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Abstract 

The hydrodynamics and heat transfer characteristics of oil-in-water (O/W) emulsion 

droplets impinging on a hot stainless steel foil were investigated experimentally. A 

two-directional flash-photography technique was adopted to track the time evolution of 

the droplet shapes. The temperature history of the foil during the collision with the 

droplets was also measured using a high-speed infrared thermometer. The main 

objective was to investigate the effects of varying the solid temperature and oil 

concentration on the heat transfer characteristics. The foil temperature was varied from 

140 to 470 °C, and the oil concentration in the O/W emulsion was varied to be 1, 5, and 

15 wt%. The impact velocity of the droplets was 1.0 m/s, and the pre-impact diameter of 

the emulsion droplets was approximately 2.5 mm for oil concentrations of 1 and 5 wt% 

                                                   
1 Present address: JFE Steel Corporation, 1 Kawasaki-cho, Chuo-ku, Chiba 260-0835, 

Japan 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



2 
 

and 2.4 mm for the oil concentration of 15 wt%. Water and base oil were also used as 

test liquids for reference. Because the boiling temperature of the oil (~300 °C) is 

considerably higher than that of water and the thermal conductivity of the base oil is 

appreciably smaller than that of water, the hydrodynamics and boiling phenomena of 

droplets are strongly dependent on not only the solid temperature but also the oil 

concentration. In the nucleate boiling regime, the heat removal increases with the solid 

temperature, reaches a peak, and then decreases; the peak heat removal depends on the 

oil concentration. The heat transfer characteristics are discussed in detail in terms of the 

liquid motion, flow boiling, and local concentration of the oil phase. 

 
Keywords: oil-in-water emulsion, droplet dynamics, flow visualization, boiling heat 

transfer 
 

 

Nomenclature 
A area, m2 

c  specific heat, J/(kg·K) 

d foil thickness, m 

dp pre-impact diameter of droplet, m 

N number of runs 

q heat flux, W/m2 

q  time-averaged heat flux, W/m2 

t time, s 

Tm  measured foil temperature, °C 

Tw  initial foil temperature, °C 

υ impact velocity of droplet, m/s 
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Greek symbols 
T∆   temperature decrease °C 

λ thermal conductivity, W/(m·K) 

ρ  substrate density, kg/m3 

σ error range, °C 

 
 
1. Introduction 

A mixture of two kinds of immiscible liquids, in which one liquid is dispersed in the 

other liquid, is called an emulsion. Oil and water, with small amounts of surfactants, can 

form two types of emulsions depending on the mixing ratio of these liquids. One type is 

the water-in-oil emulsion, wherein oil is the continuous phase and small water droplets 

are dispersed in the oil. The other is the oil-in-water (O/W) emulsion, wherein oil 

droplets are dispersed in water. Fig. 1 shows a schematic of the O/W emulsion. Water 

and oil phases are combined using a surfactant that contains both hydrophilic and 

lipophilic groups [1]. The small oil droplets in the emulsion are kept in a metastable 

dispersed state because of the presence of the surfactant.  

The lubricating properties of emulsion liquids have been extensively studied by 

researchers and engineers in the field of tribology [1-3]. Emulsions composed of water 

and oil are employed as the metalworking fluid in various operations such as rolling, 

cutting, ironing, and grinding [1-5]. In steel-making industries, spray jet impingement of 

O/W emulsions is widely used in cold rolling mills for lubrication and cooling. O/W 

emulsions are also utilized in hot and cold rolling mills in aluminum-making industries. 

In these processes, the oil phase in the O/W emulsion works as a lubricant for reducing 

the frictional forces between work rolls and rolled materials. O/W emulsions also 
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remove the frictional and processing heat generated by the plastic deformation of rolled 

materials. This cooling process is of great importance for preventing “heat scratches” 

formed on the material surfaces [4] and reducing unwanted local thermal 

expansion/contraction of work rolls. The heat transfer characteristics of emulsion spray 

jets impinging on a hot solid play an important role in determining engineering demands 

[5]. However, to date, cooling conditions have been empirically determined without 

understanding the flow motion of the relevant emulsions in detail. 

The impact of droplets impinging on a hot solid is an important component of the 

process of spray jet impingement. In conjunction with their hydrodynamic behavior, the 

heat transfer characteristics of individual droplets on a hot solid must be well 

understood to build more accurate numerical models for predicting heat transfer rates. 

