friried applied
e sciences

Article

Droplet Formation and Impingement Dynamics of Low-Boiling
Refrigerant on Solid Surfaces with Different Roughness under
Atmospheric Pressure

Shu-Yan Chen !, Dong-Qing Zhu !, Hong-Jie Xing !, Qin Zhao %3, Zhi-Fu Zhou 1* and Bin Chen !

check for
updates

Citation: Chen, S.-Y.; Zhu, D.-Q.;
Xing, H.-J.; Zhao, Q.; Zhou, Z.-F.;
Chen, B. Droplet Formation and
Impingement Dynamics of Low-
Boiling Refrigerant on Solid Surfaces
with Different Roughness under
Atmospheric Pressure. Appl. Sci. 2022,
12,8549. https://doi.org/10.3390/
app12178549

Academic Editor: Satoru Okamoto

Received: 19 July 2022
Accepted: 24 August 2022
Published: 26 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University,
Xi’an 710049, China

College of Mechanical and Vehicle Engineering, Chongqing University, Shazhengjie No. 174,
Chonggqing 400044, China

3 State Key Laboratory of Vehicle NVH and Safety Technology, Chongging 401122, China
Correspondence: zfzhou@mail xjtu.edu.cn

Abstract: The dynamic behavior of droplet impingement is one of the most important processes
of spray cooling. Although refrigerants with a low boiling point have been widely used in spray
cooling, their high volatility makes it difficult to generate a stable droplet under atmospheric pressure,
and thus the dynamic behavior of droplet impingement is rarely reported. Therefore, it is of great
significance to study the behavior of refrigerant droplet impingement to fill the relevant research gaps.
In this paper, an experimental system for single refrigerant droplet generation and impingement at
atmospheric pressure has been established. By means of high-speed photography technology, the
morphology and dynamics of R1336mzz(Z) droplet impingement on grooved carbon steel walls have
been studied. Phenomena such as a truncated sphere, boiling, and finger-shaped disturbance were
observed, and the reasons responsible for them were analyzed. The effects of Weber number (We) and
surface roughness (Ra) on droplet spreading factor () were investigated quantitatively. Higher We
always causes a larger Bmax, While Ra has a different influence on Bmax. The Cassie-Wenzel transition
occurs when Ra increases from 1.6 pm to 3.2 pm, leading to a rapid decrease in Bmax. An empirical
formula has been proposed to predict Bmax under different conditions.

Keywords: R1336mzz(Z) droplet; surface roughness; morphological characteristics; spreading factor;
spray cooling

1. Introduction

Spray cooling has the advantages of strong heat dissipation, low required flow rate,
and high heat transfer coefficient [1-3]. It has been widely applied in the heat dissipation
of photovoltaic cells [4], high-power electronic chips [5,6], laser treatment for port wine
stains [7,8], and so on. It is relatively difficult to observe the micro-dynamic behavior and
study the thermal and kinetic mechanisms during spray impingement because of the com-
plex interactions between numerous droplets with cooling surfaces and between droplets
themselves. Therefore, researchers pay more attention to the impact behavior of a single
droplet. On the one hand, single droplet behavior, including impinging dynamics and
heat and mass transfer, is one of the most important processes during spray impingement.
On the other hand, single droplet impingement simplifies the process of investigating the
fundamentals of spray cooling in a controllable system and offers the ability to investigate
the influence of different parameters in isolation.

Early in 1876, Worthington et al. [9] studied the morphology of water and mercury
droplets impacting a solid surface or liquid with a certain depth, initiating the study
of droplet impingement. Scholars have carried out numerous studies on morphology
evolution and the heat and mass transfer process of droplet impingement. In the past
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20 years, with the development of high-speed photography technology, the observation of
droplet impact has made further progress. When droplets impact solid walls, the outcomes
are spreading, splash, rebound, partial rebound, deposition, retreat (recoil), ejection, and
fingering [10]. Identifying different outcomes and developing corresponding transition
criteria are important [11].

