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Abstract

The rapid progression of industrialization and the integration of artificial intelligence in recent years emphasizes
the critical need for efficient thermal cooling solutions. Despite significant strides in technology, existing liquid
cooling methods, notably boiling heat transfer and spray cooling, encounter substantial obstacles attributable to
the well-documented Leidenfrost effect. Upon contact with a highly heated surface, a liquid generates a vapor
layer that acts as an insulator, elevating the liquid above the surface and severely impeding heat transfer
efficiency. While notable advancements have been achieved in mitigating the Leidenfrost effect, a
comprehensive understanding of the underlying mechanisms remains limited. Furthermore, challenges persist in
sustaining high-temperature environments across diverse structures, materials, and technologies, impeding
progress in this domain. This review aims to provide a thorough account of fundamental tactics for suppressing
the Leidenfrost phenomenon on high-temperature substrates. It will underscore distinctive attributes and
challenges while exploring avenues for the development of efficient and sustainable thermal management
solutions.

Keywords: Leidenfrost effect, Inhibition strategies, Extreme thermal management, Surface engineering,
Liquid modification, External fields

1. Introduction

In the past decade, the swift advancement of industrialization and artificial intelligence, particularly in domains
characterized by exceedingly high heat flux and elevated temperatures such as nuclear fusion cores (Tominaga et al.,
2014), aerospace (Gu et al., 2023), data centers (Ebrahimi et al., 2014), and electronics (Van Erp et al., 2020), has
precipitated an escalating demand for effective heat dissipation technologies. Under such circumences, the efficacy of
liquid cooling methods, specifically boiling heat transfer and spray cooling, assumes paramount importance. Nonetheless,
a persistent challenge encountered in phase-change liquid cooling on extremely hot surfaces is the Leidenfrost effect
(Leidenfrost, 1756). As liquid approaches an ultra-hot surface, it immediately forms an insulating vapor layer, causing
the liquid to suspend above the surface rather than making physical contact, as illustrated in Figs. 1(a-b). The vapor layer,
characterized by substantial thermal resistance and high lubricity, predominantly obstructs the heat transfer between the
substrate and the liquid. Additionally, the vapor coalescence on high-temperature surfaces may precipitate severe
engineering accidents in heat transfer processes.

The onset of the Leidenfrost effect, known as the Leidenfrost point (LFP), signifies the initiation of stable film boiling.
As depicted in Nakayama's boiling curve in Fig. 1(c), the LFP corresponds to the minimum heat flux (Berenson, 1962).
Broadly, the LFP is contingent upon various factors, encompassing substrate morphology, droplet properties, and external
fields. A higher Leidenfrost point typically indicates enhanced heat transfer capacity and reduced vulnerability to failures
in liquid cooling, thus enhancing equipment stability and safety. In practical scenarios, such as spray cooling and fuel
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injection, droplets often contact solid surfaces in the form of impact. When the impact velocity of the liquid is non-
negligible, the minimum solid temperature at which the dynamic Leidenfrost effect manifests is referred to as the dynamic
LFP (Shirota et al., 2016).
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Fig. 1 Leidenfrost phenomenon. a) Quasi-spherical shape for the droplets with a radius R < [, and b) Pancake shape for the
droplets with a radius R > [ (Biance et al., 2003; Quéré, 2013). ¢) Nakayama’s boiling curve (Berenson, 1962).

The quest for strategies to suppress the Leidenfrost effect has emerged as a pivotal concern, drawing significant
interest. Essentially, the manifestation of the Leidenfrost effect hinges on the interplay between liquid-solid contact and
gas-solid contact. Over recent decades, a plethora of technologies aimed at mitigating the Leidenfrost effect has been
explored by delaying or disrupting the formation of the vapor layer. These methods primarily involve surface
functionalization (micro/nanopillars (Tran et al., 2013), porous materials (Nair et al., 2014; Sajadi et al., 2017),
heterogeneous structures (Jiang et al., 2022)), fluid modifications (polymer additives (Bertola, 2009), surfactants
(Prasad et al., 2022), and nanoparticles (Jollans and Orrit, 2019)), the and applications of external fields
(acoustic field (Ng et al., 2016), mechanical vibration (Ng et al., 2015), electric field (Shahriari et al., 2017), pressure
(Van Limbeek et al., 2021), gravity (Maquet et al., 2015)).

Despite the significant strides made in alleviating the Leidenfrost effect, several intriguing inquiries have emerged,
such as how to further improve the Leidenfrost temperature, how to achieve the heat flux limit on high-temperature
surfaces, and how to pinpoint the most cost-effective, straightforward-to-implement, and efficacious technology.

Based on the aforementioned concerns, we systematically summarize the strategies for suppressing the Leidenfrost
effect, as presented in Fig. 2. Initially, we elucidate the foundational physical mechanisms, critical dynamics, and heat
transfer principles linked to the Leidenfrost effect. Subsequently, we discuss various strategies to suppress the Leidenfrost
effect, such as micro/nanoscale structures, fluid modifications, and external conditions, as well as the primary findings
and underlying mechanisms. Lastly, we briefly explore the promising breakthroughs related to suppressing the
Leidenfrost effect. This review not only summarizes the existing findings but also expects to inspire novel designs and
advancements in tailored engineering surfaces for suppressing the Leidenfrost effect.
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Fig. 2 Strategies for inhibiting the Leidenfrost effect.
2. Fundamental understanding

The Leidenfrost effect primarily arises from the competition between the liquid-vapor interactions and the vapor-
solid interactions. Following this understanding, to better inhibit the Leidenfrost effect and improve the heat transfer
efficiency of high-temperature surfaces, it becomes essential to elucidate the underlying hydrodynamics and
thermodynamics of Leidenfrost droplets and vapor layers.