Numerous studies have been conducted on droplet–substrate collisions, and some 

excellent reviews have also been published [6-11]. Several research groups have 

measured the conjugate heat transfer of droplets and a hot substrate, incorporating 

photographic observation of the liquid motion, using single-component liquids like 

water or fuel [12-16]. However, an extensive literature survey produced no similar 

works that have been published on O/W emulsions. Addressing this deficiency is the 

primary objective of the present study. 

Prior fundamental works reported that several parameters significantly influence the 

evaporation behavior of emulsion droplets on a hot solid. Some of the prior works 

studied water-in-fuel emulsions for combustion engine applications. Kimoto et al. [17] 

observed the vaporizing behavior of emulsified fuel droplets on a hot brass surface. 

They found that the size of the water droplets in the emulsion played an important role 

in determining the characteristics of the boiling phenomena of the droplets. Avedisian 

and Fatehi [18] reported on the evaporation characteristics of water-in-heptane and 

water-in-decane emulsion droplets with diameters of approximately 3 mm on a hot 
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polished stainless steel surface at 292–407 °C. The droplet evaporation depended 

significantly on the temperature of the solid and the emulsion components. 

In another prior work related to the present study, Prunet-Foch et al. [19] 

investigated the impact of 2.7-mm-diameter O/W emulsion droplets impinging at a 

velocity of 3.5 m/s onto a stainless steel surface. They showed that the splash and 

fingering phenomena of emulsion droplets differ from those of water and are 

significantly influenced by the roughness of the solid and the type of organic coating on 

the solid surface. These researchers discussed their results not only from the 

hydrodynamic aspect, but also from the physicochemical aspect, considering that the 

emulsion has two constituents with different adherence characteristics in the dispersed 

system. 

 Takashima and Shiota [20] studied the evaporation characteristics of O/W 

emulsion droplets on a hot brass surface and reported that the evaporation behavior of 

the droplets depended not only on the mixing ratio of the water and oil but also on the 

solid temperature. Nagai et al. [21] investigated the deformation and oil adhesion 

characteristics of an O/W emulsion impinging on a hot aluminum solid in a die casting 

process. They found that the Leidenfrost temperature was not strongly affected by the 

droplet impact velocity but was significantly affected by the oil concentration and liquid 

temperature. Furthermore, they clarified that liquid–solid contact certainly occurred 

even at surface temperatures higher than the Leidenfrost temperature. 

 These works reveal that the evaporation/boiling behavior and flow motion of 

emulsion droplets on a hot solid is affected by various factors such as the emulsion 

components, oil concentration, and solid surface conditions, including solid 

temperature. However, the published literature includes few experimental works on 

emulsion droplet impact characteristics. Therefore, more studies are needed to 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



6 
 

understand the fundamental principles of the heat transfer characteristics between a hot 

solid and emulsion droplets. 

In the present study, the hydrodynamics and heat transfer characteristics of O/W 

emulsion droplets impinging on a hot stainless steel foil were studied by means of flash 

photography and transient foil temperature measurements. In the experiments, a 

two-directional flash-photography technique was adopted for observing the motion of 

the droplets [22]. The time history of the solid temperature during the collision with the 

droplets was measured by a high-speed quantum-type infrared thermometer from behind 

the foil. 

The oil concentration in the emulsion and the solid temperature were systematically 

varied. The composition of the base oil was 95.0 wt% mineral oil and 5.0 wt% 

emulsifier, which is commonly used in actual metal sheet-rolling processes. The oil 

concentration in the O/W emulsion was varied to be 1, 5, and 15 wt%, and water and 

base oil droplets were also tested for reference. The boiling temperature of the base oil 

(~300 °C) is considerably higher than that of water, and the thermophysical properties 

of the test liquids are strongly dependent on the oil concentration, as listed in Table 1. A 

stainless steel foil with a thickness of 0.1 mm was used as the test substrate. The initial 

solid temperature was varied from 140 to 470 °C. It is found that the deformation 

behavior and boiling phenomena of the emulsion droplets are strongly influenced by the 

solid temperature and oil concentration. The heat transfer characteristics are discussed 

in detail in terms of the liquid motion, flow boiling, and local oil concentration. 

 
 
2. Experiments 

2.1 Experimental apparatus and measurement procedure 

Fig. 2 shows a schematic diagram of the experimental apparatus used to observe the 
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impact phenomena of emulsion droplets on the heated surface and the time variation of 

the solid temperature during the collisions with the droplets. The setup is composed of a 

syringe unit to generate the droplets, a dispenser to feed air pulses to the syringe unit, a 

gas-tight tank, a test metal foil on which the droplets impinge, observation equipment 

for flash photography, and a high-speed quantum-type infrared thermometer to measure 

the temperature of the test sheet. 

