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Abstract

Characteristics of boiling-induced atomization appeared in the liquid film which formed on the
heated metal plate by a wall-impinging jet were experimentally investigated. The boiling-
induced atomization were visualized via magnified high-speed imaging. Simultaneously, the
variation of the wall temperature was measured by an infra-red camera from back side. The
droplet size distribution and the ejection velocity distribution of the disintegrated small
spherical particles were analysed. Results showed that two types of droplets were mainly
observed in the high-speed magnified imaging. Those were the large droplet disintegrated
from ligament observed in a region of relatively high superheat degree on the wall, and the
small droplets from ligament formed in the collapse of the bubbles of nucleate boiling. Besides
the ejection velocity of small spherical droplets was distributed around We ~ O(1).
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Introduction

Impinging jet cooling technique is widely used in the industrial fields such as material
processing[1][2][3], cooling of nuclear reactor cores[4][5], bipropellant propulsion
systems[6][7] and many more. In this cooling technique, liquid films are formed on the wall
whose temperature exceeds the saturated temperature or the Leidenfrost temperature of the
coolant. Boiling phenomena in the liquid film take a large amount of heat away from the wall.
Additionally, most of the coolant is splashed away from the leading edge of the liquid film due
to the vapor flow induced by vigorous boiling. The boundary of the wetting region and dry
region is called as “wetting front (WF)”’[8]. The WF moves downstream after the jet
impingement. During the cooling process, the splashed droplets of the coolant atomization
due to the boiling occurs in the liquid film.

Itis important to know the characteristic values such as the ratio of the number of splashed
droplets to the coolant flow rate in order to consider the flow and heat transfer characteristics
of the liquid film on the heated surface. However, there is limited information on the boiling
phenomena near the WF and the subsequent droplet formation processes in the liquid film
formed by the impingement jet, while there have been researches on the behaviour of droplets
impinging on the heated wall with atomization processes in the field of spray cooling and direct
injection engines[9][10]. As the first step to clarify the atomization processes induced by the
boiling phenomena, it is necessary to obtain experimental findings, such as the droplet
diameter and velocity distribution.

In this study, therefore, boiling induced atomization processes appered in the liquid film by
wall impinging jet on the superheated wall were visualized via magnified high-speed imaging
to understand the boiling induced atomization.
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Experimental apparatus and method

Figure 1 shows a schematic of the experimental apparatus. In this paper, the point where
the liquid jet impinged was defined as the origin, and the x-y-z axes represent in the direction
of the liquid film flow, liquid film width and perpendicular to the wall, respectively. The
experimental apparatus consisted of an injector with a single nozzle, a coolant supply system,
a metal plate (aluminium, 2 mm thick, 50 mm wide and 66 mm long), a rod heater used to rise
the metal plate temperature, and a magnified high-speed imaging system. The test liquid was
water at room temperature of approximately 20°C. Bellows, lens (Nikon Zoom-Nikkor, focal
length 35-70 mm, F#3.3) and a high-speed camera (Photron FASTCAM SA1.1) were used for
the magnified high-speed imaging with the backlight technique. The frame rate for the
magnified imaging was set to 20000 fps. To visualise a series of atomization process in detail
the magnified imaging with a higher frame rate of 54000 fps was also performed. The
exposure time for both imaging were set to 8.3 ps and 5.4 ps at the frame rate of 20000 fps
and of 54000 fps, respectively. The spatial resolution for magnified imaging was 5.74 pum/pixel.
Additionally, the change of the wall temperature distribution was measured by an infra-red
camera (NIPPON AVIONICS, InfRec R550pro) from back side. The back side of the metal
plate was coated with a black paint ensuring an emissivity of 0.94. The frame rate of IR imaging
was 60 fps. The mass flow rate of the test liquid, nozzle diameter and impingement angle
which were parameters affecting the liquid film formation were respectively fixed at 5.0 g/s,
0.7 mm and 10° because the objective of this study was to clarify the boiling-induced
atomization appeared in the liquid film on the heated wall. Water was injected when the wall
temperature at the impingement point of the liquid jet reached 250°C. Experimental conditions
and imaging conditions are listed in Table 1.
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Figure 1. Schematic of experimental apparatus[11].

Table 1 - Experimental conditions and imaging conditions.