2.1 Droplet behaviors
The Leidenfrost droplet levitated on a vapor layer above a heated surface showcases either a quasi-spherical or
pancake shape (Biance et al., 2003; Quéré, 2013), as displayed in Fig. 1. The capillary length of the liquid is defined as

l.= \/ Y/pg, where y, p; and g denote the surface tension, liquid density, and gravity acceleration. When the droplet

radius R is smaller than the capillary length of the liquid, due to the balance between surface tension and hydrostatic
pressure, the droplet presents a spherical shape, with an approximately flat bottom, a height of H = 2R, a neck radius of

R. = \E R? /1., and a lifetime scaling as T~ % R2 (Biance etal., 2003). Here, Ro, A, /v, and AT, represent the initial
181s

radius of the droplet, the thermal conductivity and the latent heat of the liquid, and the superheat of the surface. During
the droplet evaporation, the radius depending on time is expressed as R = R,(1 — t/7)*/2. As the radius approaches
capillary length, the gravity effect becomes more significant, and the droplet that is levitated on a nonuniform vapor layer
displays a pancake shape. According to the differential equation of Laplace pressure, the pancake droplet in an

equilibrium state has a height of H = 2[., a neck radius of R, =\/§R3/2/lg/2, and a lifetime of 7 =

3/4 1/4
2 (2Rilchy i RY? (Biance et al., 2003). Here, is the vapor viscosity. As the Leidenfrost droplet evaporates,
AT, o0 0 v p y p P

the vapor layer becomes thin over time, the droplet not only retracts but also sinks slowly, finally, the radius of the
Leidenfrost droplet becomes R = R,(1 — t/7)? (Biance et al., 2003). When the radius of the droplet further increases
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to a critical size ~4l, the Leidenfrost droplet will be subjected to strong instability, forming a steam chimney underneath
the droplet that will gradually burst through the center of the droplet (Snoeijer et al., 2009).

The behaviors of Leidenfrost droplets (encompassing levitation, rotation, star oscillation, bouncing, etc.) vary
from surface temperatures, substrate characteristics, liquid properties as well as the morphology of vapor layers
(Bouillant et al., 2018; Bourrianne et al., 2019; Graeber et al., 2021; Li et al., 2023; Lin et al., 2024; Liu and Tran, 2020;
Paul et al., 2015; Yang et al., 2022). Typically, the liquid-vapor interface at the bottom of the droplet ehibits higher
temperatures compared to the liquid-air interface at the apex, potentially triggering thermobuoyant currents and
Marangoni flows within the Leidenfrost droplet. These dynamics can lead to heightened horizontal and vertical rotation
(Chakraborty et al., 2022; Yim et al., 2022), as shown in Figs. 3(a) and (b). These self-propulsion and self-rotation
phenomena can be intensified by rapid asymmetric internal flow and bottom tilt (Bouillant et al., 2018) on
asymmetrically textured surfaces (Dupeux et al., 2013), temperature gradient surfaces (Sobac et al., 2017) and
wettability gradient surfaces (Agapov et al., 2014; Chen et al., 2018b). Modulating the distribution and configuration
of hydrophilic and hydrophobic regions via chemical or physical means can exert a significant influence on the
dynamics of Leidenfrost droplets and the cooling efficacy of high-temperature surfaces (Li et al., 2023; Yang et al.,
2022). These behaviors provide substantial potential for localized thermal management.
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Fig. 3 General geometries of Leidenfrost droplet and vapor layers on superheated surfaces. ¢) Vortex flow in the Leidenfrost
droplet (Yim et al., 2022). b) Velocity fields in the Leidenfrost droplet from simulations (Chakraborty et al., 2022). c)
Interface images of the vapor film from experiments (Burton et al., 2012). d) The vapor film thickness from simulations

(Chakraborty et al., 2022).

2.2 Vapor layer morphologies
The presence of the vapor layer is the primary factor contributing to the extended longevity of Leidenfrost

droplets. Ensuring sufficient liquid-solid contact and efficient bubble detachment is imperative for sustaining
elevated heat transfer efficiency. Hence, observing and disrupting vapor films within the Leidenfrost phenomenon has

become an important focus for optimizing heat transfer efficiency on extremely high-temperature surfaces.
For the Leidenfrost droplets with aradius R < [, the vapor film is roughly flattened, with a thickness being derived

1/3
as 6~ (%Lﬁg) R*/3 (Biance et al., 2003). In contrast, for the Leidenfrost droplets with a radius R > I, the vapor
1vPv
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morphology is discovered to resemble the shape of an inverted bowl, allowing vapor to escape through Poiseuille flows.

341ATsny

1/4
) R'/? (Biance et al., 2003). As the Leidenfrost droplet
4hypvp19lc

This leads to an average thickness of § = (

undergoes evaporation, the thickness of the vapor film decreases with time, which can be expressed mathematically as
3AATsnyR3 1/4 . . . e . .

6(t) = (W) (1 —t/7t) (Biance et al., 2003). This relationship highlights the time-dependent nature of vapor

film thickness as it responds to changing droplet dynamics during the evaporation process.

Extensive experimental investigations have provided insights into the morphology of the vapor layer. As elucidated
in Fig. 3(c), the curvature and height of the vapor layer and the non-axisymmetric interface fluctuations of water
droplets were measured by fringe encoding via laser-light interference and high-speed imaging techniques (Burton et al.,
2012), revealing film thickness within the range of 10-100 um. Fringes are most discernible in regions proximate to the
center of the vapor layer and the narrowest annulus neck. Real-time visualization of the interfacial profile of vapor films
can be achieved through ultrafast X-ray imaging (Lee et al., 2018). Notably, on a smooth metallic surface, the vapor layer
of a droplet at several millimeters corresponds to an average thickness of 10-20 um, as elucidated by a high-speed
electrical approach (Harvey et al., 2021), dynamic fluctuations in the central vapor layer and around the neck region are
evident and pivotal for drop propulsion, oscillations, and star shapes observed on high-temperature substrates. Moreover,
surface roughness tends to induce various instabilities in the vapor layer beneath the Leidenfrost droplet (Aursand et al.,
2018; Chantelot and Lohse, 2021; Zhao and Patankar, 2020). To facilitate more rapid collapse of the vapor film, the
critical thickness of the vapor film on a rough surface must not exceed the combined effect of surface roughness and the
critical thickness observed on a smooth surface (Wakata et al., 2023).

