
3 𝜎⁄ , which is 

typically on the order of 102 ms. Both of these are much shorter 

than the measured mixing time, which is on the order of 103 

ms. This separation of time scales implies that the impact-

induced flow and the capillary relaxation process are relatively 

short-lived compared with the overall mixing process, and thus 

their direct contribution to the total mixing time is limited. 

Instead, the mixing is likely dominated by more sustained 

convection driven by vapor-flow-induced circulation inside 

the Leidenfrost drop, whose characteristic intensity is 

expected to depend only weakly on We within the present 
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range. To verify these assumptions, future studies should 

include direct observation of internal flow using appropriate 

techniques, such as particle image velocimetry (PIV) or 

numerical simulations. While stronger internal convection 

might occur at higher We, our preliminary observations 

revealed that such conditions often result in drop separation 

rather than stable coalescence. For practical applications as a 

mixing device, it is therefore desirable to perform collisions at 

relatively low We (e.g., We  5). In addition to the effect of 

collision conditions, physicochemical changes within the 

droplet may also influence the mixing behavior. As the ethanol 

drop undergoes evaporation, preferential loss of more volatile 

components could lead to a compositional change, potentially 

affecting the surface tension and internal flow. Although the 

mixing time was relatively short in the experiments, this effect 

was not directly evaluated in the present study. Nevertheless, 

it may influence the observed mixing dynamics and should be 

addressed in future investigations. 

The difference in tM between systems would result from the 

difference in the viscosity because a higher viscous force 

suppresses convection. In addition, the delayed coalescence in 

the XG-Et system is negligible for the mixing performance 

because its time scale is sufficiently shorter than that of the 

mixing. 

 

3.2 Mixing efficiency of Leidenfrost drops 

 

Based on the power consumption per liquid volume, the 

mixing efficiency of the Leidenfrost drops was evaluated by 

comparison with the stirred vessel. Accurately estimating the 

energy consumption for mixing in Leidenfrost drop systems is 

not apparent because much energy was radiated in the air; in 

other words, how much energy was input from the heater to 

the drops is unclear. Hence, the energy consumption was 

estimated by the mass loss of the coalesced drop during the 

mixing experiment, assuming that the input energy was 

completely converted to the latent energy (i.e., vapor 

generation). By assuming that heat brought to the drop is 

transferred by heat conduction through the vapor film [6], the 

mass change of Leidenfrost drops with time is expressed by: 
 

𝑑𝑚

𝑑𝑡
=
1

𝐿
𝜅
∆𝑇

ℎ
𝜋𝜆2 (4) 

 

where, m is the mass of the drop, L is the latent heat of 

evaporation, k is the thermal conductivity of the vapor, DT is 

the temperature difference between the surface temperature 

(Ts) and the boiling temperature (Tb) of the liquid, h is the 

vapor film thickness, and pl2 is the effective heat transfer area 

of the drop. In Eq. (4), radiative and convective heat transfer 

were neglected. The radiative heat flux, qr, is expressed by: 
 

𝑞r = 𝑒𝜎SB(𝑇𝑠
4 − 𝑇𝑏

4) (5) 

 

where, e is the emissivity, and sSB is the Stefan-Boltzmann 

constant. Considering the variation in emissivity due to the 

surface condition of duralumin [31], qr is estimated to be 

approximately 400–3300 W/m2. In contrast, the conductive 

heat flux (qc = k DT / h) is estimated to be approximately 6.4 

 104 - 6.4  105 W/m2, assuming h on the order of 10–5 to 10–

6 m [32]. These estimates indicate that qc is significantly larger 

than qr. Furthermore, convective heat transfer through the 

vapor layer between the drop and the heated surface is 

considered negligible due to the low Reynolds number of the 

vapor flow. In fact, the vapor flow can be analyzed using 

lubrication theory under such low-Reynolds-number 

conditions [6]. Therefore, the assumption for neglecting 

radiative and convective heat transfer can be considered 

reasonable. 

Based on a balance between gravity and surface tension 

[33], l is given as: 
 

𝜆~ (
𝐷

2
)
2 1

𝑎
~ (

𝐷

2
)
2

√
𝜌𝑔

𝜎
 (6) 

 

where, a is the capillary length. Biance et al. [6] derived the 

vapor film thickness, as follows: 
 

ℎ = (
3𝜅∆𝑇𝜂𝑣
4𝐿𝜌𝑣𝜌𝑔𝑎

)

1
4
(
𝐷

2
)

1
2
 (7) 

 

where, hv is the vapor viscosity and rv is the vapor density. 