The test liquid was stored in the syringe at room temperature. A droplet was formed at 

the nozzle exit, and it eventually detached because of gravity. The nozzle unit was 

equipped with a K-type thermocouple to measure the temperature of the nozzle. The 

falling droplets were directly captured by an optical sensor, which was used to create 

trigger signals for flash photography and record the measured foil temperature. 

A rectangular stainless steel foil, with a length of 60 mm, width of 10 mm, and 

thickness of 0.1 mm, was adopted as the test substrate. The rear surface of the test foil 

was thinly coated with black-body paint having an emissivity of 0.94 to enable the 

infrared thermometer to correctly measure the local solid temperature. The test foil was 

mounted on a heat-insulating base having a hole with a diameter of 10 mm for infrared 

thermometry. The foil was tightly stretched in the longitudinal direction to prevent 

undesirable local deformation due to local thermal stress caused by rapid cooling during 

droplet impacts. The test foil was heated by electric resistance heating, with direct 

current flowing through the sheet. In the present study, the initial temperature of the 

solid surface, Tw, was set in the range 140–470 °C. 

The infrared thermometer, which was equipped with an indium–antimony device, 

was set 10 cm below the rear surface of the test foil. The thermometer could perform 

measurements in a 3.5-mm-diameter circular area with a temporal resolution of 1 ms. 

The measurement uncertainty of the thermometer was ≤3.5 °C (specified by the 

manufacturer). The temperature data were recorded using a data logger with a sampling 
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time of 0.1 ms. A K-type thermocouple was also attached to the test foil to calibrate the 

infrared thermometer and maintain the temperature of the solid surface at a preset value 

using a temperature controller. The test foil, heat-insulating base, and infrared 

thermometer were mounted on a multi-axis transverse stage, which could adjust their 

positions with a resolution of 0.01 mm. 

A two-directional observation technique was utilized to observe the collision 

behavior of the droplets with the solid [22]. Two digital still cameras with an effective 

spatial resolution of 5184×3456 pixels and three strobe lights were used as shown in Fig. 

3. Doubly exposed, backlit side-view images of the droplets were taken by aligning one 

of the cameras (camera A), the stainless steel foil, and a pair of strobe lights horizontally. 

The images were used to measure the impact conditions, including the pre-impact 

diameter of the droplets, the impact velocity, and the elapsed time after the impact of a 

droplet on the solid. The other camera (camera B) and its flash unit were arranged to 

provide bird’s-eye-view images of the droplets. For each run, a pair of images was 

captured using cameras A and B simultaneously. To follow the time evolution of the 

shape of the droplets, impact tests were performed under the same experimental 

conditions for different flash timings. More information on the flash-photography 

technique is available in our previous work [22]. 

The time evolution of the temperature of the rear surface of the foil was measured 

30 times or more for each impact condition. The time series of the measured 

temperatures were averaged as follows: 

 2

1 1

1 1( ) ( ), ( ( ) ( ))
N N

m n n m
n n

T t T t T t T t
N N

σ
= =

= = −∑ ∑  (1) 

where Tm, nT , t, and N represent the averaged temperature, measured temperature, time, 

and number of runs, respectively. The error range σ  was calculated using the standard 

deviation of the average value. 
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After runs in which the substrate temperature was low, some oil remained on the solid 

surface. To remove the residual oil and keep the substrate surface clean, the solid 

surface was wiped carefully with ethanol after each run. 

 

 

2.2 Test liquid 

The test emulsion was prepared by stirring a mixture of base oil and water in a 

mixing machine for 20 min at 6500 rpm. The composition of the base oil was 95.0 wt% 

mineral oil and 5.0 wt% emulsifier. Both the base oil and the emulsifier are commonly 

used in actual cold rolling processes applied to metal sheets. O/W emulsions with three 

oil concentrations (1, 5, and 15 wt%) were used as the test liquids; the tested 

concentrations were selected based on actual metal-forming conditions, including 

standard metal sheet-rolling processes as well as processes that require greater oil 

adhesion to the metal surface for lubrication purposes. The mean diameters of the 

dispersed oil droplets in the emulsion were approximately 8–9 μm, as measured by the 

Coulter counter method (aka., electrical sensing zone method). Each experiment was 

performed within a few hours of preparing the O/W emulsion so that the oil droplets in 

the emulsion remained in a metastable dispersed state and the mean diameter of the oil 

droplets remained almost unchanged during the experiment. 

