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Abstract: The well-known limitations of spray cooling on high-temperature solids at the Leidenfrost
temperature point have been significantly improved by a composite structure of steel micropillar
arrays and insulating thin films. However, the physical mechanism of a single droplet impact on
the walls of high-temperature composite structures in spray cooling remains elusive. We have
experimentally studied and quantified the kinematic and thermal transfer characteristics of a single
droplet impacting high-temperature micropillar arrays with fiber membrane composite structures. In
particular, micropillar arrays of ceramic materials of different shapes (rectangular and cylindrical)
used in this study were made using the more flexible PµSL technique, for which precision reaches
the micron level. The results show that the presence and different layouts (embedded or placed on
top) of the fiber layer significantly affect the spreading coefficient and thermal transfer efficiency
of the droplets after impact. In terms of kinematic characteristics, unrelated to the structure of
micropillar arrays, compared to structures without film, the maximum spreading coefficient of
droplets significantly increased by more than 40% (43% for rectangular, 46% for cylindrical) when
the fiber film was placed on top, and increased by more than 20% (20% for rectangular, 33% for
cylindrical) when the fiber film was embedded. In terms of thermal transfer characteristics, at a
temperature of 200 ◦C, the presence of the fiber layer changed the wettability of the surface of the
micropillar structure, leading to a certain extension of the total evaporation time of the droplets
compared to the surface of the micropillar structure without film.

Keywords: microcolumn array; droplet impingement; fiber membranes; droplet spreading; Leidenfrost
effect; heat transfer

1. Introduction

During the continuous combustion of a high-thrust rocket motor, the gas temperature
in the main combustion chamber can reach 3227 ◦C. High temperatures place high demands
on the cooling technology of the walls within the thrust chamber [1,2]. Spray cooling
technology has garnered significant interest for its capability to dissipate high levels of
heat flux with reduced flow rates, addressing the cooling requirements of thrust chambers
efficiently. However, exceeding the critical surface temperature known as the Leidenfrost
point, usually below 300 ◦C on conventional smooth surfaces, leads to the formation of a
continuous thin vapor layer beneath the droplet due to rapid vaporization. This insulating
layer greatly impairs heat transfer and considerably extends the droplet’s lifetime from less
than a second to several seconds. Thus, the Leidenfrost phenomenon notably impacts the
effectiveness of spray cooling on highly superheated surfaces.

The parameters of both the droplet and the wall material play crucial roles in influenc-
ing the dynamics and heat transfer characteristics of a droplet post-impact. Lipson et al. [3]
conducted experiments to explore the impact of pure water and n-heptane droplets on
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both impermeable and porous stainless-steel surfaces with pore sizes of 5 µm and 100 µm.
These experiments revealed that during impact, droplets infiltrate the porous surface,
forming a thin film that is subsequently drawn into the pores by capillary action. The
rate of droplet diffusion is inversely proportional to the surface roughness. Notably, the
Leidenfrost temperature for n-heptane droplets escalates with increased surface porosity,
whereas water droplets do not undergo film boiling on porous surfaces. In an effort to
delve into the behavior of a single droplet impacting a heated inclined wall, Liu et al. [4]
devised an experimental setup to assess the primary reactions of a droplet post-wall impact,
varying parameters such as the wall temperature (Tw = 40~262 ◦C), droplet Weber number
(We = 0.66~589), droplet Reynolds number (Re = 189~14,046), and the wall’s inclination
angle (α = 0◦~45.6◦). The findings indicate that elevating the Weber and Reynolds numbers
promotes droplet spread rather than contraction. Gravitational effects result in distinct
diffusion behaviors of droplets before and after wall impact. Upon contacting a heated
surface, if the temperature surpasses a specific threshold, the droplet is suspended atop
an evaporating vapor layer. Consequently, the outcome of droplet–wall impact and the
thermal exchange between the droplet and surface are significantly governed by the vapor
layer’s presence. Recent advancements in measurement techniques have facilitated direct
vapor layer assessments, albeit restricted to materials with transparent properties. Eunseop
et al. [5] examined the A6061 metal surface, contrasting its boiling heat transfer characteris-
tics against contemporary research findings. Utilizing explicit visual documentation, the
study quantitatively and visually analyzed the vapor layer’s recuperation from a transient
collapse to immediate re-contact. As a metallic substance, its brief interaction character-
ized by a substantial heat transfer coefficient predominantly contributes to this observed
phenomenon. It has been demonstrated that the heat transfer rate is contingent upon the
temperature differential between the droplet’s surface and the saturation point, distinguish-
ing the boiling regime and affirming that the stable vapor layer’s surface temperature is
reliant on the impact momentum.

The impact of surface wettability and roughness on the Leidenfrost phenomenon is
significant. Chen et al. [6] engineered surfaces with varying wettability and microstructures
through physical and chemical etching methods. This study investigated the evaporation
behavior and morphological changes of different fuels when they impacted surfaces with
varying degrees of roughness. The findings indicated that an increased surface microstruc-
ture elevates surface roughness. On lipophilic surfaces, higher surface roughness correlates
with a higher Leidenfrost temperature. In contrast, for hydrophilic surfaces, whether
inherently or through chemical modification, there is a more pronounced LFP compared
to hydrophobic surfaces. This is attributed to the surface’s affinity for liquids, which aids
in rewetting under drying conditions. Additionally, Li et al. [7] conducted experimental
studies on fluid fragmentation and Leidenfrost dynamics during the impact of droplets on a
heated millimeter-scale column. Their results revealed that larger-scale structures increase
the Leidenfrost temperature and improve both droplet fragmentation and interfacial heat
transfer efficiency during non-isothermal droplet impact.

Recent investigations highlight that surfaces engineered with artificial micro-nano-
structures significantly bolster the Leidenfrost phenomenon. This enhancement surpasses
improvements attributed solely to changes in wettability from surface roughness [5,8–11].