The intricate nature of the vapor layer in the Leidenfrost effect, characterized by short temporal scales and multiple
dimensions, can be effectively captured through multiphysics simulations, spanning computational fluid dynamics and
molecular dynamics. The study of the underlying vapor film via the direct simulations using level set/arbitrary
Lagrangian-Eulerian methods (Ge and Fan, 2005) and level set/ghost fluid methods (Villegas et al., 2017) is challenging,
because of the multiscale characteristics of the Leidenfrost phenomenon. Addressing the full Navier-Stokes-Fourier
equations throughout the entire computational domain, in conjunction with capturing the liquid-vapor interface,
necessitates both high-density grids in the liquid and surrounding medium—particularly within the thin vapor layer—
and exceedingly small time steps to ensure stable and accurate solutions. Chakraborty et al. (2022) combined
the lubrication approximation of vapor flow with the Navier-Stokes equations for inner flow in droplets and proposed a
robust hybrid/multiscale computational model to capture the dynamics of impacting Leidenfrost droplets (Fig. 3(d)),
such as the dynamic chimney instability. Notably, this model enables the prediction that small drops will transition to
dimple-less droplets. The key advantage lies in its efficiency, as it solely requires meshing of the liquid domains
while treating the vapor as a boundary condition for the droplet. Kinetic theory or molecular scale studies have found
that the collapse of the vapor film may come from the balance failure between thermocapillary forces and vapor thrust
stabilization (Aursand et al., 2018), the rapid growth of well-defined perturbations (such as gas inertia) within a few
milliseconds (Harvey and Burton, 2023), or van der Waals interactions between the bulk liquid and the solid substrate
across vapor layer (Zhao and Patankar, 2020). Nevertheless, the precise conditions for the collapse of vapor layers
suspended on micro-nano pillars or porous materials remain poorly understood, highlighting a lack of
experimental methodologies capable of swiftly disrupting vapor films and enhancing heat transfer efficiency.

2.3 Phase-change heat transfer theories

Efforts aimed at mitigating the interfacial Leidenfrost phenomenon and enhancing thermal management efficiency
should adhere to the following principles. Firstly, strong wicking ability should be ensured to enlarge liquid-solid contact
area and increase the uniformity of liquid distribution. Next, sustaining nucleation sites is crucial to facilitating
adequate phase-change heat transfer. Lastly, to further increase liquid-solid contact, the presence of adequate channels
or a high detachment frequency is vital to ensure prompt vapor bubble evacuation. Bubble nucleation is pivotal in
boiling heat transfer processes, exerting a significant influence on heat transfer efficiency by affecting the
nucleation efficiency, growth rates, and bubble detachment frequencies from a heated surface.

Typically, the nucleation of a vapor bubble (Fig. 4(a)) on a heated surface begins with the saturated liquid (Cho and
Wang, 2019) and involves overcoming an energy barrier, which can be expressed by the classical nucleation theory
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(Zhang et al., 2022), R = Az—t}, here y is the surface tension, AG is combined free energy, and p,, is the density of the

vapor. A bubble nucleated on a rough surface involves understanding the interaction between the liquid and the interfacial
structure. On the one hand, the rough surfaces creating more micro-scale cavities or protrusions make bubble nucleation
more readily. On the other hand, the rough surface geometry may alter the Gibbs free energy associated with bubble
formation (Gallo et al., 2021), AG = 167Ty3/(3Ap2(1 — cos@)), where 6 is the contact angle. For example, on an
amphiphilic surface, a bubble nucleates in hydrophobic regions, while its lateral expansion is inhibited by the hydrophilic
regions. Similarly, on a bi-thermally conductive surface, the nucleation site density, energy barriers and bubble dynamics
can be modulated by exploiting heterogeneity thermal region. The bubble once formed exerts an interfacial Laplace
pressure on the surrounding liquid (Jones et al., 1999), Ap = 2y/R. In addition, the bubble removal frequency can be

expressed as f = ﬁ (Malenkov, 1971).

In a three-phase interface system in Fig. 4(b), a bubble grows on the surface of interfacial material as a result of
heat conduction and exhibits a pendant shape with a height [, (Tamvada et al., 2023). Heat transfer occurs within a
thermal boundary layer around the growing bubble, which can be described using Fourier’s law (Baron Fourier, 2003),

q=-2 ‘;—i, where ¢ is the heat flux, A4 is the thermal conductivity of the material, T /dx is the temperature gradient.

The largest thickness of the micro-layer is §, and the temperature profile within the thermal boundary layer is linear.
According to Utaka et al.’s research (Utaka et al., 2013), the &, is expressed as 6,(r;,) = C,11,, where C, is a constant
that can only be determined by measurement. The temperature of the upper boundary of the micro-layer is the same as
that of the saturated vapor inside the bubble, which is expressed as Tj,. The temperature of the micro-layer’s bottom

Al (TSW_TS)’

boundary is T,,. If the temperature of the heated surface Ty is fixed, the heat through the bubble is equal to ;
b

Ts

and the heat through the micro-layer is equal to A %, here A and A; are thermal conductivity for surface and
o

liquid, respectively. Once bubbles coalesce and form a vapor film (Fig. 4(c)), the heat transfer through liquids will fail,
greatly impairing the heat transfer efficiency.

a h Liquid C Liquid

/T, t*

N I,
Bubble Vapor layer '

Bubble
TSW
m Heated surface

Ts Solid Ll

Fig. 4 Heat transfer model in different stages. a) Bubble nucleating on a smooth surface. b) Interfacial heat transfer of
three-phase interfaces among the bubble, liquid and solid. c¢) Heat transfer through the vapor film.

3. Inhibition strategies of Leidenfrost effect

After hundreds of years of evolution, many strategies have been developed to suppress the Leidenfrost
phenomenon. In this section, we will discuss how different approaches, including micro/nanostructures, fluid
modifications, and external fields, inhibit the Leidenfrost effect as well as the associated underlying mechanisms.