The collision behaviors of both water and base oil droplets were also tested for 

reference. The measured thermophysical properties of water, the test emulsion, and the 

base oil at 20 °C are listed in Table 1. The surface tension of the emulsion is smaller 

than that of water even for small oil concentrations because of the presence of a 

surfactant (emulsifier). The surfactant reduces the surface tension between the oil and 

aqueous phases to stabilize the dispersed state, as shown in Fig. 1. The surfactant also 

exists at the air–liquid interface, which reduces the surface tension of the emulsion. The 
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base oil has high viscosity, low specific heat, and low thermal conductivity compared to 

water. Therefore, the thermophysical properties of the emulsion are dependent on the oil 

concentration. 

The contact angle of the test fluid with the test solid is also an important factor 

governing the wettability of the liquid on the solid surface. The contact angle was 

measured at room temperature as follows. Droplets were very gently placed on the foil 

surface, which was chemically cleaned in advance of the measurement, and the droplets 

eventually deformed into a dome-shaped mass. The dome-shaped droplets were 

photographed by camera A, and the contact angle was directly measured from the 

images. The contact angles were approximately 70° for water and for the 1 wt%, 5 wt%, 

and 15 wt% emulsions. For the base oil, the contact angle was approximately 30°, 

indicating that the base oil had considerably better wettability on the test foil than water 

and the test emulsions. 

In the experiments, the droplet size was slightly varied depending on the type of the 

test liquid. The pre-impact diameter of the droplets, Pd , was approximately 2.6 mm for 

water, approximately 2.5 mm for the 1 wt% and 5 wt% emulsions, approximately 2.4 

mm for the 15 wt% emulsion, and approximately 2.2 mm for the base oil. The impact 

velocity of the droplets,υ , was fixed to 1.0 m/s for all liquid types by adjusting the 

nozzle-to-foil spacing. 

 

 

 

3. Results and discussion 

3.1 Hydrodynamics and heat transfer characteristics of water and 1-wt% 

emulsion droplets at various initial foil temperatures 
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Fig. 4 presents a sequence of photographs showing the collision of water and the 

1-wt% emulsion droplets with a hot solid for various foil temperatures. The images 

were taken by camera B, as shown in Fig. 3. In each photograph, the elapsed time after 

the droplet impact on the solid was represented. Namely, the moment of droplet impact 

on the solid was set to t = 0 s. The deformation behavior of the droplets is strongly 

dependent on the initial solid temperature. At Tw = 140 °C, the droplets impact the solid 

surface, spread radially, and reach their maximum extension. Thereafter, the wet area 

decreases with time, and then, the liquid in the center region swells. Very weak boiling 

is observed for both the liquids. The liquid shape is almost axisymmetric during the 

entire deformation process. With an increase in the initial solid temperature (140–

290 °C), the boiling vapor bubbles increase in number and size. The liquid shape is 

roughly axisymmetric at Tw = 230 and 290 °C. At Tw = 380 °C, strong nucleate boiling 

occurs. The boiling vapor bubbles at the liquid–atmosphere interfaces burst, which 

causes numerous minute droplets to be formed, and the free surface becomes very 

lumpy. At Tw = 470 °C, the number of minute droplets formed is less than that at 380 °C. 

In all the cases, the deformation behaviors of the water and the 1-wt% emulsion are 

moderately similar to each other. 

Fig. 5 shows the time evolutions of the measured temperatures on the rear surface of 

the stainless steel foil at several solid temperatures for five types of liquids. The error 

bars in the figure show the standard deviation of the average value, as defined in Eq. (1). 

The measured foil temperatures are equal to the preset initial temperatures before the 

moment of droplet impact. When the droplet impacts the substrate, the foil temperature 

in the impact region reduces. This reduction is reflected on the rear surface with a 

certain time delay because of heat conduction inside the solid. Consequently, the 

measured temperatures begin to decrease not at the moment of droplet impact, but at t ~ 

1 ms. The measured temperatures decrease monotonically with time. 
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This subsection focuses on the results for water and the 1-wt% emulsion, and the 

temperature histories for the other test liquids are discussed in a later subsection. In 

terms of physical properties (Table 1), the surface tensions of water and the 1-wt% 

emulsion are significantly different. Before the experiments were performed, we 

believed that the difference in the surface tensions could potentially have an appreciable 

influence on the boiling phenomena, particularly in the nucleate boiling regime [23-26]. 

However, the effect of varying the surface tension on the hydrodynamics of the droplets 

was found to be minor, as shown in Fig. 4. In addition, the temperature histories of 

water and the 1-wt% emulsion show similar trends (Fig. 5), although a slight difference 

can be seen at Tw = 170 °C. One possible reason for this difference is that the time scale 

considered for analyzing droplet deformation in the present experiments is small 

compared to the time required for growing sufficiently large vapor bubbles. 