These behaviors are dependent on the characteristics of the droplet, surface, and
ambient conditions. Some researchers have investigated droplet properties characterized by
diameters, viscosity, surface tension, density, velocity, and temperature. Bhardwaj et al. [12]
numerically investigated the impingement of heated water droplets at atmospheric pressure
and suggested warm droplets spread more violently than cold droplets due to larger Re.
Prathamesh et al. [13] investigated the effect of impact velocity and concluded that larger
velocity resulted in larger spreading and amplitude of oscillation. Seo et al. [14] noted
that few studies investigated low-viscosity droplets, while most studies explored droplet
impingement using water and glycerin. An empirical model for predicting the maximum
spreading diameter was proposed by analyzing the impingement of gasoline, isooctane,
and ethanol droplets. Tian et al. [15] systematically investigated the effects of droplet
diameter, impact velocity, viscosity, and surface tension on droplet impact dynamics using
R113, deionized water, ethanol, and acetone. Large viscosity and surface tension were
found to hinder droplet spreading, whereas the initial droplet diameter minimally affected
the spreading factor. Moreover, Xu et al. [16] found that reduction of the ambient pressure
could suppress the corona splash by investigating methanol, ethanol, and 2-propanol
impingements. As for low-boiling refrigerants commonly used in cryogen spray cooling,
they show obviously different characteristics, such as lower viscosity, lower surface tension,
and high volatility. However, the impingement dynamics of a single droplet with a low
boiling point and high volatility are rarely reported.

Surface conditions are characterized by temperature, roughness, wettability (i.e.,
hydrophilic or hydrophobic), and thermal conductivity. Range et al. [17] proposed that
roughness was an important factor affecting the morphology of water droplet impingement
on solid walls. Therefore, it is of great significance to study the influence of roughness on
the dynamic behavior of droplet impingement. Tang et al. [18] studied high-boiling R113
droplet impingement as a replacement for low-boiling R134a because of the similar physical
properties of R113 and R134a. It was found that a rough surface can reduce the splash
threshold of a droplet, and surface roughness was considered in the empirical formula of
maximum spread diameter. Kuhn et al. [19] studied droplet impingement of urea water
solution on heated porous surfaces. The effects of substrate roughness on the splash,
evolution process, and heat transfer were discussed. More recently, the dynamic behaviors
of droplet impact on groove-textured surfaces have attracted a lot of interest because of
its anisotropy in wettability [20]. Vaikuntanathan et al. [21] proposed that the pinning
force exerted by the surface roughness on the three-phase contact line at the periphery did
negative work and hindered the droplet spreading due to the energy consumed by the
droplet’s penetration into the groove-textured structures. They also proposed models of the
maximum spreading diameter based on energy conservation. Minhee et al. [22] obtained
different kinds of disturbances with radioactive strips on the surface during deionized
water droplet impingement. Moon et al. [23] analyzed the characteristic of dynamic contact
angle on textured surfaces influenced by texture area fraction, Weber number, and surface
temperature. Ogata Satoshi et al. [24] designed a low-cost, layered texture surface of
heated walls to improve the Leidenfrost Point (LFP) of deionized water on a nanocoated
mesh surface. Lv et al. [25] studied droplet dynamics impinging on superhydrophobic
surfaces, revealing that the contact time was determined by the Weber number and surface
roughness. Further, Zhang et al. [26] from the same research group investigated droplet
impact dynamics on superhydrophobic surfaces with submillimeter-scale posts, in which an
intriguing droplet breakup mechanism of internal rupture was found. This type of breakup
greatly shortened the contact time up to 50% compared with the traditional rebound and
rim breakup mechanism.
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In general, scholars have carried out numerous studies on the impact behavior of
water, ethanol, and other relatively high boiling-point droplets with low volatility. Though
low-boiling refrigerants have been widely used in the field of spray cooling, their high
volatility makes it difficult to control and generate a stable droplet at normal atmospheric
pressure. There are few reports on the experimental study of the impinging dynamics for
single refrigerant droplets, leaving related research and simulation calculations short of
reliable data reference. Therefore, establishing a droplet formation system and studying the
morphology and dynamic characteristics of low-boiling refrigerant droplet impingement
are of vital importance. There are two options to study cryogen droplet impingement. One
is to generate a cryogen droplet in a high-pressure environment because high pressure
reduces droplet volatility and, thus, could keep the cryogen as a stable droplet before
impingement. Liu et al. [27-29] studied R134a droplet impact on a solid surface in a visual
high-pressure vessel and proposed a model to accurately predict the maximum spreading
diameter with a large range of surface roughness. However, the high-pressure environment
makes it difficult to observe the impact behavior, and the high-pressure vessel has the
potential risk of explosion. This study adopted an alternative to cool the cryogen under dew-
point temperature at atmospheric pressure before its discharge. This approach can generate
a stable cryogen droplet under the atmospheric environment without the high-pressure
vessel. Thus, it is far easier and safer to conduct the experiment. Moreover, different from
those at high pressure, the liquid properties and air-liquid interaction that affected the
impact results conformed with most of the application scenarios at atmospheric pressure.

