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Abstract 
In the metal forming industry, quench hardening is commonly used to strengthen steel 

products by rapidly cooling hot materials. One of the typical coolants used in the 

quench hardening process is an aqueous polymer solution. During the hardening process, 

several phenomena occur simultaneously, namely, coolant boiling, separation of the 

polymer from the aqueous solution, and formation of a polymer-enriched layer on the 

solid surface. The hydrodynamics and heat transfer characteristics of the coolant during 

the cooling process are complex in nature and remain unclear. The main objective of 

this study is to develop an experimental understanding of the collision and contact 

behavior of aqueous polymer solution droplets with a hot substrate. This research will 

serve as a fundamental reference work for the process of quench hardening using spray 

cooling. To fulfill this objective, a three-directional flash photography technique was 

developed. A transparent sapphire prism was used to observe the transient contact 

behavior of droplets with a hot solid, whose temperature was varied from 300 to 600 °C. 

A solution of 10 wt% polyoxyethylene-polyoxypropylene glycol with an average 
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molecular weight of approximately 20,000 was used as the test liquid. At a substrate 

temperature of 300 °C, jellylike polymer residue remained on the substrate. At 400 and 

500 °C, a wet area appeared temporarily on the solid substrate soon after the droplet 

collision, but this area eventually disappeared because of the thermal decomposition of 

the polymer. At 600 °C, no wet area was seen. The lifetime of the temporary wet area 

decreased with an increase in the temperature of the solid but was almost independent of 

the impact inertia of droplets. In addition, in the case of the polymer solution droplet, 

the upper limit of the surface temperature for forming the wet area was around 580 °C, 

which was considerably higher than that in the case of a water droplet. 
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Nomenclature 
cp  specific heat, J/(kg K) 

d preimpact diameter of droplets, m 

t elapsed time after a droplet touches the solid surface, s 

Tw  temperature of the solid substrate, °C 

Ti interfacial temperature at the moment of droplet impact, °C 

v impact velocity of the droplet, m/s 

We Weber number, - 

 

Greek symbols 
λ  thermal conductivity, W/(m K) 

ρ  material density, kg/m3 

σ  surface tension, N/m 
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1. Introduction 

Aqueous polymer solutions are widely utilized as a cooling medium in quench 

hardening processes to strengthen hot carbon steels [1–6]. Hot materials are rapidly 

cooled from approximately 750–900 °C to a certain specific temperature to induce 

martensitic transformation, and then, a moderate cooling rate is imposed on the 

materials to prevent unwanted quench-crack initiations or distortion of products. During 

the cooling process, the polymer separates from the aqueous solution and adheres to the 

material surface, resulting in the formation of a polymer-enriched layer [2], which is a 

characteristic feature of this coolant and inhibits rapid heat reduction from the solid 

substrate. 

Several previous works [2–6] have focused on the cooling process in industrial 

heat-treatment applications using aqueous polymer solutions. The main interests of 

these studies were the measurement of the temperature histories of materials and the 

determination of the heat transfer coefficient. Various parameters were found to 

influence the heat transfer characteristics, including the polymer component, its 

concentration, and the cooling conditions. However, less attention has been paid to 

understanding the underlying physical mechanism. In general, actual cooling operation 

conditions are determined empirically without an understanding of the underlying 

physical mechanism. Indeed, to find better cooling operation conditions, it would be 

useful to have a fundamental understanding of the hydrodynamics and boiling 

phenomena of polymer quenchants, and the formation process of the polymer-enriched 

layer. The present study was not aimed at obtaining practical data for an actual cooling 

system design, but rather at an exploration of the fundamental physics of the 

phenomena through simple laboratory-scale experiments. 

Spray cooling methods are commonly employed in induction hardening applications 

[5,6], in which steel products are heated by induction heating, followed by immediate 

quenching. The collision of individual liquid droplets with a solid is a basic process of 
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spray cooling applications [7,8]. Several excellent review papers concerning the 

collision of individual liquid droplets with a solid have been published [9-15]. In most 

previous works, a single-component liquid such as water or fuel was used. However, the 

deformation behavior of aqueous solution droplets with polymer additives has been less 

studied. Rozhkov et al. [16] studied the collision behavior of aqueous polymer solutions 

with small nonheated targets made of stainless steel by employing a high-speed 

photography technique. The test liquids were aqueous water solutions of polyethylene 

oxide at concentrations of 10, 100, and 1000 wt ppm. The droplet impacted the target, 

and a liquid lamella was formed. Polymeric additives were shown to prevent the rupture 

of the liquid lamella. Bertola [17] studied a droplet impacting a hot solid heated at 120–

180 °C. The test liquids were water and a water solution with 0.02 wt% polyethylene 

oxide additives. The Weber number, which ranged from 20 to 220, is the ratio of the 

impact inertia to the surface tension force and is defined as 

2v dWe ρ
σ

=    (1) 

where ρ, v, d, and σ  represent the liquid density, impact velocity, droplet diameter, 

and surface tension coefficient of droplets, respectively. They reported the additive 

inhibited droplet splashing, secondary droplet ejection, and mist formation. 