It is well known that water can conditionally exist in a metastable, superheated 

liquid state when it is heated above its boiling temperature but below the superheat 

temperature limit. The superheat limit of water is approximately 300 °C at atmospheric 

pressure [27,28]. Above this limit, a rapid phase change from water to vapor occurs. As 

shown in Fig. 5, the measured foil temperature for water is higher than 300 °C even at t 

= 10 ms when Tw = 470 °C. In contrast, the measured temperature decreases below the 

superheat limit during the collision with the droplets at Tw = 380 °C. Although the 

measured solid temperature on the rear surface did not coincide with the liquid 

temperature, it is considered that liquid–solid direct contact occurs temporally as well as 

locally, at least, at later times when Tw = 380 °C. 

It should be noted that a very thin stainless steel foil is adopted as the test solid in 

the present study. Unlike many prior studies that use a thick hot solid, the heat capacity 

of the solid used in the present study is quite small and no recovery of the solid 

temperature occurs because of heat conduction inside the solid. The deformation and 
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heat transfer characteristics of droplets on a thin solid are probably different from those 

on a thick solid at later times because the temperature reduction in a thin solid is larger 

than that in a thick solid. 

 

 

3.2 Effects of varying oil concentration on hydrodynamic behavior of 

emulsion droplets and resultant temperature profiles of solid 

 

Fig. 6 shows the collision behavior of the 5- and 15-wt% emulsion droplets with a 

solid under various initial foil temperatures. Both these emulsion liquids have very low 

degrees of transparency compared to the 1-wt% emulsion and water because in the 

former emulsion liquids, numerous oil droplets scatter the observation light. The boiling 

phenomena inside the droplets cannot be analyzed for the 5- and 15-wt% emulsions. 

The results for the 5- and 15-wt% emulsions (Fig. 6) are compared with those for 

the 1-wt% emulsion (Fig. 4) to investigate the effect of varying oil concentrations. The 

deformation behaviors of the droplets for the two emulsions show moderately similar 

trends in the temperature range wT  = 140–290 °C. At wT  = 380 °C, an appreciable 

difference is seen between the results for the 15-wt% emulsion and the other test liquids. 

For the 1- and 5-wt% emulsions, boiling bubbles burst when the droplets deform into a 

disk. This results in the formation of numerous minute droplets. The main body of the 

liquid becomes distorted and lumpy. In contrast, the shape of the 15-wt% emulsion 

droplets is maintained to be roughly axisymmetric in all the deformation stages. At Tw = 

470 °C, some dry areas are formed because of the bursting of bubbles in the center 

region at 5.0 and 7.2 ms for the 1-wt% emulsion. No dry area is observed and an almost 

axisymmetric shape is maintained for the 15-wt% emulsion. 

Fig. 7 shows the collision behavior of the base oil droplets at various initial solid 
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temperatures. Because the base oil is transparent, the boiling phenomena at the liquid–

solid interface can be clearly seen. At wT  = 290 °C, few boiling bubbles are seen inside 

the liquid because the boiling temperature of the base oil is approximately 300 °C. 

Because the wettability of the base oil on the solid is better than that of water and the 

emulsions, the base oil droplet spreads more widely than the droplets of the other 

liquids. At wT  = 380 °C, a small number of bubbles are seen. At wT  = 440 °C, 

bubbles increase in number and size compared to the previous cases. Bursting of 

bubbles occurs to a small extent on the free surface. At wT  = 470 °C, a vaporized oil 

film is formed between the liquid and solid. Overall, the boiling phenomena of the base 

oil are very mild compared to those of the emulsions and water. 

The results for the base oil suggest that almost all instances of bursting bubbles 

(Figs. 4 and 6) can be attributed to vaporized water. Thus, the reason why a few minute 

droplets are observed for the 15-wt% emulsion could be explained by the following 

mechanism. When the droplet impacts the foil, some amount of water is soon vaporized 

in the region very close to the foil surface, followed by an increase in the local oil 

concentration, as illustrated in Fig. 8. Thus, the chance of water–solid direct contact 

decreases significantly. It is also considered that the boiling vapor bubbles cannot grow 

upward in the direction normal to the foil surface because of the high viscosity of the 

oil-rich layer and/or the presence of oil droplets. Consequently, the bursting of vapor 

bubbles rarely occurs. The droplets can be kept in the axisymmetric shape and the 

rebounding phenomena appear. 

