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Abstract Quench hardening is extensively utilized to strengthen carbon steel in the metal-forming industries. In 
this heat treating, submergence methods or spray cooling methods are used to rapidly cool hot materials. Water 
is commonly employed as the quenchant. Aqueous solutions of water-soluble polymers are also used as typical 
quenchants. In spray cooling, the impact behavior of the droplets has a great influence on the heat transfer 
between the hot metal surface and the quenchant. Although there have been numerous experimental studies 
concerning water droplets, the hydrodynamics of drops of aqueous polymer solutions have been rarely studied. 
In the present study, the collision of drops of an aqueous polymer solution with a hot sapphire, transparent quartz 
glass, or metal solid surface, was investigated by means of flash photography. A solution of 10 wt% 
polyoxyethylene polyoxypropylene glycol, with an average molecular weight of approximately 20,000 was used 
as the test polymer quenchant. Normal and oblique collisions of drops with a solid were investigated. It was 
found that the polymer that was in direct contact with the solid spatiotemporally, even when the temperature of 
the solid was significantly higher than the boiling temperature of water. Additionally, in the case of oblique 
collisions, the direct contact of the liquid/solid gave rise to an asymmetric motion of drops. The observation 
techniques and the results will be discussed in detail from an experimental perspective.  
Keywords: flash photography, drop of aqueous polymer solutions, boiling 

 

1 Introduction 

Quench hardening is extensively utilized to strengthen carbon steels in metal manufacturing industries [1, 2]. 
During the heat treating, hot carbon steels are rapidly cooled by quenching the medium by means of 
submergence or through the use of the spray cooling method. Water or oil is commonly used as the 
quenchant. Water can achieve large heat removal rates from hot materials, giving rise to a large local 
temperature variation in the hot material. The resultant local thermal stress sometimes leads to unwanted 
crack initiations or distortion of products. In the case of oil, the heat removal rate is small compared to water. 
The utilization of oil reduces the possibility of crack initiation of the product. However, its use is associated 
with a fire hazard, and it leads to bad/worsened/undesirable working conditions in a factory.  

As an alternative quenchant type, an aqueous solution of a water soluble polymer is often adopted. The 
heat transfer rate from hot materials to the polymer solution is smaller than that of water but larger than oil. It 
can be controlled by both the hydro–dynamical conditions of the quenchant, the chemical components of the 
polymer, and the concentration of the polymer in the aqueous solution. Although there have been numerous 
prior experimental studies concerning water droplets [3–5], the hydrodynamics of drops of aqueous polymer 
solutions have been rarely studied. 

In our previous work [6], the collision of drops of an aqueous solution of polymer with a hot sapphire 
solid surface was investigated as fundamental research of spray cooling in quench hardening. A polymer 
solution was used as the test quenchant. The incident angle of drops to the solid surface was 90°. We found 
that the collision behavior of drops of aqueous solutions of water-soluble polymers on hot solid showed 
similar trends to the behavior of water drops in the film-boiling regime. However, the physics of the 
phenomena remains unclear.  

The objectives of the present study are to experimentally understand the collision behavior of aqueous 
solution drops of water-soluble polymer with a hot solid. Polyoxyethylene polyoxypropylene glycol with 
average molecular weight of approximately 20,000 was used as the test polymer. The test solution was made 
by diluting the test polymer with water into a 10 weight percent mixture. Drops with diameters of 
approximately 2.3 mm hit a horizontal or a tilted test plate that was heated at 200–500 °C. Sapphire, Inconel 
alloy 625, or transparent quartz glass (optical prism), were used as the test plate materials. Normal and 
oblique drop collisions were investigated. For normal drop collisions, the Inconel alloy 625 was adopted. 
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The results were compared to those in our previous work [6] that used a sapphire plate. For oblique 
collisions, the sapphire plate was employed to study the effect of the impact angle of the drops to the solid. 
In addition, the optical quartz prism was applied to observe the liquid/solid contact area during the collision. 
The observation techniques and the results will be discussed in detail from experimental viewpoints. 