The selection of refrigerant should conform to working conditions such as different
temperatures, pressure, thermal stability, and so on. At the same time, the refrigerant should
be environmentally friendly. The refrigerant R1336mzz(Z) is considered a competitive
working fluid in flashing spray cooling systems to achieve effective heat dissipation for high-
power density chips [30] due to the advantages of low saturation temperature (33 °C under
atmospheric pressure), zero ozone depleting potential (ODP = 0) and low global warming
potential (GWP = 2) [31]. Zhang et al. [30] demonstrated that R1336mzz(Z) spray cooling
could achieve a good heat transfer performance with CHF of 349 W /cm? under a surface
temperature below 80 °C, which had great significance for the practical application of spray
cooling in high-power density chips due to the safe working temperature. However, the
behavior and mechanism of single droplet impingement of R1336mzz(Z) remain to be
further explored.

In this paper, an experimental system to study low-boiling refrigerant droplet impinge-
ment has been built. It is able to preserve and generate a stable low-boiling refrigerant
droplet under atmospheric pressure and record the droplet spreading process with a high-
speed camera. The effects of Weber number and surface roughness on the morphology
evolution and dynamic process of R1336mzz(Z) droplet impingement are comprehen-
sively explored.

2. Experimental System and Measurement Methods
2.1. Experimental System

As shown in Figure 1, the experimental system was set on a level optical platform to
guarantee vertical impingement. It includes a droplet generating system, a one-dimensional
positioner, an image acquisition system, and solid surfaces. Among them, the droplet
generating system includes an insulated tank with thermostatic water bath circulation
and a detachable nozzle with an inner diameter of 2 mm. The temperature in the tank is
monitored in real-time by thermocouples and a data acquisition system. The insulated
tank moves in the vertical direction to change the impinging height of the droplet in free
fall and droplet impingement velocity. The adjustment range of height is 0-50 cm. In the
experiment, the backlight photography method was adopted, and the data were collected
by an image acquisition system, including a background light source (LED), photoelectric
sensor, computer, and a high-speed camera (FASTCAM SA-Z, Photron, Tokyo, Japan) with
a shooting rate of 20,000 fps and a resolution of 1024 x 1024. In order to preserve the
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R1336mzz(Z) in liquid and control the experimental variables as much as possible, the
temperature of the water bath was controlled at 0 °C. The temperature of R1336mzz(Z) was
maintained at 5 + 1 °C accordingly, considering the heat dissipation of the tank and pipe.
The properties of R1336mzz(Z) at 5 °C are listed in Table 1. The experiment was conducted
at room temperature (20 & 3 °C) and atmospheric pressure.
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Figure 1. Schematic of the experimental system.