Bertola and Sefiane [18] studied the effects of minute amounts of polyethylene oxide 

in water on the occurrence of secondary atomization when a liquid drop impacted a 

heated surface at 150–350 °C. The additive was found to oppose the scattering of 

secondary droplets from the free surface of the liquid. Zang et al. [19] studied the 

impact dynamics of droplets on a superhydrophobic surface with a dendritic structure 

by using a high-speed camera. The test liquid contained silica nanoparticles and/or 

polyethylene oxide additives. They showed that both the particles and polymer additives 

constrain the instability behavior of the liquid. 

The abovementioned works reported useful data from a scientific perspective, but the 
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experimental conditions used in these studies, including the polymer type, its 

concentration, and the temperature range of the solid substrate, were different from 

those in actual hardening processes of steel products. Therefore, we studied the 

hydrodynamic behavior of droplets of an aqueous polymer solution impinging on a hot 

sapphire substrate by employing a flash photography technique [20]. An aqueous 

solution of 10 wt% polyoxyethylene-polyoxypropylene glycol with an average 

molecular weight of approximately 20,000 was used as the test liquid. When the Weber 

number was small and the substrate temperature was 500 °C, the droplet impacted the 

solid, deformed into a disc, and recoiled and rebounded off the solid. Some empirical 

formulae for predicting the spreading diameter of droplets and the resident time were 

built as functions of the Weber number. More interestingly, a polymer-enriched layer 

was found to form temporarily on the hot substrate and eventually disappear because of 

the thermal decomposition of the polymer. This finding indicates that a 

polymer-enriched layer might be present even at a substrate temperature that is higher 

than the temperatures at which the test polymer is thermally decomposed. This is also 

interesting from an industrial perspective, because the polymer-enriched layer 

influences the transient temperature profile of materials during spray cooling. However, 

the process by which the polymer layer forms and disappears remains unclear, because 

the flow visualization technique used in the above study was inappropriate for 

observing the phenomenon. 

To address this problem, the present study was planned as a part of a series of studies. 

The main objective of the present study was to understand the transient liquid–solid 

interfacial phenomena, which involve the boiling of water, the separation of the polymer 

from the aqueous solution, and the formation of a polymer-enriched layer on the solid 

surface. A new flash photography technique was developed to investigate the collision 

and contact behavior of droplets with a hot substrate simultaneously by expanding the 

flow visualization technique used in our previous studies [21]. A transparent rectangular 

prism made of sapphire was employed as the test substrate to observe the physics of the 
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phenomena directly at the liquid–substrate interface during droplet impact. We used 

sapphire because its thermal conductivity and thermal diffusivity are comparable to 

those of some steel alloys like stainless steel. 

The test polymer solution was the same as that used in our previous study [20]. Water 

was also used as a test liquid for reference. The effects of varying the substrate 

temperature and the Weber number on the contact behavior of the aqueous polymer 

solution droplets with the solid substrate were investigated. We found that at 300 °C, 

some polymer residue remained on the substrate. At 400 and 500 °C, a 

polymer-enriched layer temporarily appeared on the solid substrate and then 

disappeared because of the thermal decomposition of the polymer. At 600 °C, no wet 

area was seen. The lifetime of the temporary polymer-enriched layer depended on the 

substrate temperature but was almost independent of the Weber number. The physics of 

these phenomena will be discussed in detail, from both scientific and industrial 

perspectives. 

 

 

2. Experiments 
2.1 Test polymer and test solution 

In the present study, polyoxyethylene-polyoxypropylene glycol (chemical formula: 

HO–(C2H4O)a–(C3H6O)b–(C2H4O)c–H) was used as the test polymer. The measured 

molecular weight of the test polymer was approximately 20,000, and the measured ratio 

of (a+c):b was 75:25. Figure 1 presents the thermogravimetric curve showing the 

relationship between the temperature of the test polymer and its weight when the 

polymer with an initial weight of 100 g was heated from 20 to 700 °C at a heating rate 

of 5 °C/min. The weight of the test polymer remained almost unchanged when the 

temperature was below 300 °C. It sharply decreased in the temperature range between 

approximately 300 and 400 °C because the test polymer was thermally decomposed into 

small-molecule gasses. Most of the test polymer vanished at temperatures higher than 
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400 °C. 