Next, we consider the results of Fig. 5 to study the effect of varying oil 

concentrations on the temperature histories of the foil. At Tw = 140 and 170 °C, the foil 

temperatures decrease monotonically with time. The temperature reduction is larger at 

smaller oil concentrations. Because no boiling or weak boiling of water occurs at these 

Tw values, the effect of phase changes of liquids on the heat transfer characteristics is 
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negligibly small. Thus, it is concluded that the results are attributable to the difference 

in thermal conductivity, as listed in Table 1. In addition, the temperatures for 5- and 

15-wt% emulsions are very similar. The obtained results indicate that, in both cases, the 

foil surface is not covered with liquid composed of water and dispersed oil droplets, but 

is instead covered mainly with an oil film because of the oil’s favorable wettability. 

At Tw = 230 and 290 °C, the foil temperature decreases to a larger extent for smaller 

oil concentrations because the nucleate boiling of water enhances the heat transfer. The 

temperature reduction for the base oil is very small because the thermal conductivity is 

small and no boiling occurs. 

At Tw = 380 °C, the temperature variations in the foil for the 15-wt% emulsion and 

base oil show very similar paths. This is probably because a local oil-rich layer is 

formed and a water phase is rarely present in the vicinity of the foil surface. The 

measured foil temperature is lower at smaller oil concentrations. Similar trends can be 

seen at Tw = 470 °C. 

 

 

3.3 Heat transfer characteristics 

A lumped capacitance model is adopted to evaluate the transient heat transfer from 

the test foil to the droplets. The following simple relationship for energy conservation is 

considered, assuming that the heat removal on the wet surface is equal to the time 

variation of the internal heat energy in a cylindrical region as illustrated in Fig. 9: 

 ( )mdTqA c Ad
dt

ρ=  (2) 

where q, A, ρ , c, and d represent the heat flux on the wet surface, 3.5-mm-diameter 

measurement area of the thermometer, material density, specific heat, and thickness of 

the sheet (0.1 mm), respectively. Heat loss due to natural convection to the atmosphere 
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from the surface is cancelled by the electric resistance heating during experiments; 

therefore, the heat generation term is omitted. In addition, the heat loss due to heat 

conduction in the direction parallel to the solid surface was neglected. The physical 

properties of the foil are assumed to be constant. The time derivative of temperature is 

calculated by a simple finite-difference approximation using the measurement data as 

follows: 

 ( ) ( / 2) ( / 2)m m mdT t T t t T t t
dt t

+ ∆ − − ∆
≈

∆
 (3) 

The time increment, t∆ , is set to be 1 ms, taking into account the temporal resolution 

of the thermometer. Heat flux can be calculated by 

   ( / 2) ( / 2)( ) m mT t t T t tq t cd
t

ρ + ∆ − − ∆
≈

∆
.      (4) 

Fig. 10 shows the time evolution of the heat flux (evaluated using Eq. (4)) for the 

1-wt% emulsion. In all the cases, the heat flux increases sharply with time, reaches a 

maximum value, and then decreases. Large heat removal is achieved only in a short 

period after the droplet impact. The peak heat flux increases with an increase in the 

solid temperature when 380wT ≤  °C. In contrast, the heat flux decreases with an 

increase in wT  when 380wT ≥  °C. In addition, the peak values show larger time 

delays at larger wT  values. 

Before we discuss the results in detail, the range of applicability of the present 

lumped capacitance model is investigated in terms of the Biot number and the spatial 

resolution of the thermometer. The Biot number, which is a dimensionless parameter 

defined by the ratio of the heat transfer resistance inside the solid to that on the solid 

surface, should be considerably smaller than unity for evaluating heat flux with small 

errors [29]. In the present case, the maximum value of the Biot number is approximately 

0.4 at t ~ 3 ms when 380wT =  °C, indicating that the results contain some error. 
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The measurement area of the thermometer has a diameter of 3.5 mm, which is larger 

than the pre-impact diameter of the droplets. Photographic observation reveals that the 

apparent liquid–solid contact diameter is smaller than the diameter of the measurement 

area of the thermometer before t ~ 0.8 ms. In addition, the time derivation of the 

temperature in Eq. (4) is approximated by using the measured temperature on the rear 

surface alone. These facts induce some error in the predictions at early times. When 

320wT ≤  °C, the peak heat fluxes appear at almost the same time (t ~ 2 ms). It is 

considered that the time at which the peak appears depends on the solid temperature. 

Thus, the results are probably incorrect because of the poor time resolution of the 

present model. 