The effect of microstructural parameters on the Leidenfrost phenomenon is profound,
highlighting the critical role of these dimensions in regulating thermal and physical in-
teractions. Sahoo et al.’s [12] present study revealed substantial Leidenfrost suppression
and contact time reduction on a superheated superhydrophobic silicon nanowire (SiNW)
array-coated surface. Theoretical modeling revealed that the elevated LFP was caused by
a superior capillary force and a strong vapor dispersion into the nanowire array. Datta
Prasad et al. [13] reported on the dependence of the Leidenfrost point of a deionized water
droplet on the surface morphology. They observe that the LFP increases with the height
of micropillars and the spacing between them. Auliano et al. [14,15] demonstrated the
preparation of randomly distributed silicon nanowires through metal-assisted chemical
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etching, with the nanowire height adjustable by varying the etching solution’s exposure
times. Findings consistently indicate that the LFP is primarily influenced by the nanostruc-
tures’ height. Kwon et al. [16] emphasized the role of surface texturing in elevating the
Leidenfrost temperature, focusing on how it enhances droplet wetting through capillary
water absorption under conditions of high superheat. Intriguingly, the study reveals that
sparser textures, as opposed to denser ones, are more effective in increasing the Leidenfrost
temperature. Kim et al. [17] presented a comprehensive review of recent literature con-
cerning the Leidenfrost drops on micro/nanostructured surfaces with an emphasis on the
enhancement of the Leidenfrost temperature. It was concluded that multiscale hierarchical
surfaces hold the best promise to significantly boost the Leidenfrost silicon-based struc-
tured surfaces, commonly employed in investigating the LFP, which have been extensively
studied. In summary, the design of the microstructure size and arrangement is crucial in
postponing the onset of the Leidenfrost point.

Jiang et al. [18] introduced a structured thermal armor featuring an array of steel
microcolumns and integrated thermal insulation membranes. This design effectively
suppresses the Leidenfrost phenomenon, achieving the highest reported LFP threshold
of up to 1150 ◦C in the literature. The position of the fiber layer was shown to have a
significant effect on the increase in LFP points. The arrangement of the fiber layer, whether
embedded or surface-mounted, markedly influences the enhancement of the LFP. However,
previous studies have not quantitatively analyzed the impact of microcolumn arrays
and composite structures with varying fiber layer positions on the kinematic properties
(e.g., spreading coefficients) of single droplet impingement. Additionally, the heat transfer
characteristics of a single droplet impacting composite structures have not been thoroughly
examined. It is noteworthy that the discussed micropillar arrays, fabricated using milling
techniques, result in material waste and limit both the materials and shapes available for
the micropillar arrays.

In this study, two types of micropillar arrays of ceramic materials at the 100 µm level,
rectangular and circular, were obtained using the PµSL technique. A visualization test
platform of the droplet-impacted micropillar arrays and superposition of fiber layers was
conducted. The effects of different micro-pillar array shapes and fiber layer arrangements
on the kinematic and heat transfer characteristics of a single droplet impinging on the wall
were quantitatively studied and analyzed with a high-speed camera. This is of guiding
significance for clarifying the droplet kinematics and wall heat transfer characteristics of
droplets hitting high-temperature walls in spray cooling and for improving the efficiency
of the spray cooling design.

2. Materials and Methods

Droplet impact is a transient process, and determining how to obtain the changes
in the kinematic properties of droplets during this transient process, such as spreading,
splashing, retraction, and fragmentation, is very important for understanding the droplet
impact process and conducting experiments. In this chapter, we will first set up the
experimental platform for droplet impact experiments according to the experimental
scheme and conditions, capture the process of droplet impact with high-speed photography,
introduce the preparation methods of micrometer fiber membranes and microcolumn
arrays, show the advantages of the comparative analysis of the fabrication methods of the
microcolumn arrays, and finally introduce the experimental errors and uncertainties.

2.1. Droplet Impact Test Platform and Experimental Equipment

Figure 1 shows the schematic diagram of the experimental platform for the droplet
impact wall. The platform consists of a hardware system composed of a generation device,
an acquisition system, a surface heating system, and a bench support system. The software
system is composed of image acquisition, droplet generation control, and temperature
acquisition systems. During the experiment, a high-speed camera, model PHOTRON
Nova S9 by Photron Limited, Tokyo, Japan, with a maximum resolution of 1024 × 1024,
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was arranged on the front of the impact surface. A macro lens, Nikon 85 mm f/2.8 1-5X
Super Macro by Shenyang ZHONGYI Optical Technology Co., Ltd., Shenyang, China,
was mounted on the high-speed camera, and the high-speed camera was connected to
the computer through a network cable interface, so that the pictures obtained from the
shooting could be transmitted and stored in real time.
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Figure 1. Schematic diagram of droplet impact test system.

Figure 2 shows the hardware system devices mainly used in the experiment. The
inlet of the high-pressure three-way valve is connected to the micro syringe pump, and the
outlet is connected to the container where the work material is stored. By changing the
state of the three-way valve, the micro syringe pump can be made to extract or discharge
the liquid. When liquid is present in the micro syringe pump, the motor connected to it
slowly pushes the liquid through the three-way valve and then to the needle to form a
droplet. In addition, different droplet impact velocities can be obtained by fixing the needle
at different heights.
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Figure 3 shows a device diagram of electrostatic spinning process. The polyvinyl
alcohol powder was dissolved in deionized water at 25 ◦C, and the beaker solution was
placed in a magnetic stirrer for waterside heating and stirring in 80 ◦C warm waters
and stirred continuously at a constant temperature for 12 h to produce PVA precursor
solution. Then, phosphoric acid was used as the hydrolysis catalyst with tetraethoxysilane
and water in accordance with a certain molar ratio at room temperature. Continuous
stirring was performed for 10 h to obtain silane sol. Finally, the prepared silane sol and
the PVA precursor solution with the same mass were mixed and then continuously stirred
at room temperature for 4 h to obtain a homogeneous precursor solution. The solution
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was put into a 10 mL syringe and injected at a flow rate of 0.5 mL h−1 via a micro syringe
pump. Under the influence of electrostatic forces from a high-voltage power supply, the
collector underwent electrospinning. Subsequently, a micron-scale silica fiber membrane
was produced through air calcination in a muffle furnace. The surface, internal structure
and thickness of this silica material were scrutinized using a SEM3200 scanning electron
microscope manufactured by Guoyi Quantum Technology (Hefei) Co., Ltd., Hefei, China.
The thickness of the fiber membrane was determined at various measurement points, from
which an average thickness of 62.51 µm was calculated. This measurement was established
as the standard thickness for the fiber membrane. Moreover, it was observed that the
thickness of the fiber layer could be effectively controlled by adjusting the duration of the
spinning process.
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ceramic fiber muffle furnace; (d) The DF-101A collector-type magnetic stirrer; (e,f) The SiO2 nanofiber
film after calcination.