Besides, they derived the drop diameter change with time [6], 

as follows: 
 

𝐷(𝑡) = 𝐷0 (1 −
𝑡

𝜏
)
2

 (8) 

 

With 

 

𝜏 = 2 (
4𝜌𝑎𝐿

𝜅∆𝑇
)

3
4
(
3𝜂

𝜌𝑣𝑔
)

1
4
(
𝐷0
2
)

1
2
 (9) 

 

According to Biance et al. [6], Eqs. (8) and (9) accurately 

predict the size decrease in one drop under the Leidenfrost 

state. However, in their experiments, there was no collision 

and coalescence, that is, a relatively static condition. Hence, 

its validity for the “dynamic” Leidenfrost drop was examined 

by comparing the change in the drop size in our experimental 

data with predicted values from Eqs. (8) and (9). Because the 

coalesced drop during mixing was far from a sphere, as 

indicated in Figure 6, its diameter is not measured directly. 

Thus, based on the similar procedure shown in Figure 3, an 

equivalent drop diameter from the area of the recorded image 

from above was calculated as the representative size. The 

change in the drop diameter for experiments and prediction is 

shown in Figure 9. Note that the diameter shown in Figure 9 

was normalized by the equivalent diameter at the initial 

coalescence stage. Figure 9 indicates that the experimental 

results show good agreement with predicted values estimated 

from the model for “static” Leidenfrost drops (Eqs. (8) and 

(9)), although there was a slight deviation. Thus, the model is 

considered applicable for dynamic Leidenfrost drops. 

By combining Eqs. (4), (6)-(9), the mass loss during mixing, 

DmM, can be estimated as follows: 
 

∆𝑚M = ∫
1

𝐿
𝜅

∆𝑇

(
3𝜅∆𝑇𝜂𝑣
4𝐿𝜌𝑣𝜌𝑔𝑎

)

1
4
(
𝐷(𝑡)

2
)

1
2

𝜋 (
𝐷(𝑡)

2
)
4

(
𝜌𝑔

𝜎
)

𝑡M
0

𝑑𝑡  
(10) 

 

As a result, the energy consumption per unit mass, ε, for the 

drop system is obtained by: 
 

𝜀 =
∆𝑚M𝐿

𝑡M𝜌 (
𝜋𝐷0

3

6
)

 
(11) 

 

Because there are no data on some thermophysical 

properties of XG at the saturated temperature, those of DW 
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were used for estimation of ε. Furthermore, based on energy 

consumption, the mixing efficiency of Leidenfrost drops was 

compared with stirred vessel systems. The energy 

consumption per unit mass for the stirred vessel was obtained 

by 

 

𝜀 =
∫ 2𝜋𝑛s𝑇𝑑𝑡
𝑡M
0

𝜌𝑉l
 (12) 

 

where, ns [rps] is the agitation speed (ns = 3.33 rps) and Vl [m3] 

is the liquid volume (Vl = 1.30 × 10–3 m3). 

 

 
 

Figure 9. Comparison between experimental and model non-

dimensional equivalent drop diameters 

 

The mixing performance of each system is summarized in 

Table 2. A significantly shorter mixing time was obtained 

using Leidenfrost drops compared with the traditional 

methods, i.e., the stirred vessel. In particular, rapid mixing was 

realized even in the XG-Et system, which has a large viscosity 

ratio. Thus, the viscosity difference between liquids caused no 

trouble in the Leidenfrost drops mixer. Besides, there was no 

clear difference between each system in the power input (ε). In 

the high viscosity liquid mixing using the stirred vessel, more 

larger power input is required because of larger energy 

dissipation near the fixed walls. Besides, a poor mixing region 

is often formed. Therefore, Leidenfrost drops are an effective 

technique for high viscosity liquid mixing due to no further 

power input requirement. One of the reasons for this is that the 

drop is contactless with any walls, that is, it is free from 

friction. However, the Leidenfrost mixer has inherent 

limitations, including low throughput and relatively high 

energy consumption due to the need for continuous surface 

heating. Nevertheless, it may be well-suited for applications 

that demand rapid mixing and the synthesis of high-value-

added materials, particularly in scenarios where small-scale or 

localized processing is acceptable. However, the Leidenfrost 

drop reactor has inherent limitations, including low throughput 

and relatively high energy consumption due to the need for 

continuous surface heating. Even so, it may still offer 

advantages in specific contexts where rapid mixing of small 

liquid volumes is required. Examples include laboratory-scale 

material synthesis, rapid screening processes, or droplet-based 

operations in microreactor or lab-on-a-chip environments. In 

such cases, localized and fast mixing is often prioritized over 

throughput. A detailed evaluation of economic feasibility or 

application-specific requirements is beyond the scope of the 

present study and should be examined in future work. 