Table 1. Properties of R1336mzz(Z) (5 °C,1 atm).

Properties R1336mzz(Z)
Surface tension o (mN m~1) [32] 14.35
Density p (kg m~3) [32] 1428.07
Viscosity u (ukg m~1s71)[33] 493.04
Boiling point (°C) [31] 33
ODP [31] 0
GWP [31] 2

The experimental procedures are as follows. First, the refrigerating cycle is turned on
to reduce the R1336mzz(Z) liquid temperature within the insulated tank to 5 °C. Afterward,
a single droplet can be generated by gravity with no initial velocity once the nozzle valve is
opened slowly. When the droplet freely falls to the area near the solid surface, it triggers
the photoelectric sensor installed near the surface, and the signal from the photoelectric
sensor triggers the high-speed camera to record the impacting images of the droplet. Each
experiment was repeated twice to ensure repeatability.

To explore the influence of surface characteristics on droplet impingement, four stan-
dard reference specimens with different roughnesses made of carbon steel 45, namely
groove textured surface, were selected for the experiment. The parameter Ra well repre-
sents the surface roughness, which is 0.8 pm, 1.6 um, 3.2 um, and 6.3 um. The selection of
roughness and droplet size in the experiment referenced the work done by Tang et al. [18].

Notably, nozzles were used to generate droplets. For the normal flat nozzle, droplets
are more likely to attach to the plane surface before falling. This leads to a series of
small droplets or liquid columns when the droplets fall, and the diameter of the generated
droplets diverges greatly. In the process of experiments and observation, this paper changed
the flat nozzle into a conical nozzle with an inner diameter of 2 mm, as shown in Figure 2.
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The phenomenon of accompanied droplets was obviously improved. In addition, the
divergence of the droplet diameter was apparently reduced, as shown in the picture. The
theoretical value of drop diameter Dt can be calculated from the equilibrium of the gravity
and the capillary force acting between the nozzle and the droplet [34]:

6Din0 )1/3

Dr=
= (g

@
where ¢ is the surface tension of liquid, D, is the nozzle inner diameter, p is the droplet
density, and g is the gravity constant. The theoretical value of the droplet is calculated as
2.309 mm by the formula. The droplet diameter distribution generated from the improved
nozzle is concentrated, and the error is within 10% compared with the theoretical value,
as shown in Figure 2. Analysis in the following section adopts the experimental value of
droplet size measured in pictures.
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Figure 2. Image of (a) conical nozzle and (b) comparison of droplet diameter distributions resulting
from the flat and conical nozzles.

2.2. Parameters

To evaluate the dynamic behavior of droplets and qualitatively analyze the morpho-
logical changes of droplets, several nondimensionalized factors are adopted to characterize
the droplet behavior. Spreading factor, calculated by g = D/D,, is a key parameter to
evaluate the dynamic behavior of droplets, representing the ability of droplet spreading,
where D is the spreading diameter of droplets after impact, and Dy is the initial diameter
of the droplet before impact. A dimensionless spreading time T :% is also employed,
where t is the time duration of the droplet impacting process. The impacting velocity is
calculated by using the equation [17]:

Vo= [£(1-exp(24(Dy — 1) ®
_3paircf
455 0D, ©

where H is the falling height and Friction coefficient Cs in this formula is 0.796 accord-
ing to Range and Feuillebois [17]. The equivalent initial diameter Dy is calculated by

Dy = (DﬁDV) 3 [15,35], as shown in Figure 3, because the droplet is not perfectly spherical,
where Dy, and Dy, are diameters in horizontal and vertical directions. Three dimensionless
numbers on droplet impinging dynamics are mainly studied: We represents the ratio of
inertial force and liquid surface tension, Re represents the ratio of inertial force and viscous
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force, and Oh represents the relationship between viscous force, inertial force, and surface
tension. Their mathematical expressions are as follows:

Dy V2
We :P% @)
Re =PP0V0 5)
H
H
Oh=—"—"—— 6
(0o Dp)*? ©

where p, o, i, Dg and Vj represent the density, surface tension, viscosity, initial diameter,
and impact velocity of droplets, respectively. Dynamic parameters of droplets are obtained
from images shot by a high-speed camera.