During the fabrication of micropillar arrays, it was considered that the chambers
could be insulated using high-temperature-resistant ceramics. For this purpose, UV-cured
3D-printing technology, which is known for its ability to achieve processing accuracy of
10 µm to 25 µm, was employed in this study. Subsequently, the ceramic paste was cured by
UV irradiation and then sintered at elevated temperatures to achieve the desired structural
integrity and properties.

Importantly, 3D printing technology offers significant advantages over methods such
as milling and chemical etching, which are also capable of producing micropillar arrays.
Milling, which typically involves complex machining procedures using a milling machine,
is not only labor intensive but also results in material waste due to the cutting process
and environmental pollution if waste disposal measures are not taken properly. In con-
trast, 3D-printing technology allows for rapid prototyping and production of parts, greatly
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reducing material consumption and minimizing waste. In terms of chemical etching, a
study by Bibiana Vogel Peres Riesgo et al. [19] has shown that too high an acid concen-
tration or too long an etching time significantly reduces the strength of silicate ceramic
compositions. In addition, comprehensive studies on the effect of etching protocols on the
mechanical properties of ceramics are still insufficient, introducing considerable uncertainty.
In addition, chemical etching processes require safety considerations, which can lead to
incomplete or uneven etching, further complicating the process. In contrast, 3D-printing
methods offer significant material and environmental advantages. They mitigate the safety
concerns associated with chemical processes and circumvent the additional costs typically
associated with ensuring safety measures. In addition, 3D-printing technologies facilitate
environmentally sustainable manufacturing practices, consistent with contemporary efforts
to minimize environmental pollution.

Figure 4 shows the SEM images of different micropillar array structures. It can be observed
by SEM that the walls of different micropillar array structures show regular arrangement.
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2.2. Measurement Methods

Droplet impact wall experiments use high-speed photography to measure the evo-
lution of the dynamic behavior of the process. A K-type thermocouple wire was used to
determine the wall temperature, and ceramic internal temperature measurements were
made to determine the absolute temperature of the two measurement points using the
formula for calculating the heat flow density.

Figure 5 shows the fitted curve for the temperature calibration of the thermocouple.
The thermocouple’s temperature curve is fitted as a function of

y = 0.0242x + 2.8463. (1)
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2.3. Experimental Error and Uncertainty Analysis

The inaccuracies observed in droplet impact experiments predominantly stem from
errors in thermocouple temperature measurements and dimensional discrepancies. The
uncertainties are primarily related to the physical properties of the droplet and parameters
associated with heat transfer [20–23].

(1) Error analysis

In single-droplet wall experiments, the error sources primarily include three main
aspects: measurement device error, environmental error, and measurement method error.
The error from the measurement device is largely produced by the thermocouple. An
examination of the thermocouple’s tolerance table reveals that the temperature measure-
ment error range for the thermocouple used in the experiment is ±1.5 ◦C. The size error
of the thermocouple mainly arises from the dimensional inaccuracies of its temperature
measurement hole. By using vernier calipers to gauge the experimental samples and the
temperature measurement holes, a manufacturing precision of ±0.1 mm is achieved. The
environmental error mainly pertains to the ongoing fluctuations in temperature, air pres-
sure, and air humidity within the observation environment, contributing to inaccuracies in
the measurement results. In this experiment, given its short duration, fixed location, and
simultaneous measurement and documentation of these variables during the experiment,
the influence of environmental errors on the results is considerably minimized. Regarding
the measurement method, the experiment utilizes a stepper motor module to control the
initial distance between the wall and the droplet and a micro-pump to regulate the droplet’s
delivery speed and frequency, thus ensuring the droplet’s size and velocity upon contact
with the wall are kept within the permissible error range.

(2) Uncertainty analysis

Building upon the analysis of error sources outlined above, this study employs the
Holman [24] methodology to assess the experimental system’s uncertainty. For parameters
measured directly, their measurement errors can be straightforwardly derived from the pre-
cision of the measuring instruments. However, for indirectly measured parameters—those
deduced through calculations based on parameters measured directly—error must be
determined through error propagation.

For directly measured parameters, the uncertainty is expressed as

xi = xi,meas ± δx (2)
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If the parameter y is satisfied y = f (x1, x2, . . . . . . , xn), and if the parameters affecting
y are all independent of each other, then the absolute uncertainty in y can be obtained from
Equation (3):

σy =

√√√√ n

∑
i=1

(
∂ f
∂xi

· σxi )
2

(3)

We can determine the relative uncertainty for each parameter based on the measure-
ment instruments, methodologies, and data analysis techniques utilized in the experiments.

Relative uncertainty of the initial distance of the droplet from the wall: the distance
from the single droplet generation probe to the wall is ∆l = 255 mm, σ∆l = 1 mm. Thus, the
relative uncertainties are, respectively:

σ∆l
∆l

= 0.39% (4)

Relative uncertainty of droplet wall impact time: the total duration for the droplet to
travel from the probe to the wall is recorded as T = 0.228 s, and the moment of the droplet’s
impact on the wall within the experiment is identified by the final image captured before
impact. With the high-speed camera (PHOTRON Nova S9) configured to a frame rate of
4000 fps, the time gap between successive frames is calculated as σt = 1/4000 s = 0.25 ms.
Then, the relative uncertainty can be expressed as follows:

σ∆t
∆t

= 0.11% (5)

Relative uncertainty of wall temperature: the temperature measurement error asso-
ciated with the thermocouple utilized in the experiment is known to be within a range
of ±1.5 ◦C (σtw), with the minimum measured wall temperature (Tw) recorded at 200 ◦C.
Consequently, the relative uncertainty is determined as follows:

σtw

Tw
= 0.75% (6)

The velocity of the droplet at impact is ascertained using the final two frames captured
before the impact occurs. With the high-speed camera’s sampling rate adjusted to 4000 fps,
the temporal gap between these two frames is ∆t = 1/4000 s = 0.25 ms. The impact velocity,
denoted as v, is then computed by calculating the displacement of the droplet’s center, ∆l,
in these last two frames before the droplet makes contact with the wall. Relative uncertainty
of droplet velocity can be expressed as follows:

v =
∆l
∆t

(7)