3.1 Substrate structures and materials

Meticulously designed interface engineering is a promising avenue for mitigating the Leidenfrost
phenomenon. In this section, we will examine the influence of micro/nanopillars, porous materials, and hierarchical
heterogeneous structures on inhibiting the Leidenfrost effect, and particularly highlight their roles in modulating
thermal dynamics, enhancing liquid retention, and enhancing vapor evacuation.

[DOI: 10.1299/jtst.24-00360] © 2025 The Japan Society of Mechanical Engineers



Gu, Li, Zhang and Wang, Journal of Thermal Science and Technology, Vol.20, No.1 (2025)

r
pressure

f #50 Stainless Steel Mesh : h 024 . 7
1 P
I 0224 % 4
| P
| 020 "
rd
I . . h 0.18 - "V
_ e
o ”

0.16 4

I -E_ | g g
s® 0144 37
/l'
012 L2
re
0.10 -.F’
008 i ,
i B Simualtion results
O'UBT = = = Linear fit : y= 0.071 + 0.184x
T T T T T T T T T T
0.0 0.2 04 06 08 1.0

Fig. 5 Micro/nanopillars and porous materials for inhibiting the Leidenfrost effect. a) Micro/nano pillars with different spacing
and heights (Prasad et al., 2021). b) Micro/nano hierarchical surface (Du et al., 2023b). ¢) Levitation mechanisms of
droplets on micro/nanopillars (Kwon et al., 2013). d) Synergistic effects of the height and spacing of micro-pillars in
heat transfer (Zhai et al., 2024). e) Pillar-like structure (Del Cerro et al., 2012). f) Stainless steel mesh (Geraldi et al.,
2016). g) Levitation mechanisms of droplets on nanowires (Sahoo et al., 2020). h) Normalized droplet evaporated mass
M./M, versus surface solid fraction 1-®, and the linear fitting function (dashed line) (Wang et al., 2022).

3.1.1 Micro/nanopillar structures

Micro/nanopillar structures have shown reliable performance in inhibiting the Leidenfrost effect and improving heat
dissipation on high-heat-flux surfaces (Kim et al., 2011; Talari et al., 2018). Figure 5 delineates various micro/nanopillars
alongside the mechanisms that impede the Leidenfrost effect. For example, the LFP increases from 270 °C on a smooth
silicon substrate to 507 °C on a substrate with tall and sparse micropillars (Fig. 5(a)), due to the increased droplet-
substrate contact areas, additional pinning effects, and combined boiling modes along the pillar height (Prasad et al.,
2021). Leveraging the potent capillary effect for liquid wicking and the heightened permeability of micro/nanocavities
for vapor flow (Du et al., 2023b), dynamic LFPs exceeding 500 °C were achieved on micropillar arrays (Fig. 5(b)). As
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demonstrated by a parametric study (Kwon et al., 2013), counterintuitively, the sparser pillar substrate actually resulted

in an increased LFP rather than the denser pillar structure. Both bubble nucleation sites and increasing vapor flow
resistance increase with the increase of the spatial density of micro/nanopillars on the substrate. According to the
quantified studies from Kim et al. (2019), on surfaces featuring low spatial density micropillars, the impact of
nucleation-assisted agitation on droplet dynamics is minimal for simplicity. Conversely, on surfaces with high spatial
density micropillars, elevated friction and vapor pressure lead to reduced LFPs. Notably, on surfaces with a medium
spatial density of micropillars, the time duration before droplet rebound increases significantly, with nucleation activities
at the liquid-solid interfaces affecting droplet stability, thereby maximizing the LFP. In a similar vein, Kim (2020)
measured the LFP on circular micropillars with pitches ranging from 15 to 1000 um and found the maximum LFP at a
pitch of 120 um. The increase in LFP facilitated by micro/nanopillars results from the interplay between capillary forces
exerted by the pillars and the increased hydrodynamic resistance to vapor flows in the gaps between the pillars (Fig.
5(c)). Aiding the volume of fluid (VOF) model and an optimized evaporation model via the computational fluid
dynamics (CFD)method, Zhai et al. (2024) ascertained that, regardless of whether the surface temperature was proximity
to the LFP, heightened pillars significantly enhance heat transfer, indicating that the critical micropillar spacing for
optimal heat transfer shifts to a smaller value from a larger one. Careful selection of micropillar parameters can
significantly reduce the Leidenfrost effect, thereby elevating heat transfer efficiency (Fig. 5(d)). Notably, the heat
transfer performance is improved by 44.89% at a surface temperature of 413.15 K and by 92.22% at 573.15 K.

From another perspective, micro/nanopillars may also confine LFPs by strengthening the flow resistance of escaping
vapor. For instance, the LFP on the surfaces with dense topographies of micropillars and microholes (Fig. 5(e)) is
reduced by approximately 105 °C and 85 °C. Because the dense microstructure provides more bubble nucleation sites
and facilitates vapor formation, while simultaneously limiting the available space for gas evacuation (Bernardin and
Mudawar, 2002). Likewise, analogous trends were identified on micropatterned surfaces (DdCerro et al., 2012; Tran et
al., 2013).