The test solution was made by diluting the test polymer using distilled water to 10 

wt%. The measured physical properties of the test solution are listed in Table 1. The 

properties of water at 40 °C are also shown for reference. The test solution is colorless 

and transparent at room temperature. When the test solution is heated above a cloud 

point of 75 °C [22], the solubility of the polymer drastically decreases, and the 

separation of the polymer and water occurs. 

 

 

2.2 Experimental setup 

Figure 2 shows a schematic diagram of the experimental apparatus used to observe 

the impact phenomena of droplets on the heated surface. The setup was composed of 

three units: the droplet generator, test substrate mounted on the heater unit, and 

observation equipment for flash photography. The droplet generator was similar to that 

used in our previous study [20], except that a nozzle cooling unit was not included 

because of the restriction in setup space. In the present experiments, the preimpact 

diameters, d , of the aqueous polymer droplets were approximately 2.2 mm. The 

impact velocities, v , of the droplets on the substrate were approximately 0.9, 1.1, and 

1.6 m/s, which were achieved by adjusting the nozzle-to-substrate distance. Distilled 

water droplets with diameters of approximately 2.4 mm were also used for reference. 

The test substrate was a rectangular optical prism made of sapphire with a horizontal 

area of 20 × 20 mm; the droplets were made to impinge on the substrate. As the test 

prism was originally made for use in optical devices, it had a very smooth surface; the 

prism flatness, defined as the distance between the peak and valley of the prism, was 

within 320 nm. The rectangular prism was mounted on a stainless-steel heating unit 

equipped with three cartridge heaters. Slight movement of the test prism was allowed 

during experiments to avoid unwanted crack initiation of the test prism due to the 

difference in the thermal expansion rates of sapphire and stainless steel. 
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The substrate surface temperature was maintained at a preset value (300–600 °C) 

using a temperature controller and a K-type thermocouple. The accuracy of the 

temperature measurement was within 2.5 °C. An infrared camera was also used to 

monitor the surface temperature through a thin coat of black-body paint (emissivity: 

0.94) applied to a part of the substrate surface. The droplets were always made to 

impinge on the uncoated part of the dry, cleaned substrate surface. 

 

 

2.3 Photography technique 

A three-directional photography technique was newly developed in the present study 

by expanding the flow visualization technique used in our previous studies [20,21]. The 

setup was composed of an optical sensor, a delay timer, a flash controller, four flash 

lights A1, A2, B, and C, and three digital cameras A, B, and C, as shown in Figure 2. The 

spatial resolution of cameras A and C was 5184 × 3456 pixels, and that of camera B was 

3888 × 2592 pixels. Camera A, the test prism, and a pair of flashlights (A1 and A2) were 

aligned horizontally. The optical sensor captured the falling droplets and produced 

trigger signals for flash photography. When the droplets entered the observation area 

near the solid substrate, the two flashlights were activated consecutively at certain time 

intervals; side-view, doubly exposed, backlit images of the droplets were captured 

(Figure 3(a)). Camera B and flashlight B were arranged to capture top-view images of 

the droplets (Figure 3(b)). These images allow us to understand the three-dimensional 

motion of the droplets and the boiling phenomena inside the droplets. Descriptions of 

these two photography techniques can be obtained from our previous paper [21]. 

The images of the liquid–solid interface were captured from the direction obliquely 

behind the optical prism using camera C and flashlight C, as shown in Figure 4. 

Observation light from flashlight C entered an optical prism through a cylinder-shaped 

hole with a diameter of approximately 6.2 mm in the heater unit. The incident angle of 

the light to the solid surface on which the droplets impinged was 45°. The refractive 
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indices of air (vapor), water, the test solution, and sapphire were 1.0, 1.33, 1.35, and 

1.75, respectively. Total reflection occurred at the air–sapphire interface according to 

Snell’s law, whereas some light passed through the water–sapphire interface. The light 

exited the heater unit through a hole with a diameter of approximately 6.2 mm, was 

reflected by a mirror, and reached Camera C. Consequently, the interface images could 

be captured; the images indicated that the air (or vapor)–sapphire interface was bright, 

and the water (or test solution)–sapphire interface was relatively dark, as shown in 

Figure 3(c) [23, 24]. In addition, a circular wet area was exposed to form a horizontally 

long oval shape in the images because of the incident angle of the observation light to 

the interface (= 45°). 