Here, we focus on the results for 380wT ≥  °C. In these cases, the heat flux 

increases with time and reaches a peak value when t > 3 ms. The peak heat fluxes are 

smaller for higher initial foil temperatures because more vapor is generated and liquid–

solid direct contact occurs less often. Thereafter, the heat flux decreases monotonically 

with time because most of the liquid is located away from the solid surface. For the 

1-wt% emulsion (Fig. 4(f)), local breakage of the liquid film occurs in the center region 

and dry areas appear at 5.0 and 7.2 ms. The local breakage of the liquid film occurs later 

at higher temperatures, and consequently, the peak heat flux shows larger time delays. 

Makino and Michiyoshi [12] conducted experiments on 2.54–4.50-mm-diameter 

water droplets placed on hot metal surfaces (copper, brass, carbon steel, and stainless 

steel). Wet surface temperatures were measured with a thermocouple. These researchers 

reported that the largest value of time-averaged heat flux during droplet contact on the 

substrate was approximately 107 W/m2 or more. Chen and Hsu [13] studied the collision 

of water droplets with diameters of 2.8–4.8 mm with a hot Inconel 600 alloy substrate 

equipped with a microthermal probe for measuring the temperature of the wet surface. 

The impact velocity was 0.5 to 2.0 m/s. These researchers reported that the average heat 
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flux during contact is strongly affected by the initial temperature of the solid, and the 

impact velocity is of secondary importance. In their work, the average heat flux is 

around 107 W/m2 when the temperature of the substrate is larger than 350 °C. 

The heat flux distribution for water shows similar trends to the result for the 1-wt% 

emulsion, although these results are not shown. We define the time-averaged heat flux 

as follows: 

0

1 t
q qdt

t
= ∫ .          (5) 

In the case of 380wT =  °C and t = 10 ms, 68.8 10q = ×  W/m2 is obtained. This value 

agrees moderately with the data reported in [12] and [13]. 

The heat flux is a useful index for discussing the heat transfer characteristics, but it 

contains some inevitable errors, as previously described. Therefore, we introduce 

another parameter: the temperature decrease from the initial foil temperature to the 

measured temperature, T∆ , at a certain end time. In the present study, t = 10 ms is 

chosen as the end time, where the heat flux is sufficiently small, as shown in Fig. 10. 

The parameter is a simple index to show the degrees of temperature reduction. 

Fig. 11 shows the T∆  results for five types of test liquids and various foil 

temperatures. For water, T∆  increases almost linearly with the initial foil temperature, 

reaches a peak at 380 °C, and then decreases linearly. For the base oil, T∆  is 

significantly smaller than that for water. In addition, the peak appears at 440 °C. These 

differences in the results are obtained because of lower thermal conductivity, higher 

boiling temperature, and considerably milder boiling phenomena. The temperature 

decreases for the 1-wt% emulsion show almost the same trends as those for water. The 

results for the 5-wt% emulsion show similar trends to those for the 1-wt% emulsion, 

although T∆  is apparently smaller. This result suggests that an increase in the oil 

concentration inhibits the heat transfer. 
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For the 15-wt% emulsion, T∆  shows very different trends from those for the other 

test liquids. When 230wT ≤  °C, T∆  is slightly smaller than that for the 5-wt% 

emulsion. At Tw = 320 °C, T∆  reaches a peak, which is considerably smaller than that 

for the 5-wt% emulsion and larger than that for the base oil. In the range Tw = 320–

410 °C, T∆  decreases with an increase in Tw, which indicates that the chance of 

water–foil contact decreases. In the range Tw = 410–470 °C, T∆  shows an almost 

constant value and is smaller than that for the base oil. The reason for this result can be 

explained by the following mechanism. As shown in Fig. 6(f), the 15-wt% emulsion 

droplet impacts the foil, spreads, recoils, and eventually rebounds off the foil at Tw = 

470 °C. The apparent liquid–solid contact area is small at later times, suggesting that 

most of the liquid does not cool the foil. Similar trends are observed at 410 and 440 °C, 

although they are not shown in this paper. In contrast, the base oil droplet spreads 

widely on the foil surface and cools it gently. Hence, T∆  for the base oil is slightly 

larger than that for the 15-wt% emulsion at 410–470 °C. 

The results shown in Fig. 11 provide some useful information from an engineering 

viewpoint. When an O/W emulsion is used as a coolant, the water phase plays the role 

of a heat remover from the hot solid. The oil phase inhibits the heat transfer, particularly 

at high solid temperatures. The oil concentration in the emulsion should be a few weight 

percentages for achieving a high heat removal rate. 