3.1.2 Porous materials

Several porous materials have displayed remarkable efficacy in mitigating the Leidenfrost effect, including porous
ceramics (Avedisian and Koplik, 1987), carbon nanotubes (Kim et al., 2013), nanowire arrays (Sahoo et al., 2020),
nanofibers (Nair et al., 2014), and graphene (Lim et al., 2022). On a mesh surface (Fig. 5(f)), the liquid only contacts
mesh wires, whilst bridging wire gaps at the action of the surface tension of liquids, implying that the heat flux required
to generate a supporting vapor layer in the Leidenfrost state must be transferred exclusively through the contact area
between the liquid and solid wires. Consequently, generating a continuous vapor layer and maintaining the Leidenfrost
state require elevated temperatures that increase with open areas (Geraldi et al., 2016). In general, the most notable
advantages of porous materials in increasing LFP are promoting capillary wicking and pinning effects for liquid
droplets, providing spacious escape paths for the vapor flow by porous structures, decreasing vapor pressure levitating
droplets, and thus preventing the establishment of a stable vapor layer (Fig. 5(g)). A cost-effective and easily
fabricated superhydrophilic nickel foam exhibits rapid droplet penetration within tens of milliseconds, elevating
the dynamic Leidenfrost point beyond 500 °C (Du et al., 2023a). Compared to the nickel surface, the nickel foam
nucleates at high superheat and induces a heat flux that is an order of magnitude higher. These remarkable features can
be attributed to the superhydrophilic property promoting capillary wicking, the high porosity reducing effective thermal
conductivity, and the large pore diameter enhancing permeability. Droplet penetration is governed by inertial and
capillary forces at low and high superheat levels, respectively, with moderate pore diameters proving more conducive
to facilitating droplet penetration. The pore diameter plays a negligible role at high surface temperatures due to the
trade-off between effective thermal conductivity and specific surface area. Nanoporosity was found to exert a more
pronounced impact on the Leidenfrost phenomenon than wettability (Kim et al., 2011). Compared to non-
porous surfaces, bubbles nucleate more facilely on nanoporous surfaces and grow rapidly in the highly superheated
liquid, thus enhancing the LFP. To identify the factors that significantly contribute to increasing the LFP of
porous materials, Lee et al. (2019) detected various factors of sintered porous wick surfaces and found that the
LFP and the heat transfer performance during film boiling were primarily dominated by surface thermal
effusivity. With the help of multi-phase thermal lattice Boltzmann method, Wang et al. (2022) explored the
effects of the Weber number and porous plate configurations (temperature, flat plate, porous plate, and varying
pore intervals) on Leidenfrost droplet dynamics and heat transfer performance. Elevated temperature, larger
Weber numbers, and reduced pore intervals can expedite droplet pancake bouncing due to the additional lift force
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imparted by vapor pressure evaporation within pores. Furthermore, the evaporated droplet mass increases
linearly with the impacting Weber numbers and the plate opening fractions (Fig. 5(h)).

3.1.3 Heterogeneous structures

Reterogeneous structures have been widely explored in the fields of thermal management (Chen et al., 2011; Cheng
etal., 2021; Har et al., 2015; Sun et al., 2022) due to the remarkable synergistic effects exhibited by zones with markedly
distinct mechanical and physical properties. In recent years, there has been a gradual exploration of several multiscale
heterogeneous structures for mitigating the Leidenfrost effect. These structures effectively combine the robust liquid-
wicking capabilities of porous materials with the ample vapor escape paths offered by micro/nano-pillars.

The initial venture into homogeneous architectures involved the integration of two corrugated copper meshes and
multiple layers of copper nanoparticles (Sajadi et al., 2017). This configuration successfully distinguishes the liquid
infiltration induced by nanoparticles and the vapor flow pathways facilitated by copper meshes, effectively alleviating
the Leidenfrost phenomenon at temperatures below 220 °C while maintaining high heat dissipation capacity. The second
representative multiscale homogeneous structure (Farokhnia et al., 2017) allows the suppression of the Leidenfrost effect
even at a substrate temperature of up to 570 °C by jointing a superhydrophilic nanomembrane to the top of silicon
micropillars with high thermal conductivity. The cooling droplet is stabilized against the hot solid owing to capillary
forces created by the nanomembrane, while the resulting vapor is flowing radially outward, thus permitting the
independent control of these two forces. Crucially, this decoupled hierarchical structure delivers exceptional heat
dissipation capabilities at elevated surface temperatures. It is worth noting that the micropillar height should be at least
95 um. As previously mentioned, if the surface feature is thinner than the vapor film, then the surface feature will merely

increase the shear resistance of vapor flows, resulting in decreasing LFP (Kim et al., 2011).
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Fig. 6 Multiscale heterogeneous structure STA for suppressing the Leidenfrost effect (Jiang et al., 2022). a) Composition of
structure thermal armor. b) High-speed camera images of a water droplet with a volume of 17 pl on STA at a temperature
of 1000 °C. c) Lifetime z, average heat flux, and phase diagram.
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The third groundbreaking multiscale heterogeneous structure is the structural thermal armor (denoted as STA, see
Fig. 6(a)) proposed by Jiang et al. (2022), which incorporates conductive steel pillars for bubble nucleation, embedded
insulating porous membranes for rapid wicking and liquid spreading, and U-shaped channels for vapor evacuation. A
standout feature of this STA lies in the use of heterogeneous materials with varying geometrical sizes, thermal
conductivities, and wetting properties, culminating in a notable Leidenfrost point of 1150 °C, surpassing the previous
benchmark by nearly 600 °C. This is the highest LFP recorded in current engineering fields, which may be further
elevated by adopting materials with a higher melting point. Figure 6(b) presents the side and top views of water
droplets with a volume of 17 pl contacting the sample STA at a temperature of 1000 °C, where neither a Leidenfrost
state nor a mixed state is observed. At elevated temperatures, the lifetime of water droplets on the sample of STA is
50 times shorter than that on the sample of micropillar or the sample without vapor escape channels, while the heat
flux is increased by approximately tenfold (Fig. 6(c)). This can be attributed to the larger nucleation areas provided
by pillars, the enhanced liquid supply capacity from the insulated porous membrane to the conductive pillars, and the
strong vapor evacuation ability of U-shaped channels beneath the insulating membrane. Furthermore, Jiang et al.
(2022) undertook parameter optimization for the STA, scrutinizing factors such as the minimum height of vapor
channels, droplet penetration depth, maximum membrane pore size, wicking duration, and cooling time of porous
membranes. The researchers deduced that the optimal pillar density for STA to achieve the highest heat flux is 0.25.
To date, there remains a notable research gap concerning the impact of heterogeneity in hierarchical heterostructures
on the Leidenfrost effect.