The time evolutions of the droplet shape and the contact behavior were followed by 

capturing many instantaneous images with various flash timings under the same impact 

conditions, assuming the repeatability of liquid motion. In each run, flashlight A1 was 

activated before droplet impact to ensure that the preimpact diameter of the droplets was 

obtained. Then, flashlights A2, B, and C were activated simultaneously with a preset 

delay. The three cameras were adjusted to capture images exclusively through flash 

photography. Thus, a set of three types of images was captured during each impact test, 

as shown in Figure 3. Note that more than 200 sets of images were taken for each 

experimental condition. 

 

 

3. Results and discussion 
3.1 Effect of varying substrate temperature on collision and contact behavior of 

droplets with sapphire substrate 

The collision and contact behaviors of droplets with a hot substrate obtained by the 

developed flash photography technique are described in the present subsection. The 

experiments were performed by varying the temperature of the solid substrate, Tw, from 

300 to 600 °C. Table 2 lists the experimental conditions under which the images shown 
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in different figures are obtained. 

Figure 5 presents the time series of images showing the deformation behavior of 

aqueous polymer droplets impinging on the sapphire surface heated at Tw = 300 °C for 

(v, d) = (a) (1.6 m/s, 2.2 mm) (We = 106). The elapsed time (t) after droplet impact on a 

solid substrate is shown in each image. Top-view images of droplets, side-view images 

of droplets, and interface-view images are presented as the upper, middle, and bottom 

columns, respectively. Each set of three images was taken simultaneously by activating 

the three flash lights at the same time. In the side-view images, “red” droplets are 

always present above the impact point of the droplet on the solid. These red spots 

represent the images exposed at the first flash before droplet impact, as described 

previously. The horizontal scale is the same for all the images. 

The polymer solution droplet touched the substrate at t = 0 s and deformed into a thin 

circular disc (0.1–2.0 ms). Boiling vapor bubbles were observed at the liquid–solid 

interface in the top-view images (0.1 and 0.4 ms). Some dark areas associated with the 

direct contact at the liquid–solid substrate spread with time in the interface view. The 

liquid–solid direct contact was larger than that for the water droplets, as shown in 

Figure 3. Then, small droplets were separated from the liquid body at 2.0 and 4.5 ms. In 

the time range of t = 7.2–38.5 ms, the apparent liquid–solid contact area was small in 

the side view, but the actual liquid–solid contact area in the interface view was larger 

and almost unchanged. Eventually, a jellylike polymer-enriched layer and/or some char 

always remained on the solid substrate, although they are not shown in the figures. 

Figure 6(a) and (b) shows the images of the polymer solution droplets at Tw = 400 °C 

for (v, d) = (a) (1.5 m/s, 2.2 mm) (We = 103) and (b) (0.89 m/s, 2.2 mm) (We = 32), 

respectively. In this subsection, only the results for (a) (We = 103) are focused upon to 

investigate the effect of varying the temperature of the solid substrate on the droplet 

dynamics. The results for (b) (We = 32) will be discussed in subsection 3.2. In the 

interface view for (a), some dark areas appeared immediately after the droplet collision 

(t = 0.2 and 0.3 ms). Boiling bubbles were formed inside the liquid in the top view. In 
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the side view, many secondary droplets were formed because of bursting boiling 

bubbles at the liquid–air interface at t = 0.7 ms. From t = 1.4 to 2.7 ms, a bulge that was 

vertically elongated in the upward direction was observed in the center region of the 

droplet [20]. Small droplets were separated from the rim of the deforming liquid and 

flew radially outward. The droplets split into pieces at 4.5–6.9 ms, and most of the 

liquid moved away from the solid surface. At 42.0 and 98.0 ms, some mist was seen 

around the deforming liquid. The components of the mist were probably condensed 

vapor, the separated polymer, and/or thermally decomposed products of the polymer 

[20]. 

With regard to the interface view, the dark area increased in size with time at early 

times. After t = 5.7 ms, the dark area became small in size and light in gray-scale density. 

Some portion of the dark area was present even at 98 ms. Unlike the previous results for 

300 °C, the dark area completely vanished at t ≈ 158 ms. 

The experiments using water droplets were performed under similar Weber number 

conditions for reference. Figure 6(c) shows the images of the water droplets at Tw = 

400 °C for (v, d) = (1.7 m/s, 2.4 mm) (We = 106). In the top view, the liquid–solid 

contact area appeared to be hazy immediately after droplet impact. At 3.1 and 3.9 ms, 

numerous secondary droplets were observed. Then, the droplet shuttered. In the 

interface view, only a few dark areas were present and only at 2.1 ms, indicating that the 

direct contact of the water (liquid)–substrate rarely occurred. 