  Finally, the present experimental results are validated by comparing the data with that 

of other researchers. Qiao and Chandra [14] studied the hydrodynamics and heat 

transfer characteristics of water and n-heptane droplets on a hot stainless steel surface in 

low and normal gravity. In their experiments, the temperature of the wet solid surface 

was measured using a thermocouple with a 10-µs response time. The maximum 

temperature decreases during droplet impact were reported based on the following 

conditions: that 2.0-mm-diameter water droplets impact the solid at an impact velocity 
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of 0.8 m/s under normal gravity. To validate the present T∆ , the present data are 

compared to the maximum temperature decreases in the experiments of the previous 

researchers, although the points of temperature measurement and the experimental 

conditions are slightly different. Fig. 12 presents the comparison of the data of Qiao and 

Chandra with the T∆ of water in the present study for various initial temperatures of the 

solid. The two results are in good agreement with each other, indicating that the present 

results are consistent with the data of Qiao and Chandra. 

 

4. Conclusions 
In the present study, the hydrodynamics and heat transfer characteristics of emulsion 

droplets impinging on a hot solid were studied experimentally. The results obtained in 

the present study are summarized as follows: 

(1) The effects of varying the solid temperature on the hydrodynamics and heat transfer 

characteristics of water droplets and 1-wt% O/W emulsion droplets have been 

investigated. The results for the two liquids show similar trends, although the 

surface tension of water is considerably larger than that of the emulsion. 

(2) The oil concentration has an appreciable influence on the deformation behavior of 

droplets at high foil temperatures because the boiling phenomena of the oil are 

considerably milder than that of water under the present experimental conditions. 

Bursting of vapor bubbles is observed for water and emulsions with low oil 

concentrations, resulting in the formation of minute droplets. Few minute droplets 

appear for the 15-wt% emulsion and base oil. 

(3) The heat transfer characteristics are strongly dependent not only on the solid 

temperature but also on the oil concentration. The water phase in the emulsion plays 

the role of cooling the hot solid, whereas the oil phase inhibits the heat transfer 

because of low thermal conductivity. In the case of the 15-wt% emulsion, a high oil 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



21 
 

concentration layer is probably formed on a solid surface that is heated to high 

temperatures. This results in considerable reduction in heat removal. 
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List of Figure and Table captions 
Fig. 1: Schematic of oil-in-water (O/W) emulsion. 

Fig. 2: Schematic diagram of experimental apparatus. 

Fig. 3: Schematic diagram of photography setup. 

Fig. 4: Deformation behaviors of water and 1 wt% emulsion drops at various substrate 

temperatures (Tw): (a) 140 °C, (b) 170 °C, (c) 230 °C, (d) 290 °C, (e) 380 °C, and (f) 

470 °C. 

Fig. 5: Time histories of measured temperatures using five types of liquids for various 

solid temperatures (Tw): (a) 140 °C, (b) 170 °C, (c) 230 °C, (d) 290 °C, (e) 380 °C, and 

(f) 470 °C. 

Fig. 6: Deformation behaviors of 5 and 15 wt% emulsion drops at various solid 

temperatures (Tw): (a) 140 °C, (b) 170 °C, (c) 230 °C, (d) 290 °C, (e) 380 °C, and (f) 

470 °C. 

Fig. 7: Deformation behaviors of base oil drops at various solid temperatures (Tw): (a) 

290 °C, (b) 380 °C, (c) 440 °C, and (d) 470 °C. 

Fig. 8: Schematic of highly oil-rich layer. 

Fig. 9: Schematic of lumped capacitance model. 

Fig. 10: Time evolution of heat flux based on lumped capacitance model for 1 wt% 

emulsion. 

Fig. 11: Temperature decreases for various experimental conditions. 

Fig. 12: Comparison of water temperature decreases with maximum temperature 

decreases reported by Qiao and Chandra [14]. 

Table 1: Physical properties of test liquid at 20 °C. 
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Setup 
concentration

Surface 
tension

(10-2 N/m)

Viscosity
(10-3 Pas)

Specific 
heat 

(103 J/kgK)

Thermal 
conductivity

(W/mK)

Density
103 (kg/m3)

water 7.28 1.00 4.18 0.598 1.00

1.0 wt% 3.55 1.10 4.16 0.598 1.00

5.0 wt% 3.55 1.62 4.06 0.579 1.00

15.0 wt% 3.42 2.98 3.83 0.534 0.98

base oil 3.13 14.4 1.85 0.144 0.88

Table. 1 Fujimoto et al.
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