2 Test polymer and solution  

Polyoxyethylene-polyoxypropylene glycol, with the chemical formula of HO–(C2H4O)a–(C3H6O)b–
(C2H4O)c–H, was adopted as the test polymer. The exact composition was determined by the ratio of a+c to b, 
which was ranged from 75 to 25. The average molecular weight was approximately 20,000. Figure 1 shows 
the thermo–gravimetric curve of the test polymer. The figure represents the time variation of the weight of 
the test polymer when it was heated at the heating rate of 5 °C/min from room temperature to approximately 
700 °C. The weight of the test polymer was slightly decreased with increases in the temperature, when the 
temperature was lower than 300 °C. Sharp decreases of the weight occurred in the temperature range 
between 300 and 400 °C because the test polymer was decomposed into small molecular weight gases like 
aldehyde, ketone, or carbon dioxide. Thermal decomposition of the test polymer arose at much higher 
temperatures than the boiling temperature of water. At temperatures higher than 500 °C, no test polymer 
remained. 

The test solution was made by diluting the polymer with distilled water to 10 wt%. The test solution was 
transparent and colorless at room temperature. When the test solution was heated above 75 °C (cloud point) 
[7], the test solution became clouded owing to the difference in the refractive indices of each liquid. 
 

 
Fig. 1 Thermo–gravimetric curve of test polymer 

3 Experiments 

In the present study, two types of experiments were conducted. One experiment was conducted to observe 
the time evolution of the shape of drops on a hot solid. The other experiment was conducted to observe the 
time evolution of the solid/liquid contact area during the drop collision. These experimental setups are shown 
in Figures 2 and 3. In both experiments, the flow visualization was realized by means of strobe photography. 

3.1 Experimental apparatus for observing the deformation behavior of drops 

Figure 2 shows a schematic diagram of the experimental apparatus used to observe the impact phenomena of 
drops on the heated surface. Since the setup and the measurement procedure were similar to those used in 
our previous work [6], they are explained briefly. Drops with diameters of approximately 2.3 mm were 
formed at the nozzle. The drops at room temperature fell and hit a horizontal or a tilted test piece heated at 
200–500 °C. The test piece was made of Inconel alloy 625 or sapphire. The shape of the Inconel alloy 625 
was a disk with 6 mm in thickness and with a diameter of 28 mm. The arithmetic mean surface roughness 
was confirmed to be within 0.3 μm. The sapphire was a 30 mm diameter disk with 2 mm in thickness. The 
temperature of the solid surface was maintained at a preset value with the use of a temperature controller. 
The deviation from the preset temperature during the experiments was within 20 °C. The test piece with the 
heater unit was mounted on a multi-axis stage. The angle of a tilt solid surface was varied from 0° to 45° 
from the horizontal line. 

The collision behavior of drops with a solid was observed by means of two-directional flash photography 

0 50 100 150
0

200

400

600

0

20

40

60

80

100

time, min

te
m

pe
ra

tu
re

, C

w
ei

gh
t o

f p
ol

ym
er

, %



10th Pacific Symposium on Flow Visualization and Image Processing 
Naples, Italy, 15-18 June, 2015 
 

Paper ID:81  3 

that used two digital cameras and three strobe-lights, as shown in Figure 2 [6, 8, 9]. One camera (camera A), 
the test piece, and a pair of flash units (flashlights A, B), were aligned horizontally to obtain side-view, 
double-exposed, and backlit images of the drops. The impact conditions, including pre-impact diameter of 
drops, impact velocity, and the elapsed time after the collision could be determined from the doubly exposed 
images. Another camera (camera B) and a flash unit (flashlight C) were arranged to provide bird’s eye view 
images of the drops. A flash controller activated the three flash units independently at different preset delay 
times with a resolution of 1 μs. The present photographic system could take one pair of images by Camera A 
and B per one impact test. The time evolution of the drop shape was followed by taking many instantaneous 
images of drops with various flash timings under same impact conditions. The details of the photographic 
system and the measurement procedure were explained in our previous works [6, 8, 9]. 
 