The critical boundary at which this direct contact does occur during droplet impact 

can be roughly explained in terms of the superheat limit of water and the temperature at 

the liquid–solid interface [21]. When a water droplet impacts a hot substrate, the liquid 

in the vicinity of the solid surface is heated abruptly. If the interfacial temperature is 

higher than the superheat limit of water (approximately 300 °C at 1 atmosphere 

pressure), explosive boiling occurs followed by the rapid formation of a vapor film 

between the liquid and the solid surface [25-34]. Because it is difficult to accurately 

measure the liquid–solid interfacial temperature experimentally, it is often estimated by 
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using the one-dimensional transient heat conduction theory for interfacial contact 

between two semi-infinite solids at different temperatures [35–41]. The interfacial 

temperature, iT , is given by [42] 

1 1 1 1 2 2 2 2

1 1 1 2 2 2

p p
i

p p

T c T c
T

c c
ρ λ ρ λ

ρ λ ρ λ

+
=

+
   (2) 

where ,  ,  ,  and pT cρ λ  are the temperature, density, specific heat, and thermal 

conductivity, respectively, and subscripts 1 and 2 denote the two materials. The 

thermo-physical properties of water and sapphire are listed in Table 3. In the case of 

Figure 6(c), the evaluated interfacial temperature was 342 °C, which was higher than 

the superheat limit of water at atmospheric pressure. The experimental results were 

consistent with the results obtained using the above equation. 

Nevertheless, Eq. (2) is probably inapplicable for estimating the interfacial 

temperature for polymer solution droplets, because the liquid is inhomogeneous above 

the cloud point. That is, the polymer separates. However, the results in Figure 6(c) 

suggest that the dark (wet) areas in Figure 6(a) formed because of the presence of the 

polymer. Because the local concentration of the test polymer was considered to be high 

in the dark (wet) areas, we refer to these areas as polymer-enriched in the present paper. 

Incidentally, the temperature of the solid was considered to decrease sharply 

immediately after the droplet collisions and then recover to the initial temperature 

because of the heat conduction inside the solid substrate. Thus, Eq. (2) is valid in the 

very short period after the droplet collision. In addition, the dark areas in Figure 6(a) 

existed for a considerably longer time than the time scale of droplet hydrodynamics. 

The interfacial temperature at the polymer-enriched layer might be close to the initial 

temperature of the solid at later times, although we did not measure this. Judging from 

the thermogravimetric curve of the test polymer (Figure 1), the disappearance of the 

dark wet areas occurred because of the thermal decomposition of the test polymer. 

Figure 7(a) and (b) shows the images of the polymer solution droplets at Tw = 500 °C 

for (v, d) = (a) (1.5 m/s, 2.2 mm) and (b) (0.88 m/s, 2.2 mm), respectively. The results 
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for (a) were focused upon in this subsection. In the top view for (a), the droplet 

impacted the solid surface, spread, deformed into a thin disc, and split into pieces. In the 

side view, secondary droplets were seen at 0.6 and 1.0 ms in the region of the advancing 

rim of the liquid. The main body of the liquid was distorted at 2.1 and 3.6 ms. At 14.0 

and 20.2 ms, most of the small liquid masses moved away from the solid substrate. In 

addition, some mist was seen. 

Some dark areas were seen in the interface view. The areas became darker with time 

for t ≤ 2.1 ms and then became light. In addition, the intensity of lightness in the dark 

areas was higher than that for Tw = 400 °C, as shown in Figure 6(a). The dark areas 

disappeared as t reached 20.2 ms. The lifetime (disappearance time) of the dark areas 

was apparently shorter than that for Tw = 400 °C. 

We attempted to perform experiments using water droplets for We ≈ 100 and Tw = 

500 °C for reference, but they were unsuccessful. Immediately after water droplet 

impact, crack initiation due to abrupt thermal stress appeared on the solid substrate. The 

experiments for the water droplets could be performed without any occurrence of cracks 

for smaller values of impact inertia (We ≤  80). As expected, dark areas associated with 

water–solid direct contact were not seen in the interface view at low We values. The 

results suggested that the dark areas in Figure 7(a) were formed because of the presence 

of the test polymer. 