3.2 Liquid modifications

Liquid modification refers to altering the properties of liquids, such as viscosity, surface tension, and latent heat of
vaporization, to affect evaporation and heat transfer. We summarize the specific effects of various liquid modification
approaches, including polymer additives, alcohol additives, surfactants, nanoparticles, and nanobubbles, thereby refining
droplet interactions and thermal responses.

3.2.1 Liquid additives

Alcohol is the first notable category of liquid additives, primarily relying on varying concentrations to modulate the
overall surface tension of droplets, which allows for control over the changes in Leidenfrost temperature. As illustrated
in Fig. 7(a), the concentration of the alcohol additive itself has a minimal effect on the dynamic LFP (Cai et al., 2023b).
However, the influence of the concentration of the alcohol additive on the dynamic LFP of alcohol-water mixture droplets
is significantly greater than that of pure water or pure alcohol. This is because the addition of a small portion of alcohol
additive droplets lowers surface tension, enhances liquid spreading, decreases bubble departure diameter, increases
bubble departure frequency, and retards bubble coalescence. These factors collectively contribute to a substantial
enhancement in droplet LFP, achieving the highest value at approximately 450 °C. This study highlights the significant
potential at alcohol additives in enhancing droplet LFP.

Another kind of liquid additive is surfactant, which exhibits a substantially beneficial effect on elevating LFPs. For
instance, high alcohol surfactants (HAS) of 1-octanol and 2-ethylhexanol can actually increase the dynamic LFPs up to
450 °C (Chen et al., 2018a). This phenomenon stems from the reduction in droplet surface tension, resulting in a larger
diameter but thinner thickness after droplet spreading. Consequently, bubble coalescence becomes more challenging,
thereby hindering the vapor layer formation and rendering the Leidenfrost state more unstable. A direct correlation
between the surfactant concentration and LFP is delineated in Fig. 7(b), where LFP monotonically rises with the
concentration of sodium dodecyl sulfate (SDS), up to 280 °C. This escalation is because the inclusion of the solute
counterpart amplifies the thermal Marangoni instability, leading to a distinctively distorted droplet interface induced by
thermal- and solute-capillary perturbations (Prasad et al., 2022). Conversely, ionic surfactants could significantly
decrease LFP due to the ability of nonpolar chains of surfactant monomers to anchor bubbles on surfaces for in-situ
growth and could facilitate adjacent bubble coalescence to form vapor layers (Zhang et al., 2020).

Different dynamic behaviors of polymer droplets may impose an influence on the LFP by altering contact time and
thermal conduction. Firstly, polymer additives may increase the droplet viscosity and prevent fragmentation. For example,
polyethylene oxide (Bertola, 2009) was found to reduce the maximum spreading diameter and enhance the rebound
behaviors of droplets. Dhar et al. (2020) identified a much clearer relationship between polymer additives and LFP.
Dissolved polyacrylamide droplets exhibit a delayed Leidenfrost effect (higher LFP) than pure water until reaching a
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concentration of 1000 ppm. Conversely, mixture droplets at a concentration of 1500 ppm display a substantially lower
LFP than pure water. This could be summarized as high concentrations of polymer additives may over-increase the droplet
viscosity, preventing droplets from adequate spreading and limiting contact areas required for effective heat transfer.
Industrial applications often require using multiple liquid additives to achieve optimal performance, which
necessitates discussing more intricate scenarios involving multiple components and interactions (Sen et al., 2017; Sen et
al., 2020). The first situation to be introduced is the spontaneous explosion of mixed droplets with a multitude of smaller
secondary droplets. For instance, this behavior was observed in a mixture droplet of water, ethanol, and oil (Lyu et
al., 2021) due to the preferential gasification of ethanol promoting oil microdroplet nucleation, leading to
oil microdroplets enveloping water, thereby reducing vapor layer thickness (Fig. 7(c)). Another example concerns
different droplets with different components and different boiling points. If two droplets with different boiling points are
placed simultaneously on a hot surface, the droplet with a higher boiling point could work as a new heat source for the
one with a lower boiling point, which may form a vapor layer between the two adjacent droplets, preventing their
coalescence. This more complex phenomenon is called the triple Leidenfrost effect (Pacheco-Vazquez et al,
2021). However, the interactions and the uneven temperature distributions within droplets of differing
compositions render the investigation more challenging, necessitating further exploration and elucidation.

3.2.2 Dissolved gas additives

When considering the effect of dissolved gases on the LFP of droplets, conflicting viewpoints emerge. One school
of thought posits that augmenting nanobubble concentrations can boost LFPs. An illustrative example of delaying the
Leidenfrost effect involves the dispersion of significant oxygen nanobubbles (ranging from 100-200 nm) within fluid
droplets, resulting in an increase in LFPs to 320 °C (Vara Prasad et al., 2022). The crucial mechanisms behind this
effect can be traced to the rewetting properties due to the presence of dispersed nanobubbles and possible
microscale gas layer formed between solid-liquid interfaces. Additionally, in the nucleate boiling regime, carbon
dioxide (CO;) which is highly soluble in water could help to increase the heat transfer of droplets due to the
prevention of the coalescence of vapor bubbles (Cui et al., 2001). However, as the surface temperature
approaches the LFP, the dissolved CO, escapes from underneath droplets, preventing droplets from contacting the
substrate and suppressing heterogeneous nucleation, thereby reducing the heat transfer between droplets and hot
surfaces.

Quite different from the previous perspective, the significant complete degassing was revealed to be necessary for
highly effective boiling heat transfer by molecular dynamics simulations (Situ et al., 2024). As the temperature rises, the
dissolved air is released from the water and is adsorbed on solid surfaces, forming an interfacial air layer. Hence,
instead of bubble departure, the Leidenfrost phenomenon manifests, further resulting in heat transfer deterioration.
This negative effect of the interfacial gas layers can be reduced by high pressure.