σv =

√√√√( 1
∆t

σ∆l

)2
+

(
∆l

(∆t)2 σ∆t

)2

(8)

σv

v
=

√√√√(1
v

1
∆t

σ∆l

)2
+

(
1
v

∆l

(∆t)2 σ∆t

)2

= 0.20% (9)

where ∆t = 0.2281 s, ∆l = 0.255 m, σ∆l = 1 mm, and σ∆t = 2.5 × 10−4 s.
Given that the droplet does not maintain a perfectly spherical shape throughout its

descent, the diameter of the droplet is represented by its equivalent diameter, De, where
Dh and Dv are the horizontal and vertical diameters of the droplet, respectively [4]. In this
experiment, pixel analysis was employed to measure the geometric characteristics of the
droplets. For droplets of consistent size, camera settings (such as focal length and aperture
opening) were standardized to photograph a calibrator of known dimensions. This process
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established a relationship between pixels and real-world measurements, allowing for the
determination of actual lengths by assessing the pixel count in the images. σDh=σDv is the
length of a single pixel point size. Then, the relative uncertainty of droplet size can be
expressed as follows:

De =
3
√

Dh
2·Dv (10)

σDe =
2

√[(
3
2

Dh
1
2 ·Dv

1
3

)
·σDh

]2
+

[(
3
2

Dh
3
2 ·Dv

− 2
3

)
·σDv

]2
(11)

σDe

De
=

2

√[(
1

De

3
2

Dh
1
2 ·Dv

1
3

)
·σDh

]2
+

[
1

De

(
3
2

Dh
3
2 ·Dv

− 2
3

)
·σDv

]2
= 0.03% (12)

where σDh = σDv = 2.48 × 10−5 m, Dh = 2.1 mm, and Dv = 1.8 mm.
Relative uncertainty of heat transfer coefficient: in the experiment, we utilized a

high-frequency induction heater, model HF-3000, characterized by an instrument control
power accuracy of ±5%. The experimental heating power, denoted as P, was measured at
12.73 KW, while the circular area, with a diameter of De, served as the area for ideal heat
transfer (the maximum spreading factor of the droplets in the experiment is about 4).

q =
P
A

(13)

A =
π (4D e)

2

4
(14)

q =
1

4π
· P
De

2 (15)

σq

q
=

√(
1
q

1
4π

· 1
De

2 ·σP

)2
+

(
1
q

1
4π

· 2P
De

3 ·σDe

)2
= 2.34% (16)

where De = 1.99 × 10−3 m, σP = 2.5% × 12.73 = 318 W, σDe = 6.65 × 10−7 m, and
P = 12.73 KW.

Upon conducting the aforementioned calculations, we can subsequently compile
Table 1, which encompasses error and uncertainty analysis.

Table 1. Error and uncertainty analysis.

Sources of Error Error Value (◦C) Relative Uncertainties (%)

Thermocouple error ±0.5 0.75%
Droplet impact distance — 0.39%

Droplet impact time — 0.11%
Droplet velocity — 0.20%

Droplet size — 0.03%
Heat flow — 2.34%

3. Results and Analysis

This chapter delves into the visualization of droplet motion behavior, specifically
examining the impact of a single droplet on a microcolumn array and a layered fiber
structure. It characterizes the behavior of the droplet post-impact by measuring the spread
diameter of the droplet and then converting it into a dimensionless spreading coefficient
for analysis. This study also measures the internal temperature of the ceramic sheet and the
temperature of the wall to calculate the heat flux density values for different wall structures.
This allows for a comparative analysis of the wall’s heat transfer characteristics following
droplet impact under various experimental conditions.
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3.1. Influence of Fiber Layer Arrangement on Droplet Kinematic Properties after
Single-Droplet Impacts

This section provides an in-depth examination of the wall structures under study,
focusing on micropillar array configurations, including rectangular and cylindrical mi-
cropillar arrays, with specific structural parameters outlined in Table 2. For ease of reference,
the rectangular micropillar array is designated as Sample 1, while the cylindrical micropillar
array is referred to as Sample 2. Specifically, the rectangular micropillar array features
micropillars with a height and width of 200 µm and a spacing between micropillars of
450 µm. Conversely, the cylindrical micropillar array is characterized by micropillars with
a height of 450 µm, a diameter of 200 µm, and a spacing of 400 µm. Table 2 details the
structural parameters of the various micropillar arrays implemented on the wall.

Table 2. Structural parameters of different microcolumn arrays on the wall.

Microcolumn Array Structures Height (µm) Diameter (µm) Spacing (µm)

Rectangular micropillar array 200 200 450
Cylindrical micropillar array 450 200 400

Table 3 shows the test conditions and their related parameters.

Table 3. Test conditions.

Micro Columnar Structure Arrangement Droplet Diameter
(mm)

Impact Velocity
(m/s)

Wall Temperature
(◦C)

1 Rectangular micropillar array No fiber membrane 2 ± 0.2 2.23 200 ± 10
2 Rectangular micropillar array Fiber membrane on top 2 ± 0.2 2.23 200 ± 10

3 Rectangular micropillar array Fiber membrane
placed inside 2 ± 0.2 2.23 200 ± 10

4 Cylindrical micropillar array No fiber membrane 2 ± 0.2 2.23 200 ± 10
5 Cylindrical micropillar array Fiber membrane on top 2 ± 0.2 2.23 200 ± 10

6 Cylindrical micropillar array Fiber membrane
placed inside 2 ± 0.2 2.23 200 ± 10

Droplets, each with a diameter of 2 mm, were released from a height of 255 mm
above the wall, targeting various microcolumn array structures (rectangular and cylindrical
arrays) at a wall temperature of 200 ◦C and achieving an impact velocity of 2.23 m/s. The
initial frame captured immediately before the droplet’s contact with the wall serves as the
reference point for analyzing the droplet’s kinematic behavior throughout the impact process.