Incidentally, the interfacial temperature estimated by Eq. (2) was 424 °C at the water–

sapphire interface for Tw = 500 °C. This value was higher than the temperature range for 

thermal decomposition, as shown in Figure 1. Although the actual interfacial 

temperature was not measured in the present study, a temporary polymer-enriched layer 

formed under such high-temperature conditions of the solid. Further, considering that 

crack initiation occurred for water droplets for We ≈ 100 and did not occur for polymer 

solution droplets, the polymer was inferred to have buffered the local thermal stress on 

the sapphire surface. 

We also performed experiments at a low polymer concentration of the solution (= 5 
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wt%) at Tw = 500 °C. Figure 7(c) shows the images for (v, d) = (1.6 m/s, 2.2 mm). A 

comparison of the results for (a) 10 wt% and (c) 5 wt% indicated that the collision 

dynamics of droplets showed similar trends. However, small secondary droplets that 

were formed because of bursting vapor bubbles at the liquid–air interface were 

appreciably larger in number for a lower polymer concentration. The intensity of 

lightness in the dark areas for (c) 5 wt% appeared to be slightly higher than that for (a) 

10 wt% because the amount of test polymer in the test solution was smaller for (c). 

Figure 8 presents the time series of images showing the deformation behavior of 

aqueous polymer droplets impinging on the sapphire surface at Tw = 600 °C for (v, d) = 

(a) (1.5 m/s, 2.2 mm) and (b) (0.89 m/s, 2.2 mm). In the top view for (a), vapor bubbles 

formed inside the deforming droplets at 0.9 and 1.9 ms. At 2.8, 3.7, 4.3, and 5.4 ms, 

small secondary droplets were generated. The bursting of bubbles promoted the 

shuttering of the liquid. Unlike the previous results for Tw = 300–500 °C, no dark areas 

were observed in the interface view in any of the deformation stages. 

 

 

3.2 Effect of varying Weber number on contact behavior of droplets with solid at 

high temperatures 

This subsection describes the investigation of the effect of varying the Weber number 

associated with the impact inertia of solution droplets on the droplet dynamics in the 

substrate temperature range of 400–600 °C. A comparison of the side- and top-view 

images in Figures 6–8 for the 10 wt% solution droplets indicated that the spreading 

diameters of the droplet for We ≈ 30 were apparently smaller than those for We ≈ 100 

because of the small impact inertia of the droplets. At 500 °C, the distorted droplet 

rebounded off the solid substrate for We ≈ 35, whereas the droplets split into pieces for 

We ≈ 100. At 600 °C, the shape of the droplet was roughly axisymmetric during the 

collision for We ≈ 35. 

In our previous study [20], we reported that the critical Weber number, at which the 
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aqueous polymer solution droplet splits into pieces on a sapphire substrate, was 

approximately We = 60 when Tw = 500 °C. In the present experiments, we observed the 

disintegration of droplets when We = 53 and Tw = 500 °C, probably because of the 

higher liquid temperature and/or the mounting method of the solid substrate to the 

heater unit, which allowed slight movement of the substrate during droplet impact. 

The contact behavior of the droplets for We ≈ 100 and We ≈ 30 showed similar trends. 

In both the cases, some dark areas were temporarily observed at Tw = 400 and 500 °C. 

The intensity of lightness in the dark areas for Tw = 500 °C was higher than that for Tw = 

400 °C, and the lifetime of the dark areas was shorter. At 600 °C, no dark area was seen. 

Next, the contact behavior of droplets was quantitatively compared by measuring the 

horizontal length of the liquid–solid contact area in the interface-view images. Figure 9 

shows the time evolution of the liquid–solid contact diameter, which is defined in the 

figure, under the conditions of 500 °C for We = 101 and 32. A diameter of zero implies 

that no liquid–solid contact was observed. Because the liquid–solid contact area in the 

interface view was apparently asymmetric, particularly at later times as shown in Figure 

7, the results for t < 7 ms are plotted in Figure 9. For We = 101, the contact diameters 

increased with time, reached a peak value (approximately 4.5 mm) at t ≈ 2 ms, and then 

remained constant. Thereafter, the diameter decreased (not shown in the figure). For We 

= 32, liquid–solid direct contact cannot be observed at very early times. The spreading 

rate of the contact diameter was smaller than that for We = 101 because of the smaller 

impact inertia of droplets. The maximum contact diameter was also slightly smaller. It 

was concluded that varying the Weber number had some effect on the formation process 

of the temporary polymer-enriched layer only at early times. Evidently, the temperature 

of the solid was a more important factor in the formation/disappearance of the dark 

areas. 