 
Fig. 2 Schematic diagram of the experimental apparatus and photographic setup used to observe the impact phenomena 
of drops 

 
Fig. 3 Schematic diagram of the photographic system used to observe the liquid/solid interface during the drop impact 
 

3.2 Experimental apparatus for observing the liquid/solid interface during the drop collision 

Figure 3 displays the photographic alignment for observing the liquid/solid contact area during the drop 
collisions. The test solid was a rectangular prism made of optical glass (quartz). Three strobe lights and two 
digital cameras were aligned as shown in the figure. One photography system was to take doubly exposed 
backlit images of drops for measuring impact conditions. The other one was used to observe the liquid/solid 
contact area during the collision from the rear surface of the transparent prism. In the latter optical system, 
the incident angle of the light to the liquid/solid interface was 45°. The contact line between the water and air 
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on the solid can be clearly identified using this system because of the differences in the refractive indices of 
the two media [10, 11]. The refractive index of air (vapor), water, and quartz are 1.0, 1.33, and 1.48, 
respectively. Total reflection occurs at the air/glass interface, while some light passes through the water/glass 
interface. As the refractive index of the test solution was varied depending on the concentration of polymer 
and the local temperature of liquid, the boundary of the test polymer to air (vapor) was not so clear compared 
to the water/air interface. However, the boundary could be distinguished from the images, as will be shown 
later. 
 

3.3 Definition of Weber number and estimation of interfacial temperature 

The Weber number that is the ratio of the inertial force to the surface tension force, is defined by 
 

2( cos )l
n

v dWe ρ α
σ

=                                                                                         (1) 

 
where ρl, v, d, σ, and α, are the liquid density, the impact velocity of the drop normal to the solid, the pre-
impact diameter of drops, the coefficient of surface tension, and the angle of the tilt solid surface, 
respectively. The Weber number is a dominant parameter when the temperature of the solid is high enough to 
stably form a vapor layer at the liquid/solid interface [12–15]. 

In the present study, three types of solid materials were used, namely, sapphire, Inconel alloy 625, and 
quartz glass. The thermal conductivity of the quartz glass was considerably smaller than the other two 
materials. The difference of the thermal properties influences the temperature at the liquid/solid interface 
during the drop impact, even though the accurate measurement of the interfacial temperature is difficult. 
Instead, the temperature at the liquid/solid interface at the moment of the impact was estimated with a simple 
one-dimensional theory. According to the one-dimensional transient heat conduction theory for interfacial 
contact between two semi-infinite solids at different temperatures [16, 17], the interfacial temperature, Ti, is 
given by 
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where Tl, Ts, ρl, ρs, Cl, Cs, and λl, λs, are the temperatures, densities, specific heats, and thermal 
conductivities, of the two materials l and s, respectively. Eq. (2) was obtained by neglecting the effects of 
convection and phase changes. The equation can be used for rough evaluations of the interfacial temperature 
at the moment of the drop impact. The estimated interfacial temperatures were approximately 437 °C, 430 °C, 
and 300 °C, for Inconel alloy 625, sapphire, and quartz glass, respectively, when the temperature of the solid 
was 500 °C. The interfacial temperatures for Inconel alloy 625 and sapphire were similar to each other, but 
that for quartz glass was much smaller than the others. 