To improve the throughput, utilizing a self-propelled 

Leidenfrost drop would be a solution. On the ratchet-shaped 

superheated surface, the drop moves in one direction [34]. By 

continuously dropping multiple drops onto the ratchet-shaped 

surface, continuous operations such as mixing and reaction can 

be carried out; consequently, the throughput is increased. 

Reduction in energy consumption is also crucial because a 

certain amount of energy is indispensable for the generation of 

vapor. Recently, it has been reported that the drop levitates at 

a lower temperature on the microstructured surface [35]. By 

applying this finding, the reduction in ε is expected due to 

realizing the Leidenfrost state at the lower temperature. Thus, 

although there are some subjects, the Leidenfrost drop is a new 

technology for fast mixing regardless of the liquid viscosity. 

 

Table 2. Mixing the performance of each system 

 

 ε [W/kg] 
tM 

[s] 

Volume 

[m3] 

Leidenfrost drops    

DW–Et system 

(low viscosity liquid 

mixing) 

4.2 × 104 0.82 1.41 × 10–8 

XG–Et system 

(high viscosity liquid 

mixing) 

4.2 × 104 1.81 1.41 × 10–8 

Stirred vessel    

DW system 

(low viscosity liquid 

mixing) 

7.4 × 101 45 1.30 × 10–3 

XG system 

(high viscosity liquid 

mixing) 

2.0 × 102 110 1.30 × 10–3 

 

 

4. CONCLUSIONS 

 

The collision, coalescence, and mixing processes of two 

Leidenfrost drops with or without a viscosity ratio were 

investigated based on visualization experiments. In 

experiments, the ethanol (Et) drop collided with the stationary 

drop of distilled water (DW) or 0.1 wt% xanthan gum aqueous 

solution (XG) on the superheated surface. By colorizing the Et 

drop with methylene blue, the mixing performance was 

evaluated by the change in blue value. 

Within the experimental ranges of Weber number, the Et 

drop immediately coalesced with the water drop after the 

collision. On the contrary, in the XG-Et drop system, drops 

were not instantaneously coalesced; that is, the delayed 

coalescence was observed. Although the viscosity ratio of the 

stationary and collision drops would result in the delayed 

coalescence, the detailed mechanism is still unclear. The time 

scale of the delay in coalescence was much smaller than the 

mixing time, which was estimated from the recorded movies. 

Therefore, the delayed coalescence has little effect on the 

mixing performance. It was found that the mixing time 

strongly depends not on the Weber number but on the species 

of the stationary drop. In the XG-Et system, the mixing time 

was approximately 2.2 times longer than in the DW-Et system. 

This difference in the mixing time was caused by suppressing 

the active internal convection within the drop by a higher 

viscous force. Nevertheless, the rapid mixing (~1 s) was 

performed even in the XG-Et system. 

The mixing efficiency of Leidenfrost drops was compared 

with stirred vessel systems based on the energy consumption 

per liquid volume. Regarding the efficiency of stirred vessels, 

the data in the literature were used. Although mixing in 

Leidenfrost drops was carried out in a very short time, there 

were disadvantages compared with stirred vessel systems: (i) 
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the net throughput is significantly small, and (ii) much energy 

is required. These disadvantages should be overcome by the 

increase in throughput and the reduction in the Leidenfrost 

temperature in the future. However, the increase in required 

energy with the viscosity was negligible, unlike stirred vessel 

systems, because the drop is free from friction by levitating on 

the vapor cushion. Therefore, it can be concluded that the 

Leidenfrost drop mixer can potentially enhance the mixing of 

high viscosity liquids. In the future, the mixing process of two 

Leidenfrost drops, including the internal flow, should be 

investigated under wider conditions (surface temperature, 

polymer concentration, and drop diameters). Moreover, when 

polymeric drops are used to represent high-viscosity fluids, the 

effects of non-Newtonian properties—such as shear-thinning 

behavior and viscoelasticity—on drop dynamics become 

important. Therefore, as part of future work, experiments 

using other types of polymers and non-Newtonian fluids will 

be conducted to investigate these effects in more detail. 
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