 

 

3.3 Lifetime of polymer-enriched layer at high temperatures of solid 
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In this subsection, we describe the investigation of the critical temperature at which 

no temporary dark area formed on the solid substrate and the lifetime of the dark area 

(polymer-enriched layer) at a given temperature of the solid. The lifetimes of the 

polymer-enriched layer were determined based on naked-eye observations of numerous 

interface-view images taken at various flash timings. Figure 10 shows the relationship 

between the lifetime of the temporary polymer-enriched layer and the temperature of the 

solid. The lifetime of the temporary polymer-enriched layer was approximately 65 ms at 

450 °C. The lifetime decreased as the temperature of the solid increased and reached 

zero at approximately 580 °C. The lifetime is independent of the Weber number. 

The present study clearly found that the temporary polymer-enriched layer formed at 

substrate temperatures considerably higher than the temperature range for the thermal 

decomposition of the test polymer measured by the thermogravimetric curve (Figure 1). 

In actual spray cooling, coolant droplets impact a solid substrate frequently. Before the 

transient polymer-enriched layer formed by one droplet collision disappears, the impact 

of another droplet occurs. Hence, it is considered that the polymer-enriched layer can be 

stably formed at temperatures of the solid considerably higher than the temperature 

range for the thermal decomposition of the polymer. Because the thermal conductivity 

and thermal diffusivity of sapphire are comparable to those of steel alloys like stainless 

steel, the present results will be true for quench hardening of steel products using spray 

cooling.  

In actual industrial cooling, steel surface is conditionally oxidized. The thermal 

conductivity of oxidized scale is much smaller than that of the base metal. To simulate 

this case, we attempted to perform similar experiments using a synthetic quartz glass 

prism, which has a considerably lower thermal conductivity than sapphire, and is 

comparable to oxidized scale of FeO [43]. At Tw = 500 °C, an apparently darker wet 

area than that in the case of sapphire was observed; however, these results are not 

presented in this paper. For the case of water- synthetic quartz glass, the interfacial 

temperature calculated by Eq. (2) using the thermo-physical properties listed in Table 3 
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was approximately 304 °C, which was close to the superheat limit of water. In addition, 

we could not determine the temperature of the synthetic quartz substrate to confirm the 

zero lifetime of the polymer-enriched layer, because of the restriction of heater power. 

Further, unlike in the case of the sapphire substrate, a very small amount of char always 

remained on the solid surface even when the temperatures of the solid substrate were 

higher than 400 °C. These results indicated that the lifetime curve shown in Figure 10 

was valid only under the present experimental conditions and was influenced by other 

parameters such as the thermo-physical properties of the solid. Further analysis of this 

topic is a challenge that will be considered in future studies. 

 

 

4. Conclusions 
The deformation and contact behavior of polymer solution droplets impinging on hot 

substrates were investigated experimentally. The results are summarized as follows: 

1. A three-directional flash photography method was developed. This observation 

technique can capture the time evolution of the droplet shape and the liquid–solid 

contact area simultaneously. The flow visualization technique was useful to understand 

the physics of phenomena in the collision of droplets with a solid. 

2. The Weber number considerably influenced the deformation behavior of droplets. 

For We ≈ 100, the droplet impacted the solid substrate, spread, and split into pieces 

because of bursting boiling bubbles at the free surface and/or large impact inertia. For 

We ≈ 30 and high temperatures of the solid substrate, the droplet rebounded off the solid. 

On the other hand, the behavior of the polymer-enriched layer formed on the solid 

surface was almost independent of the Weber number except at early times. The 

temperature of the solid substrate was a dominant parameter governing the behavior of 

the polymer-enriched layer. 

3. A polymer-enriched layer formed temporarily at substrate temperatures higher than 

the temperature range for thermal decomposition measured by the thermogravimetric 
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curve. The lifetime of this temporary polymer-enriched layer decreased as the substrate 

temperature increased. No polymer-enriched layer formed when a polymer solution 

droplet impacted a sapphire substrate heated above approximately 580 °C. 
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List of figure and table captions 
Figure 1: Thermogravimetric curve of test polymer. 

Figure 2: Schematic diagram of experimental setup. 

Figure 3: Examples of captured images using present photography system taken by (a) 

camera A, (b) camera B, and (c) camera C. 

Figure 4: Schematic of photography system for capturing liquid–solid interface. 

Figure 5: Deformation and contact behaviors of aqueous solution of polymer droplets 

impinging on sapphire surface at 300 °C for We = 106. 

Figure 6: Images of aqueous polymer solution droplets for (a) We = 103 and (b) We = 

32 at 400 °C, and (c) images of water droplets for We = 106. 