To enhance the analysis of the droplet’s spreading behavior upon impact, this study
employs dimensionless parameters, enabling a quantitative evaluation of the droplet’s
transient dynamics as it interacts with the wall. These dimensionless parameters include
the spreading diameter coefficient D*, height coefficient H*, and time t*, each defined
as follows:

D∗ =
Dt

D0
(17)

t∗ =
t0v
D0

(18)

where Dt represent the instantaneous spreading diameter upon impact on the surface,
respectively. The variable t0 signifies the time elapsed during droplet spreading. Fur-
thermore, v indicates the droplet’s impact velocity, and D0 corresponds to the droplet’s
initial diameter.

Figure 6 presents the sequence of images capturing the behavior of a single droplet
upon its impact on a rectangular micropillar array, modified by different configurations
of fiber layers. When the wall temperature is maintained at 200 ◦C, the impact on the
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rectangular micropillar array induces a series of dynamic responses, including droplet
splashing, the formation of a central jet, bubble dynamics (expansion and collapse), and
the oscillation of the liquid film. These phenomena can be attributed to the transient
modulation of interaction forces between the droplet and the micropillar surface, which,
in turn, initiates pressure differentials across the droplet surface. Such differentials are
responsible for the observed complex behaviors, including jetting and bubbling on the
droplet surface.
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placed inside.

Upon the integration of a silica micron fiber film atop the micropillar structure, if the
fiber layer solely overlays the micropillar surface, it acts as a dampener, mitigating the
formation of high- and low-pressure zones on the droplet surface. This suppression effect
curtails the droplet splashing and jetting phenomena significantly, predominantly leading
to the spread and subsequent evaporative drying of the liquid film instead.

Conversely, embedding the fiber film within the micropillar framework using an
inverse mold technique alters the surface texture of the micropillars, increases the droplet-
surface contact area, and enhances droplet adhesion. These modifications reduce the splash
height upon impact, increase the size of splash droplets, and promote droplet adhesion.
Additionally, the incorporation of the fiber layer impedes droplet mobility across the
micropillar surface, thereby extending the droplet’s dwell time.

Figure 7 illustrates the changes in the droplet spreading coefficient across various
configurations of the rectangular micropillar array with integrated fiber membranes. The
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analysis reveals a variation in the droplet spreading coefficient with the strategic placement
of the fiber membrane. Specifically, positioning the fiber membrane atop the micropillar
structure elevates the spreading coefficient to 3.5, marking a 43% increase over the baseline
spreading coefficient of 2.0 observed in the rectangular micropillar array without a fiber
membrane. This significant enhancement can be attributed to the direct impact of the
droplet on the hydrophilic surface of the fiber membrane.
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Figure 7. Variation in droplet spreading coefficients for different arrangements of rectangular
microcolumn array fiber membranes.

Further intricacies emerge when the fiber membrane is embedded within the micropil-
lar structure. Under these conditions, the spreading coefficient of the droplet impacting
the rectangular micropillar array exhibits a correlation with the dimensionless time post-
impact, achieving a peak value of 2.5. This represents a 20% improvement compared to
impacts on structures lacking a membrane, yet it shows a 23% reduction when compared
to the coefficient obtained when the membrane is placed directly atop the structure. These
findings underscore the critical role of the fiber membrane in augmenting the spreading
coefficient. However, for optimizing both droplet impact rebound and thermal efficiency
of the wall surface, positioning the fiber membrane at a certain height proves to be more
advantageous. While the placement of the fiber membrane on the micropillar surface
undeniably increases the droplet contact area, it potentially hinders steam flow beneath
and suppresses dynamic behaviors such as droplet splashing, primarily due to the droplet
being absorbed by the hydrophilic fiber membrane.

Figure 8 depicts the sequence of droplet behaviors following impact on cylindrical
micropillar arrays under various arrangements, with the impacts occurring at a velocity of
2.23 m/s and a wall temperature of 200 ◦C. The initial interaction of the droplet with the
cylindrical micropillar array’s surface does not significantly alter its trajectory or integrity.
However, as a consequence of the micropillar surface geometry, fragmentation and splash-
ing of the droplet are observed post-impact. Over time, the interaction dynamics evolve;
droplets at the base of the structure are levitated by vapor generated at the interface, while
those at the apex tend to detach due to reduced surface tension.
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Figure 8. Droplet images after a single droplet impacting a rectangular array of fiber layers in
different arrangements: (a) no fiber membrane; (b) fiber membrane placed on top; (c) fiber membrane
placed inside.

The observation period further reveals the formation and subsequent fragmentation
of large bubbles at the base, ascending vertically before disintegrating into smaller droplet
splashes. This process facilitates the gradual vaporization of the droplets. It is noted that
certain droplets remain suspended above the micropillar array, influenced by the steam
generated beneath them. Upon impact with the fiber membrane atop the structure, the
inherent hydrophilicity of the membrane leads to the spreading of droplets until complete
evaporation. Embedding the fiber membrane within the micropillar structure introduces a
combined effect of structural adhesion and edge wetting, whereby peripheral droplets are
absorbed by the synergistic interaction between the micropillar array and the overlying
fiber layer, promoting adhesion to the structural wall.

Figure 9 illustrates the variations in the spreading coefficient of droplets impacting
cylindrical micropillar arrays, differentiated by the arrangement of fiber membranes. For
the array without any fiber membrane, the spreading coefficient initially ascends to a peak
value of 1.75, maintains stability for a brief interval, and then exhibits a gradual decline as
dimensionless time progresses. In contrast, when the droplet impacts a fiber membrane
positioned atop the columnar wall, the spreading coefficient progressively increases with
dimensionless time, ultimately stabilizing at 3.25. Furthermore, the impact on a fiber mem-
brane embedded within the micropillar array elevates the peak spreading coefficient to 2.6,
marking a 33% increase over the maximum value observed in the absence of a membrane.
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Notably, the presence of a fiber membrane atop the microcolumn structure boosts the
spreading coefficient to 3.6, representing a 46% increment compared to the non-membrane
setup, albeit a 13% decrease relative to the configuration at a lower arrangement height.
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Figure 9. Variation in droplet spreading coefficient for different arrangements of cylindrical microcol-
umn array fiber membrane.

The kinematic behavior of droplets exhibits a pronounced distinction at different ar-
rangement heights. At a higher arrangement height, small droplets demonstrate adherence
to the surface of the microcolumn structure, indicative of a more complex interplay of forces.
Conversely, at the lower height, the droplet dynamics are predominantly characterized by
spreading upon impact with the fiber membrane atop the cylindrical array. This behavior
can be attributed to the hydrophilic nature of the fiber membrane, which significantly
influences the droplet’s contact angle.