D

» D o
=

(a) (b)
Figure 3. Parameters of droplet. (a) droplet spreading diameter. (b) droplet diameters in horizontal
and vertical directions.

3. Results and Discussions

In this experiment, we studied the dynamic behavior of R1336mzz(Z) refrigerant
droplets impacting surfaces with different roughness based on the refrigerant droplet
generating system. The values of Ra for carbon steel surfaces were 0.8 um, 1.6 pm, 3.2 um,
and 6.3 m. The range of falling height is 2-26 cm. The corresponding theoretical impacting
velocity range is 0.584-2.189 m/s, and the We number studied is in the range of 50-1000.

3.1. The Influence of We

Firstly, we discuss the results of droplet morphology under three different We on the
low-roughness surface (Ra = 0.8 um as shown in Figure 4a—c) and high-roughness surface
(Ra = 6.3 um as shown in Figure 4d-f). Scale bars were labeled for each group of impacting
images. As shown in Figure 4a for the low We number case (We = 77), the droplet deforms
once it impacts the surface, forming a truncated spherical shape at first, and subsequently,
a thin liquid layer is formed at the bottom of the droplet (0.60 ms). Then, the thin layer of
liquid gradually spreads. Finally, the droplets spread to the maximum diameter (16.00 ms),
forming a thin central part bordered by a thick cylindrical rim. The droplet front is pinned
at the edge of solid grooves. The viscosity prevents the advancing motion of the three-
phase contact line (TPCL), leading to a rapid change in the velocity along the normal
direction. This causes an increase in the convexity of the advancing droplet periphery [21].
In the whole process of droplet spreading, it is usually assumed that the initial kinetic
energy is mainly consumed by the surface energy and by viscous dissipation [36-39]. The
viscous dissipation comes from the attraction force between molecules in the droplets, the
adsorption capacity of the solid wall to droplet molecules, and the momentum exchange
between droplet flow layers.
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Figure 4. Spreading process of R1336mzz(Z) droplets impinging on low and high roughness surfaces
at different We. (a) We =77, (b) We = 521 and (c) We = 948 (Ra = 0.8 um); (d) We = 81, (e) We = 543 and
(f) We =936 (Ra = 6.3 um).

Figure 4b shows the evolution process of droplet morphology under low surface
roughness (Ra = 0.8m) and medium We number case (We = 521). The droplet morphology
is similar to that at low We of 77, but the difference is that the time for droplets to reach the
maximum spreading diameter is obviously shortened, and the thickness of the liquid film is
thinner when reaching the maximum spreading diameter Smax due to the greater spreading
kinetic energy of droplet. In addition, “finger-like” disturbance (9.20 ms, Figure 4b) can
be observed at the final stage of spreading, which will be discussed in detail in a later
section. Different from the low We, when Bmax is reached, the outer edge of the droplet
has been boiled and evaporated (9.20 ms, Figure 4b). These phenomena are more obvious
under a high We number (We = 948), as demonstrated in Figure 4c. In addition, when
the maximum spreading diameter is reached under a high We number, the boiling has
propagated from the outer boundary to the inside of the liquid film (6.70 ms, Figure 4c).
This can be explained by the fact that the larger kinetic energy at a high We number causes
the droplets to spread into a thinner and larger liquid film, promoting the heat exchange
and evaporation of the liquid film.

At the same time, the dynamic evolution of droplet impinging on high roughness
surface of Ra = 6.3 um under low, medium, and high We are presented in Figure 4d—f as a
comparison. The dynamic behaviors are similar to those under low roughness surfaces.
In all the roughness and Weber number ranges studied, no obvious phenomena such as
broken splash, recede, rebound, and satellite droplets were observed.