Figure 7: Images of polymer solution droplets at 500 °C for (a) We = 101 and (b) We = 

32, and (c) images of 5 wt% polymer solution droplets. 

Figure 8: Images of aqueous polymer solution droplets at 600 °C for (a) We = 102 and 

(b) We = 34. 

Figure 9: Time evolution of contact diameters for We = 101 and 32 at 500 °C. 

Figure 10: Lifetime of the temporary polymer-enriched layer. 

Table 1: Physical properties of water and test polymer solution. 

Table 2: List of experimental conditions. 

Table 3:Thermo-physical properties of water, sapphire, and synthetic quartz glass to 

estimate water–solid interfacial temperatures. 



Table.1 Physical properties of water and test polymer solution 
 

Type of 
liquid 

Density  
(103 kg/m3) 

Surface 
tension  
(mN/m) 

Viscosity  
(mm2/s) 

Specific 
heat 
(kJ/kgK) 

Thermal 
conductivity  
(W/mK) 

water  
(40 °C) 

 
0.992  

 
69.6 

 
0.658 

 
4.18 

 
0.628 

test liquid 
(10wt%) 
(20 °C) 
(40 °C) 
(50 °C) 
(80 °C) 

 
 
1.09  
1.03 
0.997 
0.984 

 
 
53.6 
52.0 
51.3 
50.4 

 
 
10.0 
5.41 
4.18 
1.64 

 
 
4.00  
4.01 
4.02 
4.04 

 
 
0.543 
0.588 
0.593 
0.606 

 
  



 
Table.2 List of experimental conditions 

 

Solid 
temperature 
(ºC) 

Liquid 
temperature 
(ºC) 

Droplet 
diameter 
(mm) 

Impact 
velocity 
(m/s) 

 Weber 
number 

Figure 3 300 30 2.4 1.6 84 

Figure 5 300 30 2.2 1.6 106 

Figure 6 (a) 400 30 2.2 1.5 103 

Figure 6 (b) 400 40 2.2 0.9 32 

Figure 6 (c)(Water) 400 30 2.4 1.7 106 

Figure 7 (a) 500 30 2.2 1.5 101 

Figure 7 (b) 500 50 2.2 0.9 32 

Figure 7 (c)(5 wt%) 500 35 2.2 1.5 - 

Figure 8 (a) 600 30 2.2 1.5 102 

Figure 8 (b) 600 50 2.2 0.9 34 
  
 
Table 3 Thermo-physical properties of water, sapphire, and synthetic quartz glass to 
estimate water–solid interfacial temperatures. 
 

 
 

Temperature 
(°C)  

Density 

(10
3
kg/m)

 

 

Specific 
heat  
(kJ/kg/K) 

Thermal 
conductivity 
(W/m/K) 

Sapphire 400 3.93 1.14 16.3 

Sapphire 500 3.92 1.19 13.6 
Synthetic quartz 500 2.19 1.12 2.10 

Water  30 0.997 4.18 0.614 
Water 50 0.988 4.18 0.645 

 
 



 
 
 

 

Fig.1 Thermo-gravimetric curve of test polymer 

  



 

 

 
Fig.2 Schematic diagram of experimental setup 

 
 
 
  



 

 
 
Fig.3 Examples of captured images using present photography system taken by (a) 
camera A, (b) camera B, and (c) camera C. 
 
  



 

 

 

 

 

Fig.4 Schematic of photography for capturing liquid-solid interface 
 
 
  



 

 

 

Fig.5 Deformation and contact behaviors of aqueous solution of polymer droplets impinging on 

sapphire surface at 300 °C for We=106 



 
 

Fig.6(a) 
  



 
 

Fig.6(b) 
 
 



 
 

Fig.6(c) 
 
Fig.6 Images of aqueous polymer solution droplets for (a) We=103 and (b) We=32 at 400 °C, and (c) 

images of water droplets for We=106 

 
 
  



 
 

 
 

Fig.7(a) 
 
  



  

 

 
Fig.7(b) 

  



 

 

 
Fig.7(c) 

 
Fig.7 Images of aqueous polymer solution droplets at 500 °C for (a) We=101 and (b) 
We=32, and (c) images of 5 wt% polymer solution droplets 
  



 

 
 

Fig.8(a) 
 



 
 

Fig.8(b) 
 
 
Fig.8 Images of aqueous polymer solution droplets at 600 °C for (a) We=102 and (b) 
We=34 
 
  



 

 

 

Fig.9 Time evolution of contact diameters for We=101 and 32 at 500 °C  
 
  



 

 
 
 
 
Fig.10 Lifetime of the temporary polymer-enriched layer 
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