 

4 Results and discussion 

4.1 Collision of drops with an Inconel alloy surface at various temperatures 

The collision phenomena of drops at the Inconel alloy surface at various temperatures of the solid are shown 
in Figures 4 to 7. All images were taken with camera B shown in Figure 2. The experimental conditions are 
listed in Table 1. The elapsed time after the drop impact was represented in each image. In the case of Figure 
4, where the temperature of the solid was Tw=200 °C, the drop impacted on the solid at 0 ms, spread radially 
outward, and deformed into a thin circular disk. Eventually, the liquid was deformed into a dome-shaped 
mass. Many vapor bubbles were nucleated in the droplet through the collision. At 2.15 and 5.00 ms, the 
center area of the disk-shaped drop was dry owing to the blow out of a large bubble. At later times, liquid 
became clouded because the liquid was heated above the cloud point.  
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Table 1 Experimental conditions 

 

Figure 5 shows the experimental results for Tw=300 °C. The liquid spread maximally and extended in the 
shape of a disk, constricted, and elongated upwards. The liquid was in direct contact with the solid during the 
entire deformation stage. 

Figure 6 represents the results for Tw=400 °C. Many secondary droplets were generated after the impact 
(at 1.12 and at 1.92 ms). A bulge could then be seen at the center of the spread drop after 1.92 ms. The drop 
broke up into small droplets, and eventually most of them rebounded off the solid surface.  

Figure 7 shows the results for Tw=500 °C. It is noted that the Weber number was a little smaller than the 
previous results. The drop impacted on the solid surface, and then spread radially. The liquid film reached its 
maximum extension, and then constricted. A bulge could also be seen at the center of the spread drop (2.37 
ms). The liquid was elongated upwards in the shape of a bowling pin and rebounded off the heated surface 
(12.9 ms). The shape of the drops was roughly axisymmetric, unlike the results elicited at Tw= 400 °C. 

In our previous paper [6], the deformation process of the drops on a smooth sapphire solid was 
investigated using the same test solution. By comparing the results in our prior study with the present data, it 
was found that the motion of the drops on the Inconel alloy 625 and the sapphire showed similar tendencies. 
 
 

 
 

Fig. 4 Deformation behavior of drops impacting on the Inconel alloy 625 surface at Tw = 200 °C 
 

Figure Test solid Solid 
temperature 

Interfacial 
temperature

Pre-impact 
diameter 

Impact 
velocity 

Wen Tilt angle

Fig. 4 Inconel 200 °C 190 °C 2.3 mm 0.91 m/s 39 0° 

Fig. 5 Inconel 300 °C 259 °C 2.3 mm 0.91 m/s 39 0° 

Fig. 6 Inconel 400 °C 347 °C 2.3 mm 0.92 m/s 39 0° 

Fig. 7 Inconel 500 °C 437 °C 2.4 mm 0.83 m/s 32 0° 

Fig. 8 Sapphire 500 °C 430 °C 2.3 mm 0.86 m/s 32 15° 

Fig. 9 Sapphire 500 °C 430 °C 2.2 mm 1.0 m/s 34 30° 

Fig.10 Quartz 500 °C 300 °C 2.3 mm 1.1 m/s 55 0° 
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Fig. 5 Deformation behavior of drops impacting on the Inconel alloy 625 surface at Tw = 300 °C 
 

 
 

Fig. 6 Deformation behavior of drops impacting on the Inconel alloy 625 surface at Tw = 400 °C 
 

 
 

Fig. 7 Deformation behavior of drops impacting on the Inconel alloy 625 surface at Tw = 500 °C 
 

4.2 Effects of varying the impact angle on the collision phenomena at Tw of 500 °C 

If the drops have the form of a simple liquid compound like water, and the temperature of the solid is high 
enough to form a vapor layer between the solid and the deforming drop, the Weber number, defined by Eq. 
(1), is a key parameter for the motion of the drops [9, 12–15]. For example, the resident time of the drop 
from the impact to the rebounding off instance can be roughly correlated by a function of the Weber number 
alone. In our previous work [6], we found that the measured residence times for aqueous solution drops of 
the polymer were slightly longer than some experimentally determined formulae [13–15]. In that work we 
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showed that the polymer separated from the water that was in contact with the solid, that led to a large wall 
friction, resulting in longer residence times. In order to confirm this mechanism by experiments, the oblique 
collision of drops with a solid was implemented. If the drops are insulated from the solid through a thin 
vapor layer, the motion of the drops could be roughly axisymmetric because of the small viscous wall 
friction [9]. Otherwise, the liquid motion became asymmetric owing to the wall friction.  