The spreading factor f is able to represent droplet spreading kinetics quantitatively.
Figure 5 presents the variations of § with dimensionless time 7 under low, medium, and
high We numbers on different roughness surfaces. As can be seen from this figure, the g-7
curves of different We coincide at each roughness in the initial stage of droplet spreading
(T <0.1), which means that the spreading speed and behavior of droplets at this stage are
highly similar. Rioboo et al. [40] believed that the evolution of B was not affected by any
factors at the early stage of droplet motion (7 < 0.1). Near T = 0.1, the -7 curve of low We
separates from the curve of medium and high We. About T = 1, the curve of medium We
separates from the curve of high We. In general, a larger We results in a faster increase in
the spreading factor and a greater slope of the B-T curve. What is more, with the increase
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in We, it takes a longer dimensionless time T for the -7 curve to approach level and finally
form larger Bmax-

7 ; ; 7 ; ;
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Figure 5. -7 curves at different We. (a) Ra = 0.8 pm. (b) Ra = 1.6 um. (¢) Ra =3.2 um. (d) Ra = 6.3 um.
3.2. The Influence of Surface Roughness
To explore the influence of roughness on droplet spreading dynamics, this section
compares the impact images of droplets on different roughness surfaces at similar We, as
shown in Figure 6. The outcomes of droplet impingement are similar on four roughness
surfaces. No obvious breaking splashes were observed within the range of We studied.
000ms 5 0 0.60 ms 1.20 ms 1.80 ms 2.40 ms 9.20 ms
@) -
L . — . - —
0.00 ms 0.60 ms 1.20 ms 1.80 ms 240 ms 10.20 ms
b - 2mm
b = _
0.00 ms 0.60 ms 1.20 ms 1.80 ms 240 ms 9.90 ms

— 2mm

0.00 ms " 0.60 ms 1.20 ms 1.80 ms 2.40 ms 9.60 ms

Figure 6. Spreading process of R1336mzz(Z) droplets impinging on different roughness surfaces at
medium We (We = 520). (a) Ra = 0.8 pm, (b) Ra = 1.6 um, (c) Ra = 3.2 pm and (d) Ra = 6.3 pm.

Droplet impingement on a groove-textured solid surface may experience one of the
following states [21]. (i) Cassie state [41], in which liquid is suspended on the grooves and
air is occupied in the valleys of the surface. (ii) Wenzel state [42], in which the liquid impales
the valleys. (iii) Intermediate state, in which liquid is partially impaled. When the inertial
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force of droplets increases or the surface conditions changes, more liquid will squeeze into
the groove gap occupied by air originally, which induces the transition from the Cassie state
to the Wenzel state. This transition leads to an increase in the adhesion between the droplet
and the wall and high hysteresis in the Wenzel state, making it “sticky” on the textured
surface [43]. There are two possible mechanisms for the transition as reported [21,44—46]:
sag and de-pinning. Sag means that when the depth of roughness valleys is small enough,
the liquid—vapor interface directly contacts the bottom of the valley. In the de-pinning
mechanism, when the magnitude of net downward force at TPCL is large enough, the
droplet de-pins and causes the liquid to impale the valleys when the depth of roughness
valleys increases. Forces acting on the TPCL include droplet impact pressure related to
impacting velocity and three interfacial tensions [21].