3.2.3 Nanoparticle additives

Dispersed nanoparticle additives affect the Leidenfrost effect via a different mechanism, promoting intermittent
solid-liquid contact and impeding the formation of the vapor layer. For instance, the optimal loading of TiO,
nanoparticles has elevated the LFP to 300 °C while drastically reducing droplet lifetime by an order of
magnitude (Paul et al., 2020). This can be explained by the deposition of nanoparticles by creating uniquely
random porous structures on thermal substrates, which disrupts the Leidenfrost state and generates additional
capillary wicking (Fig. 7(e)). Such an increase in LFPs of nanofluid droplets is also restricted by the
concentration, materials, and shapes of dispersed nanoparticles, which increases the operational difficulty. Ulahannan
et al. (2021) anticipated the impact of both spherical and cylindrical Al,Os nanoparticles, revealing that the
LFP of nanosphere-water and nanorod-water mixtures is lower than those of deionized water. The disparity in LFP
was attributed to the heightened heat flux and the vapor formation induced by high-conductivity metal
nanoparticles. In conclusion, an appropriate amount of well-shaped nanoparticles may effectively augment the LFP of
mixed droplets.

In sharp contrast, one possible complex scenario is that a frozen disk placed on a sufficiently hot surface directly
transitions from the solid to the gaseous state, resulting in an increment of LFP of approximately 400 °C over liquid
water droplets (Edalatpour et al., 2022). This three-phase Leidenfrost state is also possible for other substances besides
water, as long as the pressure exceeds their triple point, which is encouraged as an avenue of future research.
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3.3 Active technologies

Applying external fields presents a viable solution to effectively mitigate the Leidenfrost effect (Fig. 8). In certain
industrial applications, such as the combustion chambers of turbomachinery, it is often challenging and impractical to
treat heat transfer surfaces through structural modifications or chemical treatments. External fields—including electric,
pressure, gravitational, magnetic, and acoustic fields—can exert a strong inhibitory effect by driving the liquid back to a
nucleate boiling state or modifying the shape of vapor layer, thereby ensuring continuous and efficient heat transfer.

3.3.1 Electric field

The most frequent method of suppressing the Leidenfrost effect using an external field is to apply an appropriate
electrostatic field. The principle behind the electric field in suppressing the Leidenfrost effect lies in the interaction
between electrostatic forces and capillary forces (Celestini and Kirstetter, 2012). As shown in Fig. 8(a), by
increasing the voltage between the droplet and the substrate, the liquid is further attracted to the surface, reducing
the thickness of the vapor layer and thereby enhancing the LFP (Ozkan et al., 2017). This technology is still
partially effective even at an ultra-high temperature beyond 500 °C at a voltage of 90 V (Shahriari et al., 2014).
However, achieving such high voltages is challenging in industrial settings. An alternative method is to increase the
Weber number and thus adjust the ratio of impact velocity to electric field strength (Nazari and Pournaderi, 2019). The
material properties of the heat transfer surface also influence the ability of electric fields to suppress the Leidenfrost
effect. An electric field performed a better suppression effect on silicone oil surfaces and liquid metal surfaces than
on ordinary solid surfaces (Shahriari et al., 2017), since the Leidenfrost droplets on a silicone oil surface can fully
penetrate into the substrate and transform into a thin liquid film. A more precise method targeting the three-phase
contact line could also achieve a similar inhibitory effect. Wang and his team (2024) significantly shortened droplet
lifespan at least ten times on superhydrophilicity high-temperature surfaces by generating air discharge to increase the
free energy near the three-phase contact line and combining electromechanical force to reduce contact angle. Different
from the direct-current fields adopted in previous studies, high-frequency alternating electric fields would be completely
negated, making it impossible to suppress the Leidenfrost effect (Lu et al., 2021).
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3.3.2 Magnetic field

Under different magnetic field conditions, the Leidenfrost effect can manifest in two forms—suppression or
induction. For example, to suppress the Leidenfrost effect, suspended magnetic ferrofluid droplets can be forcefully
pressed onto an overheated surface using a non-uniform magnetic field. This method can reduce evaporation time to
about one-third compared to droplets without a magnetic field (Kichatov et al., 2023). In contrast, applying a
magnetic field in a different manner, specifically above the heat exchange surface, can enhance the Leidenfrost
effect of ferrofluid (D'Angelo et al., 2019). The biggest advantage of using magnetic fields to suppress the
Leidenfrost effect, compared to other methods, lies in their ability of operating in ultra-low-temperature
industrial environments. As illustrated in Fig. 8(b), a magnetic field could be wused to manipulate
oxygen droplets placed on aheated surface, displaying a deformation characterized by capillary length
(Piroird et al., 2013), which has profound significance for aerospace engineering, particularly for the
antennas of deep space communication satellites that often operate in ultra-low temperature and zero-gravity
environments.

Additionally, high-frequency sound waves offer an alternative technique to suppress the Leidenfrost effect without
altering liquid properties and heat transfer surfaces. As illustrated in Fig. 8(c), as the excitation frequency increases,
strong capillary waves are induced in the vicinity of liquid-gas interfaces and cause the droplet to contact with heated
substrates, ultimately terminating the Leidenfrost effect (Ng et al., 2016).

3.3.3 Ambient pressure

Suppressing the Leidenfrost effect using electric or magnetic fields has a common and evident drawback: They do
not interact effectively with uncharged or non-magnetic droplets. As such, changing the ambient pressure has been a
reliable alternative. Experimental data indicated that the LFP increases with increasing pressure at both sub-atmospheric
and above-atmospheric pressures (Orejon et al., 2014). The increase in ambient pressure results in thinner vapor layers
and more liquid-solid contacts, elevating the Leidenfrost point to 440 °C (Van Limbeek et al., 2021) and intensifying the
heat transfer rate in the film boiling regime (Kita et al., 2022). The improvement in the LFP may be associated with an
elevated phase-transition temperature and a higher temperature limiting to sustain nucleate boiling in a high-pressure
environment (Van Limbeek et al., 2021). This conclusion can be confirmed through experiments with various organic
liquids, such as ethanol, FC-72, acetone, organic coolants, and liquid fuels. For instance, increasing the pressure from 1
to 20 bar can significantly increase the LFP of n-decane as much as 250 °C (Chausalkar et al., 2020), as shown in Fig.
8(d). A high-pressure environment can reduce the production of volatile components in fuels, making the formation of a
vapor layer more difficult (Chausalkar et al., 2021).