Mass flow rate of test liquid [g/s] 5.0
Nozzle diameter [mm] 0.7
Impingement angle [deg.] 10
Frame rate for magnified high-speed imaging [fps] 20000, 54000
Frame rate for IR imaging [fps] 60
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Results and Discussion

Figure 2(a) and (b) show the top view and the side view of liquid film on the heated wall,
respectively. As shown in Fig. 2(b), the liquid film was fully separated from the wall at the
leading edge and the WF which was the boundary of the wetting region and dry region. In Fig.
2(b), it could be seen that many droplets dispersed from the wall both in the area upstream of
the WF((B) in Fig. 2(b)) and near the WF((A) in Fig. 2(b)). As reported in many research [1-4],
nucleate, transition and film boiling coexist in the liquid film during the quenching, and the
droplets in Fig. 2 were considered to be caused by these boiling phenomena. Additionally, the
size of droplets near the WF were larger than those in the area upstream of the WF.

Figure 3 shows direct images of a liquid film at different time and measurement positions
for the magnified imaging. The liquid film expanded and the WF moved downstream with the
elapsed time since the cooling was started as shown in Fig. 3. In this study, the position of
imaging was fixed at x = 10 mm. Two different timings from the start of cooling were selected
to observe atomization processes both near the WF and in the area upstream of the WF.
Those were the timing for observing the sequence processes of bubble growth, bursting, and
atomization due to nucleate boiling, and that for the atomization at the rim of the liquid film.The
visualized area at each imaging timing are shown in Fig. 3 as the yellow square. The images
taken at the timing of Figs. 3(a) and (b) correspond to the atomization processes near the
WEF((A) in Fig. 2(b)) and in the area upstream of the WF((B) in Fig. 2(b)), respectively. Besides,
the change of wall superheat, which is defined as the difference between the wall temperature
and the saturated temperature of the liquid, at each measurement point in Fig. 3(a) and (b) is
shown in Fig. 4. As shown in Fig. 4, the wall superheat near the WF was relatively higher than
that observed in upstream the WF due to the shorter time from the start of cooling. Figure 5(a)
and (b) show the characteristic atomization processes observed at each timing in Figs. 3(a)
and (b), in which the flow direction of the liquid film was from left side to right side. In Fig. 5(a),
the atomization process on the wall with relatively higher wall superheat was observed, and it
was clear from the images that the amplitude of the unstable wave on the ligament surface
increased and the large droplet as seen in the region (A) of Fig. 2(b) pinched off from a
ligament. On the other hand, it could be seen in Fig. 5(b) that bubble grew and burst. The
small droplets disintegrated from the ligament and dispersed as shown in the region (B) of Fig.
2(b).

Figure 2. Direct image of liquid film Figure 3. Measurement position on a liquid film (a) 0.30 s after
formed on a hot wall; (a) from top of start of injection, (b) 0.50 s after start of injection[11].
the liquid film, (b) from side of the
liquid film[11].
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Figure 4. Change of wall superheat at each measurement position indicated in figure 3(a) and (b). Red dashed
lines in (a) and (b) indicate 0.30 s and 0.5 s after start of injection, respectively.

(a) Disintegration of droplets at the position near WF obtained at 0.3 s after start of injection

(b) Formation of droplets via collapse of bubble at the position away from WF obtained at 0.5 s after start of
injection
Figure 5. Time series of boiling induced atomization at different timing[11].

To investigate the atomization process shown in Fig. 5(b) in detail, a series of the process
from bubble growth to disintegration was visualized at the frame rate of 54,000 fps. Initially,
the growth process of the bubble was investigated. The bubble radius b with the elapsed time
since the bubble growth is confirmed to start is shown in Fig. 6. The bubble radius was
measured as the distance from the wall to the top of the bubble cap. As shown in Fig. 6, the
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bubble grew according to b ~ (at*)°® (a : thermal diffusivity of liquid; t* : elapsed time since
bubble start to growth), which meant that the bubble growth was governed by the heat transfer
from the liquid phase to the gas phase, although it is not clear whether the bubble growth was
dominated by the evaporation of superheated liquid surrounding the bubble[12] or the
evaporating microlayer beneath the bubble[13]. After bursting the bubbles, no droplet
formation or disintegration from the ligament with film retracting were observed as shown in
Fig. 7. Generally, it is known that two kinds of droplets could be formed after bubble bursting;
jet drops and film drops[14]. In this study, no jet drops were observed because only dry patch
was formed on the wall after bubble bursting, while many film droplets as shown in Fig. 7(b)
and (c) were observed. Here, the thickness of the bubble cap h and droplet diameter d from
the bubble rupturing with one hole were considered. Figure 8 shows the relationship between
the bubble radius just before rupture R and the estimated value of h calculated from Eq. (1)
known as Taylor-Culick velocity[15][16] by measuring retraction speed;