This study changed the depth of valleys through changing surface roughness. The
variable Ra is commonly used to reflect the height characteristics of surface microscopic
geometry. Figure 7 presents the curves of droplet spreading factors with dimensionless
time on different roughness surfaces. Similar phenomena can be observed at three different
We. The Bmax first increases with the increase in surface roughness from 0.8 um to 1.6 pm
but decreases obviously with the increase in surface roughness from 1.6 pm to 3.2 pm.
When the roughness increases to 6.3 um, the maximum spreading factors are basically
unchanged, but they are always smaller than the fmax of the surface with Ra = 0.8 um. The
first increase in Bmax can be explained by the Cassie state. That is, the viscous dissipation
is relatively small since the liquid film is suspended on the grooves. As a result, the Bmax
increases with the increase in roughness. With the continued increase in the depth of the
grooves, the Cassie-Wenzel transition takes place, leading to a rapid decrease in Bmax
due to the de-pinning mechanism. The partially impaled state between the Cassie state
and the Wenzel state consumes part of the energy input to conquer the energy barriers
induced by the state transition [47]. What is more, the pinning force at TPCL increases,
which leads to an increase in energy dissipation and a significant decrease in the maximum
spreading diameter.

s T T ] 7 T T
e 0.8pm We=77 6} e 0.8pm We=521
3 = 1.6pm We=82 = 1.6pm We=496
I 4 3.2pm We=81 1 5r 4 3.2pm We=523
6.3pm We=82 & 4l 6.3pm We=543
= o <
2r o.-" A“ 3
o’
o .t AAA
L] L[] A
1F * E A‘AA 2 " %
w4 .o 2
£ 1
.
. . 0
0.01 0.1 . 1 10 0.01 0.1 z 1 10
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8
7F e 0.8umWe=948 1
6l = 16pmwe=925
5

3.2pm We=957
I 6.3 um We=936 ]
<4+ e
3t i
2t i
1t « ¢ 1
O 1 1
0.01 0.1 1 10

(0)
Figure 7. Influence of surface roughness on -7 curve at three different We. (a) Low We. (b) Medium
We. (c) High We.
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3.3. Finger-like Disturbance Phenomenon

As mentioned above, the “finger-like” disturbance was observed during the droplet
spreading process. Droplets do not form regular circles when they spread on solid walls.
Instead, some prominent disturbances are formed at the periphery, which have been called

“finger” structures in previous studies. There is no unified theory about the formation

mechanism of “finger” structures, and some researchers attribute it to the instability caused
by the relative motion of the air-liquid interface. Allen [48] suggested that fingers form at
the periphery of a droplet because of Rayleigh—Taylor instability, which is caused by the
acceleration of the interface between two kinds of fluid with different densities. In addition,
surface roughness also has a certain influence. Stow and Hadfield [49] put forward that
the surface roughness caused the instability of the liquid film, thus affecting the splash
phenomenon because the “finger” disturbance formed the necessary condition for the
splash. However, due to the differences in hydrophilicity, surface structure, and droplet
properties, the shape and number of “finger-like” disturbances in this paper are different
from those of previous studies.

The “finger disturbance” observed in this study is weak but has more waves. To
eliminate the influence of different initial diameters on the number of fingers, the number
of fingers following refers to the total number of fingers at the maximum diameter divided
by initial diameters, that is, the number in a unit circumference of a droplet. Figure 8
shows the relationship between the number of “fingers” and impact velocity on different
roughness surfaces. It can be inferred that roughness has little effect on the number and
shape of the “finger” disturbance, but impact velocity mainly determines the finger number.
This finding is consistent with that of Aziz and Chandra [36]. R-Square testing was used to
explore the relationship between finger number and impact velocity. The R-Square value
on four roughness surfaces are 0.838, 0.922, 0.876, and 0.948 in turn, and it is concluded
that the number of fingers presents almost linear variation with the impact velocity.
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Figure 8. Variation of “finger” numbers with impact velocity.