3.2. Influence of Fiber Layer Arrangement on Wall Heat Transfer Characteristics after
Single-Droplet Impingement

The test was conducted at a temperature of 200 ◦C with a droplet of 2 mm in diameter
falling from the tip of the needle at a distance of 255 mm from the wall. Samples 1, 2, 3, and
4 were made of high-temperature ceramic material with a base size of 24 mm × 24 mm.

Table 4 shows the physical parameters of high-temperature ceramics. In this experi-
ment, high-temperature ceramic material was used as the base, and aluminum oxide was
used as the ceramic slurry for 3D printing. Aluminum oxide was chosen as the ceramic
slurry for 3D printing. The density of the 3D-printed ceramic was 3819.40 kg/m3. Its
specific heat capacity was 2.27 KJ/(kg·K), and its thermal conductivity was 1.79 (W/m·K).

Table 4. Physical properties of high-temperature ceramics.

Sample Name Materials Density (Kg/m3)
Specific Heat

Capacity
KJ/(Kg·K)

Thermal
Conductivity

(W/m·K)

High-temperature
ceramics

Aluminum
oxide 3819.40 2.27 1.79
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Upon impact of the droplet on a smooth plane, the temperature distribution within the
ceramic sheet tends to stabilize within 0.4 s, resulting in a relatively smooth temperature
curve inside the ceramic sheet. Moreover, the instantaneous change in wall temperature is
virtually negligible. The heat flux density can be calculated using the following formula:

q =
P
A

=
λ∆T

L
(19)

where ∆T denotes the temperature difference between two measurement points on the
thermocouple, and λ represents the thermal conductivity of the high-temperature ceramic
samples, measured at 1.4 W/(m·K). L is the vertical distance from the temperature mea-
surement point inside the ceramic to the bottom of the ceramic slice.

Figure 10 delineates the temperature variations observed when a single droplet im-
pacts a rectangular micropillar array overlaid with a fiber layer. Upon impact, part of the
droplet permeates through to the bottom of the ceramic sheet, facilitated by the presence of
the fiber membrane. Due to the cooler temperature of the droplet, heat transfer occurs from
the micropillar structure to the droplet. Consequently, a distinct step change in the internal
temperature of the ceramic sheet is observed, continuing until the droplet completely evap-
orates, after which the internal temperature rises and eventually stabilizes. This behavior
can be attributed to the low thermal conductivity of the ceramic sheet and the hydrophilic
nature of the fiber membrane, which absorbs the droplet upon impact. Furthermore, when
the temperature reaches the Leidenfrost point, the inability to form a vapor film leads to
a slight step-like change in the wall temperature as well. Quantitatively, in the presence
of the fiber membrane structure, the internal temperature of the ceramic sheet exhibits
a reduction from 187 ◦C to 171 ◦C within approximately 0.4 s. Simultaneously, the wall
temperature decreases marginally from 200 ◦C to 197 ◦C. Employing the heat flow density
formula, the heat flux density under these conditions is calculated to be approximately
13,375 W/m2.
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Figure 10. Temperature variation of droplet impacting rectangular micropillar arrays with fibrous
layer superimposed structures at 200 ◦C.

Figure 11 illustrates the temperature variations observed when droplets impact a
cylindrical micropillar array at 200 ◦C, with a non-embedded fiber layer structure placed
atop. The findings indicate that the placement of the fiber membrane on the surface of the
micropillar structure leads to extended spreading and evaporation times for the liquid film,
attributed to the hydrophilic properties of the fiber membrane. This setup increases the
thermal resistance at the micropillar surface, as depicted in the right figure of Figure 11,
showing a prolonged temperature decrease due to the presence of the fiber film.
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Figure 11. Temperature variation of droplet impacting cylindrical micropillar array with fibrous layer
superimposed structure at 200 ◦C (membrane unmounted).

Quantitatively, the temperature profile for the arrangement without the membrane, as
shown in the left figure of Figure 11, reveals a decrease in the internal temperature of the
ceramic sheet from 195.5 ◦C to 182 ◦C within 0.4 s. Conversely, when the fiber membrane
is applied atop the micropillar structure, the internal temperature of the ceramic sheet
decreases more gradually, from 192.5 ◦C to 187.5 ◦C, over 1.2 s, demonstrating the significant
impact of the membrane’s hydrophilicity on heat transfer dynamics. This suggests that
the direct impact of the droplet on the fiber membrane, followed by heat transfer to the
micropillar and subsequently to the ceramic sheet, extends the thermal interaction time
to thrice that observed in the absence of a membrane. This fiber membrane configuration
effectively impedes further heat transfer, as indicated by the minor temperature fluctuations
on the wall surface over the observed time span. Utilizing the heat flow density equation,
the heat flux density under these conditions is calculated to be approximately 15,372 W/m2.

Figure 12 captures the temperature variations following droplet impacts on a cylin-
drical micropillar array, with a fiber layer integrated into the structure, all conducted at
a temperature of 200 ◦C (with the membrane integrated in a mosaic pattern). The ex-
periments demonstrate that when a 2 mm diameter droplet impacts the structure at a
velocity of 2.23 m/s, the vapor film formation is inhibited by the combined presence of the
fiber membrane and the micropillar structure. This arrangement forces the vapor to escape
through the flow channels of the cylindrical array, resulting in a distinct step-like profile in
both the internal temperature of the ceramic sheet and the wall surface temperature change.
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Quantitatively, the embedding of the fiber membrane within the microcolumn struc-
ture leads to a noticeable reduction in the internal temperature of the ceramic sheet, from
208 ◦C to 196 ◦C within 0.25 s. This is in stark contrast to the slower temperature change
observed in the ceramic sheet of the cylindrical array without a membrane, which occurs
over 0.4 s. The embedding of the fiber membrane into the cylindrical structure makes the
temperature change within the ceramic sheet more pronounced. Additionally, the wall
temperature profile reveals that due to the presence of the fiber membrane, a portion of
the vapor escapes through the flow channels of the cylindrical array, transferring heat
from the micropillar array structure to the base of the ceramic sheet. Since the Leidenfrost
phenomenon is not observed, a step change is also evident in the wall temperature curve.
Utilizing the formula for calculating heat flow density, the heat flux density under these
conditions is estimated to be approximately 10,136 W/m2.