The effect of varying the impact angle of the drops on the collision phenomena was investigated under 
the conditions at which the test solid was sapphire and the temperature of the solid was Tw=500 °C. The 
Weber number was approximately 32. Figures 8 and 9 represent the results for α=15° and 30°, respectively. 
Other conditions are listed in Table 1. Double-exposure backlit images of drops captured by camera A are 
shown (see Figure 2). In Figure 8, the drop spread radially, reached its maximum extension (3.49 ms) and 
then constricted. A bulge can be seen at the center of the spread drop (3.49 ms). At time instants between 
10.4 and 14.6 ms, the drop rebounded off the heated surface. In addition, the point at which the drop 
rebounded off was located farther away from the impact point because of the oblique collision. The motion 
of the drops in Figure 9 showed similar trends to those observed in the case of α =15°. In both cases, the 
shape of the rebounding drops was moderately axisymmetric. When the liquid was deformed in a disk shape, 
the liquid was apparently asymmetric compared to the cases of normal collision shown in Figure 7. It is also 
noted that the liquid shape was appreciably asymmetric for a larger solid tilt angle. In the case of α=45°, the 
drop motion was no longer axisymmetric, although the results are not shown. The results suggested that the 
polymer/solid contact occurred locally. 
 

 
 

Fig. 8 Deformation behavior of drops obliquely impacting on sapphire at Tw = 500 °C 
 

 
 

Fig. 9 Results for α=30° 
 

4.3 Observation of liquid/solid interface during drop collision 

Figure 10 represents the time variation of the liquid/solid interface captured by camera B, shown in Figure 3. 
The test solid was a prism made of quartz glass and the temperature of the solid was Tw = 500 °C. In the 
figure, air or vapor areas were exposed and had bright intensities because of the occurrence of the total 
reflection of the light. The area where the aqueous solution of the polymer was present was exposed but had 
dark intensities. In addition, the polymer that separated from water was not so dark compared to the aqueous 
solution. As previously explained, when the test solid was quartz glass, the estimated interfacial temperature 
was considerably lower than the cases of sapphire and Inconel alloy 625. As a result, no rebounding 
phenomena of drops occurred, and the liquid was in contact with the solid during the entire deformation 
stage. The liquid/solid direct contact area increased with time (0.52–2.39 ms). The separated polymer film 
from the water was observed. At later times (3.99–28.0 ms), dark areas associated with the solid/test solution 
contact areas were consistently present because the local interfacial temperature was decreased. Moreover, 
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many small, dry areas, corresponding to vapor bubbles appeared.  
It is considered, based on the results of Figure 1, that the polymer film was thermally decomposed at 

interfacial temperatures higher than approximately 400 °C. Because of the restriction of the present 
experimental setup, the experiments with solid temperatures higher than 500 °C could not be conducted. This 
remains a challenge for future studies. 
 

 
Fig. 10 Time evolution of liquid/solid contact area taken by camera B shown in fig. 3 

 

5 Conclusions 

The collisions of drops of an aqueous polymer solution with a hot surface were studied experimentally. The 
results obtained in the present study are summarized as follows: 
(1) The collision behavior of drops with Inconel alloy 625 surface was investigated by varying the 

temperature of the solid. The motion of the liquid elicited similar trends to the results that used a 
sapphire plate as indicated in [6]. 

(2)  The influence of the impact angle was studied in the case where the temperature of the solid was 500 °C. 
The drop showed an asymmetric motion for a larger tilt angle of the solid, suggesting that the direct 
contact of the solid/polymer occurred locally. 

(3)  The time evolution of the liquid/solid direct contact area was observed. It was found that a separated 
polymer layer from water was formed during the collision. 
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