3.4. Empirical Formula of Bmax

The Bmax of droplets impingement is one of the most important parameters of droplet
impact dynamics, which directly represents the spreading ability of droplets under different
working conditions. Studying Bmax has many applications in inkjet printing, spray cooling,
and other fields. The maximum spreading factor Bmax is closely related to We and Re
numbers, as demonstrated by previous studies. Pasandideh—Fard et al. [37] proposed a
model to describe the variation of Bmax with We and Re based on energy conservation of
kinetic energy, surface energy, and viscous dissipation, considering droplets at maximum
spreading diameter as cylindrical geometry. Compared with experimental data, the model
showed a mean error of 8.70%. Roisman and Ilia [50] proposed a semi-empirical model
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considering the flow within the impacting droplet and showed the largest mean error
of 14.64%. Scheller and Bousfifield (1995) [51] proposed an empirical formula based on
regression analysis where the mean error is 14.33%. Seo et al. [14] found that existing models
did not perform well for low-viscous liquids and modified the Scheller and Bousfifield
model by changing its coefficients, which showed better agreement with different liquids.

Figure 9 shows the experimental data of Bmax falling from different heights on the
surface with Ra = 0.8 um and the comparison with the data predicted by the different
models mentioned above. Seo’s model shows the smallest error (6.81%) for low-viscous
R1336mzz(Z) impingement. However, to improve the predictive capability further, a new
empirical model based on Scheller and Bousfifield’s regression analysis has been proposed
in this study, as expressed in equation (6), adopting the method of Seo et al. Table 2
summaries the predictive performance of different models. Our new empirical model has
the smallest mean error (5.53%) for the prediction of Bmax in R1336mzz(Z) impingement.
To further examine the sensitivity of the new model on the surface roughness, Figure 10
plots the experimental data of fmax and the predictive curve by the new model based on
regression analysis under four roughness surfaces. In general, the predicting curve by this
model is able to represent Bmax variation in practice reasonably.

0.143
max= 0.923(Vovlj> (7)
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Figure 9. Comparison of experimental data with the predictive data by previous models.

Table 2. Summary of models and their predictive mean errors.

Model Expression Mean-Error (%)
. _ We + 12
Pasandideh-Fard et al. [37] Brmax = \/ i Co:e) ! 4(%) 8.70
Roisman and Ilia [50] Bmax = (0.87Re% —0.4Re5 Wef%> 14.64
. 0.166
Scheller and Bousfield [51] Bmax= 0.61 (%) 14.33
0.122
Seo et al. [14] Bmax= 1,27(%) 6.81

New empirical model Bmax= 0.923 ( % ) 0.143 553
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Figure 10. Experimental data and model prediction of Bmax by the new empirical formula of droplet
impinging on four different roughness surfaces.

4. Conclusions

In this paper, an experimental system for single droplet generation and impingement
with low-boiling point refrigerant under atmospheric pressure has been constructed suc-
cessfully to investigate the dynamic behavior of R1336mzz(Z) droplet impinging on the
solid surface of carbon steel 45. The effects of roughness (0.8 um, 1.6 pm, 3.2 pm, 6.3 um)
and We (50-1000) on droplet impinging dynamics are explored. The main conclusions are
summarized as follows:

(1) The shape of the droplet changed from a truncated spherical shape to a thin liquid
layer and then spread into a liquid film with a thicker rim during the impinging period.
Moreover, boiling and “finger disturbance” were observed. Boiling was noticed to be
more obvious under higher We.

(2) We had a significant effect on the dynamic behavior of droplet spreading. When
0 < T <0.1, the 8-t curves almost coincided. At T = 0.1, the curves of low We had a
lower slope and were separated from those of medium and high We. At about T =1,
the curves at medium We separated from the curve at high We number. With the
increase in We, the curve slope became larger, and 7 to reach Smax became longer.

(3) The droplet exhibited the Cassie state on the surface with low roughness, and Bmax
increased with the increase in roughness. At a certain threshold of Ra between 1.6 um
and 3.2 um, the droplet underwent a Cassie-Wenzel transition, and Bmax was signifi-
cantly reduced due to larger energy dissipation.

(4) The empirical formula of Bmax on the carbon steel walls was proposed based on the
regression analysis. The formula fitted well with experimental data on solid surfaces
with different roughness.
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