Figure 13 displays the evaporation times of droplets interacting with rectangular
micropillar arrays and cylindrical arrays, each with varying fiber layer arrangements. In
this figure, ‘A’ corresponds to the rectangular micropillar array 2 structure, ‘B’ corresponds
to the same array with an added fiber layer, ‘C’ represents the cylindrical array structure,
‘D’ refers to the cylindrical array with a fiber layer positioned atop the micropillars, and ‘E’
depicts the cylindrical array with the fiber layer embedded within the micropillars.
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Figure 13. Droplet evaporation times for rectangular microcolumn arrays and cylindrical arrays with
different fiber layer arrangements.

A comparative analysis of the evaporation times of droplets impacting the rectangular
micropillar array 2, both with and without a fiber layer, reveals that the fiber membrane
prolongs the droplet’s presence on the surface. This is attributed to the enhanced adhesion
of the droplet, leading to an extended evaporation duration. Similarly, for the cylindrical
array, the addition of a fiber membrane on the surface also results in longer evaporation
times. The variance in evaporation durations between configurations ‘D’ and ‘E’ can
be traced back to the differing placements of the fiber layer. When the fiber layer is
situated on the surface, its slight separation from the micropillar, coupled with its superior
hydrophilicity, facilitates the droplet’s spread into a liquid film on the fiber layer. This, in
turn, extends the evaporation time as the droplet persists until complete dryness on the
membrane. In summary, the introduction of the fiber layer modifies the surface wettability
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of the microcolumn structure and, as a result, slightly prolongs the total evaporation time
for the droplet compared to the surface of the microcolumn structure alone.

4. Conclusions

In this paper, we conducted an experimental study to explore the impact of a single
droplet impacting the wall of a high-temperature microcolumn array composite structure
incorporating a fiber membrane. By altering various experimental parameters, such as
the shape of the micropillar array and the placement of the fiber membrane, we observed
the motion behaviors of the droplet, including collision, spreading, and splashing, and
calculated parameters related to the heat transfer characteristics between the droplet and
the wall. We quantitatively analyzed the effects of the composite structure made up of
rectangular and cylindrical micropillar arrays with fiber membranes positioned differently
on the droplet spreading coefficient, evaporation time, and heat flow density. The main
conclusions are as follows:

• Overall, the magnitude of the droplet spreading coefficient is mainly related to the
arrangement of the fiber membrane. Since the fiber membrane will change the surface
morphology of the microcolumn array, which in turn will change the droplet adhesion,
the droplet spreading coefficient will also be changed. When the fiber membrane is
arranged at the top of the microcolumn structure, the spreading coefficient is increased
by 43% to 46% compared to no fiber membrane. When the fiber membrane is placed
on the inside of the microcolumn structure, the spreading coefficient increases by 20%
to 33% compared to no fiber membrane.

• The wall surface temperature and the internal temperature of the ceramic sheet are also
mainly related to the arrangement of the fiber membrane. The water absorption of the
fiber membrane changes the wettability of the surface of the microcolumn structure.
When the fiber membrane is arranged in the interior of the micropillar structure, the
Leidenfrost effect cannot be formed; the droplets are absorbed by the fiber membrane,
and the internal temperature of the ceramic sheet changes drastically by 13.5 ◦C in
0.4 s. When the fiber membrane is arranged at the top of the microcolumn structure,
the droplets are prevented from entering the ceramic sheet, evaporation is slow, and
the temperature changes relatively slowly by 5 ◦C in 1.2 s. The evaporation time of
the droplets is strongly influenced by the way the fiber layer is arranged, and the total
evaporation time of the fiber layer placed on the top is about 4.3 times that of the fiber
layer embedded inside the micropillar structure.

• Increasing the hygroscopicity of micron-structured surfaces via different arrange-
ments of fiber membranes can effectively improve the droplet spreading coefficient
and evaporation time, thus increasing the heat flux density. Therefore, the spray
cooling performance can be enhanced by combining fiber membranes with
microcolumn arrays.
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Nomenclature

We Weber number for liquid droplets.
Re Droplet Reynolds number.
α Angle of wall inclination.
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σy Absolute uncertainty of the y variable.
σy
y Relative uncertainty of the y variable.

∆l Distance from the droplet to the wall.
∆t Time from the droplet to the wall.
Tw Wall temperature.
v Droplet velocity.
De Droplet equivalent diameter.
Dh Average droplet horizontal diameter.
Dv Average droplet vertical diameter.
q Heat flux.
P Thermal power input.
A Ideal heat transfer surface.
D∗ Dimensionless spreading diameter coefficient.
Dt The instantaneous spreading diameter.
D0 Instantaneous diameter of the droplet upon impact with the wall.
t∗ Dimensionless time coefficient.
t0 Time of droplet expansion to maximum diameter.
λ Thermal conductivity of high-temperature ceramics.
L Vertical distance from the ceramic sheet’s bottom to its internal temperature measurement point.

References
1. Votta, R.; Battista, F.; Salvatore, V.; Pizzarelli, M.; Leccese, G.; Nasuti, F.; Meyer, S. Experimental Investigation of Transcritical

Methane Flow in Rocket Engine Cooling Channel. Appl. Therm. Eng. 2016, 101, 61–70. [CrossRef]
2. Pizzarelli, M.; Nasuti, F.; Votta, R.; Battista, F. Validation of Conjugate Heat Transfer Model for Rocket Cooling with Supercritical

Methane. J. Propuls. Power 2016, 32, 726–733. [CrossRef]
3. Lipson, N.; Chandra, S. Cooling of Porous Metal Surfaces by Droplet Impact. Int. J. Heat Mass Transf. 2020, 152, 119494. [CrossRef]
4. Tian, W.; Zhang, H.; Liu, Q. Experimental study on single droplet impinging on a heated and inclined wall at early impaction

stage. Ann. Nucl. Energy 2020, 147, 107697. [CrossRef]
5. Emerson, P.; Crockett, J.; Maynes, D. Thermal Atomization during Droplet Impingement on Superhydrophobic Surfaces: Influence

of Weber Number and Micropost Array Configuration. Int. J. Heat Mass Transf. 2021, 164, 120559. [CrossRef]
6. Chen, Y.; Guo, L.; Cai, N.; Sun, W.; Yan, Y.; Li, D.; Wang, D.; Xuan, R. Evaporation Characteristics and Morphological Evolutions

of Fuel Droplets After Hitting Different Wettability Surfaces. J. Bionic. Eng. 2023, 20, 734–747. [CrossRef]
7. Li, J.; Weisensee, P. Droplet Impact and Leidenfrost Dynamics on a Heated Post. Int. J. Heat Mass Transf. 2023, 201, 123581.