3.3.4 Ambient gravity

Studying the variations of the Leidenfrost effect in different gravitational environments is of significance for the
aerospace industry because heat exchange on space stations must bee carried out in microgravity or even zero-gravity
conditions. Notably, the nucleate boiling of water and n-heptane droplets on a heated stainless-steel surface was
unaffected by the reduction of gravity, but stable film boiling could not be maintained since droplets were pushed away
from the surface by the vapor pressure beneath droplets (Qiao and Chandra, 1996). In such a situation, this characteristic
can enhance water collection in the low-gravity environment of space stations (Rasheed et al., 2020), a 98% water
recovery (Fig. 8(e)) was achieved by combining liquid-gas separation, nanoscale optical sterilization, and Leidenfrost
distillation, increasing purified water by 18% over previous experiments. Additionally, understanding the Leidenfrost
phenomenon under super-gravity conditions—such as the significant overloads experienced by propellers and fuel during
rocket launches—is critical for understanding heat transfer behavior. However, as shown in prior experiments and
analyses (Maquet et al., 2015), the LFP at 25-fold gravity is only about 15 °C higher than that at 1 gravity, indicating a
minimal impact of high gravity on the LFP.
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3.4 Comparison and discussion

Figure 9(a) summarizes the recent developments of the LFP, ranging from 200 °C to 1150 °C, in relation to substrate
materials and configurations, liquid modifications, and external factors. The structural thermal armor developed by Jiang
et al. (2022) exhibits the highest LFP of 1150 °C recorded to date. In contrast, both liquid modification, for instance,
attains a peak LFP of approximately 450 °C (Cai et al., 2023a; Chen et al., 2018a), and an electric field can elevate the
LFP to around 500 °C through an increase in voltage (Ozkan and Bahadur, 2020).

Figure 9(b) illustrates the heat flux of various ultra-high-temperature surfaces before the onset of the
Leidenfrost effect in relation to LFP. Jiang et al. (2022) demonstrated that the phase-change liquid cooling of the
structural thermal armors was still effective at 1150 °C, with a heat flux roughly ten times that of ordinary
micropillar substrates. The interfacial electric fields can attract liquid toward the surface and prevent drying out,
enabling a heat dissipation capability surpassing 500 W/cm? at temperatures above 500 °C (Shahriari et al.,
2014). The decoupled hierarchical structure (Farokhnia et al., 2017) delivered a notably high heat dissipation capacity
by independently adjusting capillary pressure and dewetting vapor pressure, albeit there is ambiguity regarding the
heat flux calculation methodology in this study. While the cost-effective and readily manufacturable superhydrophilic
nickel foams trigger a tenfold increase in heat flux compared to conventional solid nickel surfaces (Du et al.,
2023a), while this study focused on impinging Leidenfrost droplets. Evidently, within the realm of interfacial
engineering studies on the Leidenfrost phenomenon, statistical data on the conventional heat flux metric are
lacking, emphasizing the heightened desirability of high heat flux at elevated temperatures.
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4. Conclusion and perspective

In this review, we not only endeavor to explore classical theories and a holistic understanding of the
Leidenfrost phenomenon, but also to examine cutting-edge strategies related to surface materials and structures,
droplet modification, and external fields to improve the Leidenfrost point and heat transfer efficiency of high-
temperature surfaces. Key conclusions and future prospects can be summarized as follows.

From a fundamental standpoint, mitigating the Leidenfrost effect necessitates a delicate trade-off between the
liquid-wettability and the vapor outgassing rate. Specifically, effective strategies for inhibiting the Leidenfrost
effect should focus on facilitating the thinning or collapse of vapor films, thereby increasing solid-liquid
contact and ultimately maximizing heat transfer performance. Structural enhancements emerge as a paramount and
straightforward method to boost the LFP. Micro/nano-pillars and porous configurations play critical roles in
elevating the Leidenfrost point by enhancing vapor dissipation and reinforcing liquid wettability,
respectively. While multi-scale heterogeneous hierarchical structures bolster LFP by both elevating exhaust
rates and enhancing wettability, they have achieved an impressive LFP of 1150 °C to date. Moreover, diverse
liquid modification techniques, including polymer additives, alcohol additives, surfactants, nanoparticles, and
dissolved gases, can imbue droplets with various properties. Notably, alcohol additives and surfactants stand out for
their ability to enhance Leidenfrost points by elevating bubble detachment frequency and delaying vapor layer
formation, exhibiting reliable and broad effectiveness across concentrations. Finally, external fields can directly
exert powerful suppressive effects on the Leidenfrost phenomenon, forcing liquid back to nucleate boiling or
adjusting the vapor layer morphology, which makes it particularly valuable in engineering applications where
direct modifications or chemical treatments for substrates are not feasible.

Despite notable progress in recent decades, several fundamental challenges persist. Precise observation of the
vapor film on microstructures necessitates advanced experimental techniques, while the complex gas-solid-liquid
interactions at multiple scales pose a daunting challenge for developing reliable numerical simulation methods
for the Leidenfrost phenomenon. Additionally, the quest for more resilient materials capable of withstanding
extreme temperatures to effectively mitigate the Leidenfrost effect remains ongoing. Notably, ultra-high-
temperature ceramics exhibit exceptional superhydrophilicity and superior thermal conductivity (Lin et al., 2023;
Wyatt et al.,, 2023). Inhibiting the Leidenfrost effect in confined environments like integrated circuits and nuclear
reactors is still a formidable challenge. Ultimately, the strategies for mitigating the Leidenfrost effect hold significant
promise cross an inclusive spectrum of applications, spanning from low-temperature bioengineering (Li et al.,
2018) to hydrogen production (Angulo et al., 2020).
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