v = (20/ph)%> 1)

where o and p are the surface tension and density of the liquid. Although there was variation
due to measurement from images (because the estimated value of h is proportional to v? as
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Figure 6. Growth process of bubble. Figure 7. Time series after bubble bursting; no droplet

formation(upper), rupturing with one hole(middle) and two
holes(bottom). Yellow arrows indicate the position of holes.
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Figure 8. Estimated value of thickness of liquid film covering bubble.
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indicated in Eq.(1) [15][16]), it can be seen that h = 10 um at any R. Then, the size of droplets
from bursting bubbles was analysed although droplets that were in focus and clearly visible
were able to be measured at only four of the results in Fig. 8 (shown as black plots). In the
previous study, the mean droplet diameter <d> from the bursting was scaled as Eq.(2)
considering that a Rayleigh-Taylor instability induced by centripetal acceleration during
retraction lead to the formation of ligaments which were then stretched out by centrifugation
and the subsequent disintegration due to a Plateau-Rayleigh instability[17][18].

Figure 9 shows the measurement result of the droplet diameter according to Eq.(2) using the
estimated value of h. The droplet size of film drops may be well predicted by Eq.(2) although
there were only four cases in which droplets were clearly visible to be measured.

To get overall aspects for boiling induced atomization processes, the droplet size and
velocity distribution were analysed. For measuring the size of non-spherical droplets, the
equivalent diameter which had the same area as projected area in obtained images was
calculated. The distribution of the droplet size is shown in Fig. 10, and the Sauter mean
diameter (SMD) ds. defined as Eq.(3) was 206.2 pum.

ds2 = Zdi¥/2d? 3

di is the diameter of each droplet. In Fig. 10, there are two groups of droplets those are the
small droplets with a peak around 100 um and the relatively large size-distributed droplets
around 200 ~ 300 um. The smaller droplets were considered to be formed via collapse of the
bubble as shown in Fig. 5(b). The larger droplets were thought to be formed on the wall with
relatively high wall superheat where the transition boiling with the oscillation of solid-liquid
contact occurred as shown in Fig. 5 (a). In such situation, the diameter of ligaments d. could
be considered to be approximately equal to the thickness of the liquid film t, and the droplet
size pinched off from the ligament due to a Plateau-Rayleigh instability could be estimated
using Eq.(4)[19].
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Figure 9. Mean diameter of some Figure 10. Droplet size distribution of disintegrated droplets.

droplets from bursting bubble.
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d=1.88d. 4)

From Eq.(4), the size of droplets disintegrated on the relatively high temperature wall in this
study was calculated to be about 200 um because the value of t was approximately equal to
100 um, and the calculated size of droplets was roughly consistent with the result of figure 10,
which suggest that the droplet size disintegrated near the WF may depend on the thickness
of the liquid film t.

Besides a scatter plot of the velocity of each droplet in z direction versus droplet diameter
is shown in Fig. 11. For the measurement of the velocity, only spherical droplets were analyzed
for facilitation of the analysis. The bold line in Fig. 11 indicates the local Weber number defined
as Eq.(5) of unity;

We = pU.2d/o ©))

where U, is the velocity of droplet in z direction. As shown in figure 11, U, was distributed
around the local We ~ O(1), which indicate that the ejection velocity of droplets was defined
by the relationship between the inertia of the ligament and the surface tension, and the
disintegration from the ligament occurred around the local We ~ O(1).

Summary and Conclusions

To understand the characteristics of boiling induced atomization appeared in the liquid film
by a wall-impinging jet on the superheated wall, atomization processes were visualized via
magnified high-speed imaging with the backlight technique. The main findings in the present
study are listed as follows.

1. Two types of droplets were mainly observed. Those were the large droplet
disintegrated from ligament on the relatively high temperature wall, and the small
droplets from ligament formed via the collapse of bubbles.

2. The heat-transfer-governed bubble growth and the subsequent disintegration process
with bubble bursting were observed.

3. The ejection velocity of small spherical droplets was distributed around the local We
~ O(1) and defined by the relationship between the inertia of the ligament and the
surface tension.
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Figure 11. Relation between ejection velocity and droplet diameter[11].
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