[CrossRef]
8. Park, J.; Kim, D.E. Droplet Dynamics on Superheated Surfaces with Circular Micropillars. Int. J. Heat Mass Transf. 2019, 142, 118459.

[CrossRef]
9. Cai, Z.; Wang, B.; Liu, S.; Li, H.; Luo, S.; Dong, Z.; Wang, Y. Enhancing Boiling Heat Transfer on a Superheated Surface by

Surfactant-Laden Droplets. Langmuir 2022, 38, 10375–10384. [CrossRef]
10. Panda, A.; Mohapatra, S.S.; Kumar, A. Polyethylene-glycol-added water-droplet evaporative cooling for fast cooling operations. J.

Thermophys. Heat Transf. 2019, 33, 686–697. [CrossRef]
11. Wei, M.; Song, Y.; Zhu, Y.; Preston, D.J.; Tan, C.S.; Wang, E.N. Heat transfer suppression by suspended droplets on microstructured

surfaces. App. Phys. Lett. 2020, 116, 233703. [CrossRef]
12. Sahoo, V.; Lo, C.W.; Lu, M.C. Leidenfrost suppression and contact time reduction of a drop impacting on silicon nanowire

array-coated surfaces. Int. J. Heat Mass Transf. 2020, 148, 118980. [CrossRef]
13. Prasad, D.; Sharma, A.; Dash, S. Influence of the substrate permeability on Leidenfrost temperature. Int. J. Heat Mass Transf. 2021,

178, 121629. [CrossRef]
14. Auliano, M.; Auliano, D.; Fernandino, M.; Asinari, P.; Dora, C.A. Can Wicking Control Droplet Cooling? Langmuir 2019, 35,

6562–6570. [CrossRef] [PubMed]
15. Auliano, M.; Fernandino, M.; Zhang, P.; Dorao, C.A. Water droplet impacting on overheated random Si nanowires. Int. J. Heat

Mass Transf. 2018, 124, 307–318. [CrossRef]
16. Kwon, H.M.; Bird, J.C.; Varanasi, K.K. Increasing Leidenfrost point using micro-nano hierarchical surface structures. Appl. Phys.

Lett. 2013, 103, 201601. [CrossRef]
17. Kim, S.H.; Lee, G.; Kim, H.; Kim, M.H. Leidenfrost point and droplet dynamics on heated micropillar array surface. Int. J. Heat

Mass Transf. 2019, 139, 1–9. [CrossRef]
18. Jiang, M.; Wang, Y.; Liu, F.; Du, H.; Li, Y.; Zhang, H.; To, S.; Wang, S.; Pan, C.; Yu, J.; et al. Inhibiting the Leidenfrost Effect above

1000 ◦C for Sustained Thermal Cooling. Nature 2022, 601, 568–572. [CrossRef] [PubMed]
19. Peres Riesgo, B.V.; Rodrigues, C.S.; Nascimento, L.; May, L.G. Effect of hydrofluoric acid concentration and etching time on

the adhesive and mechanical behavior of glass-ceramics: A systematic review and meta-analysis. Int. J. Adhes. Adhes. 2023,
121, 103303. [CrossRef]

https://doi.org/10.1016/j.applthermaleng.2015.12.019
https://doi.org/10.2514/1.B35945
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119494
https://doi.org/10.1016/j.anucene.2020.107697
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120559
https://doi.org/10.1007/s42235-022-00293-y
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123581
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118459
https://doi.org/10.1021/acs.langmuir.2c00745
https://doi.org/10.2514/1.T5601
https://doi.org/10.1063/5.0010510
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118980
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121629
https://doi.org/10.1021/acs.langmuir.9b00548
https://www.ncbi.nlm.nih.gov/pubmed/31038314
https://doi.org/10.1016/j.ijheatmasstransfer.2018.03.042
https://doi.org/10.1063/1.4828673
https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.093
https://doi.org/10.1038/s41586-021-04307-3
https://www.ncbi.nlm.nih.gov/pubmed/35082423
https://doi.org/10.1016/j.ijadhadh.2022.103303


Micromachines 2024, 15, 525 20 of 20

20. Shaw, B.D. Uncertainty of a Result Calculated Using Experimental Data. In Uncertainty Analysis of Experimental Data with R; Shaw,
B.D., Ed.; CRC Press: Boca Raton, FL, USA, 2017; pp. 91–105.

21. Zuccarello, B.; Menda, F.; Scafidi, M. Error and Uncertainty Analysis of Non-Uniform Residual Stress Evaluation by Using the
Ring-Core Method. Exp. Mech. 2016, 56, 1531–1546. [CrossRef]

22. Coleman, H.W.; Steele, W.G. Experimentation, Validation, and Uncertainty Analysis for Engineers; Wiley: Hoboken, NJ, USA, 2018.
23. Moffat, R.J. Contributions to the Theory of Single-Sample Uncertainty Analysis. J. Fluids Eng. 1982, 104, 250–258. [CrossRef]
24. Holman, J.P. Experimental Methods for Engineers, 4th ed.; McGraw-Hill: New York, NY, USA, 1984.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11340-016-0150-5
https://doi.org/10.1115/1.3241818

	Introduction 
	Materials and Methods 
	Droplet Impact Test Platform and Experimental Equipment 
	Measurement Methods 
	Experimental Error and Uncertainty Analysis 

	Results and Analysis 
	Influence of Fiber Layer Arrangement on Droplet Kinematic Properties after Single-Droplet Impacts 
	Influence of Fiber Layer Arrangement on Wall Heat Transfer Characteristics after Single-Droplet Impingement 

	Conclusions 
	References

