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A Leidenfrost drop made of inflammable liquid exhibits increased evaporation when
inflamed. Contrary to the classical Leidenfrost framework, the evaporation from the top
part cannot be neglected anymore. Herein, we report the evaporation dynamics of an
inflamed drop for various wall temperatures. The combustion duration is found to be
significantly longer in the Leidenfrost state than below the Leidenfrost transition. For large
drops, we show that we can split the evaporation of inflamed Leidenfrost drops into two
independent systems: the bottom and top parts. Assuming that the bottom contribution does
not depend on the combustion, the top contribution can be extracted and analyzed, which
is observed (i) to remain smaller than the bottom contribution and (ii) to be constant in the
temperature range considered. This implies that the top evaporation rate is solely due to
the intrinsic burning rate of the flammable liquid at saturation temperature.
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I. INTRODUCTION

Evaporation and boiling of liquids [1] are common in various industrial applications and tech-
nologies, such as nuclear reactor cooling [2], inkjet printing [3], water mist fire suppression [4], and
the manufacturing of semiconductor and microfluidic devices [5,6]. When a drop is released onto a
horizontal wall, the heat transfer between the drop and the wall changes as the wall temperature Tw

increases [7–9]. When Tw surpasses the liquid’s boiling point Tb, there exists a transition known
as Leidenfrost temperature TLeid, for which a vapor film does stabilize between the drop and
the wall, completely isolating the drop from the wall. This leads to a dramatic decrease in heat
transfer while the drop floats over the wall surface, and it exhibits the well-known Leidenfrost
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FIG. 1. Example of an inflamed Leidenfrost drop.

phenomenon [10]. This effect is sometimes reported as being problematic because of the heat
transfer deterioration (e.g., nuclear cooling, fire, metallurgy quenching) but more rarely as an
advantage because of the perfect nonwetting and high mobility of the drop (including drug delivery,
thermal management, drag reduction, and laboratory-on-a-chip technology) [11–14], which arises
from the unique properties of the Leidenfrost state conferred by the stable vapor film.

The generation and stability of this film depend on the thermal properties of the wall acting as
the source of heat (in the case of the inverse Leidenfrost effect, the drop itself serves as the heat
source [15]). The thermal properties of the walls and the roughness of its surface are crucial for the
onset of the Leidenfrost state [16,17] and also for the thermalization of the cold impacting droplet
[18]. The surface roughness is particularly unfavorable to the establishment of a stable vapor film,
and consequently the Leidenfrost temperature increases with the roughness [19,20]. This stands
in contrast to superhydrophobic surfaces, where the combination of roughness and hydrophobic
coating can suppress the Leidenfrost transition [21]. On such surfaces, the heat transfer between
the drop and the wall remains low, even at low temperatures, due to the presence of air between
the drop and the wall since the drop is hanged to the tip of the roughness. On the other side of the
roughness spectrum, when a solid wall is replaced by a liquid (smooth surface), the Leidenfrost
temperature becomes comparable to the boiling point of the liquid [22], despite the less optimal
thermal properties of liquids compared to solids [23]. In all the cited works, the evaporation from
the upper part of the drop is neglected compared to the rapid evaporation occurring at the bottom
through the vapor film.

In the context of flammable liquids, the mobility of the Leidenfrost drops is very unfavorable
regarding the ignition and flame propagation, as highlighted by recent studies [24,25]. Therefore,
the Leidenfrost effect proves to be crucial in scenarios involving energy and fire hazards [26–28],
e.g., during the interaction of a burning drop with a hot wall in fuel spray combustion within an
engine [29], or in the spread and evaporation of continuously impacting drops on a wall surface
during a dripping fire [30]. A pertinent illustration of this is the behavior of a burning ethanol
Leidenfrost drop, depicted in Fig. 1, which shows a hemispherical drop levitating above a heated
aluminum plate. This scenario not only emphasizes the accelerated evaporation due to combustion
but also raises critical questions regarding the potential for fire propagation facilitated by enhanced
mobility of Leidenfrost drops.
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FIG. 2. (a) Experimental setup. (b) Procedure of inflamed Leidenfrost drop generation.

This paper aims to broaden the investigation of Leidenfrost drops into the realm of combustion,
combining experimental observations and theoretical models to unravel the intricate evaporation
mechanics of inflamed Leidenfrost drops. The structure of the paper is as follows. Section II
describes the experimental set-up and procedures. Section III compares the lifetimes of inflamed
and noninflamed drops. Section IV develops the Leidenfrost case, first discussing existing scalings
for standard Leidenfrost drops, then proposing hypotheses for the burning scenario. Here, we derive
scalings for lifetime based on initial droplet size and wall temperature, comparing these with exper-
imental data. Section V reports the time evolution of the radii of both inflamed and noninflamed
Leidenfrost drops. We first test classical scalings to establish empirical laws, followed by the
construction of a dynamic evaporation model in the Leidenfrost state that includes combustion,
which we then compare to the ethanol case. Conclusions are drawn in Sec. VI.

II. EXPERIMENTAL SETUP

Figure 2(a) illustrates the experimental setup for capturing images of inflamed drops, comprising
a stainless steel substrate, a heating plate (hot plate 1), K-type thermocouples, a high-speed camera
(Photron FASTCAM Mini AX200, Camera 1), a digital camera (Sony FDR-AX60, Camera 2), and
a 25 W LED cold light source. The mobile nature of Leidenfrost drops forces to trap them or at least
to confine them. This was achieved by slightly digging a stainless steel substrate to induce a small
curvature. The substrate surface was slightly conical with an angle of approximately 50 mrad which
was far enough from conical conditions discussed in Ref. [31]. The substrate’s surface roughness
Ra was maintained below 0.05 µm, and its overall diameter was 60 mm, significantly larger than the
initial drop radius (less than 6 mm). The wall temperature Tw of the substrate was controlled by the
heating plate and the averaged value was calibrated using two K-type thermocouples positioned at
the center and edge of the wall. The high-speed camera at 100 frames per second (fps) from a side
view, illuminated by the LED cold light source, was used to document the drops whether inflamed
or not, measuring the lifetime τ and the shape of the drop. Additionally, the flame of the inflamed
drop was captured by the separate digital camera at 25 fps.
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FIG. 3. Shape factors of inflamed Leidenfrost drops (ethanol). (a) Small drops. (b) Large drops. The
different shape factors are reported in the figures.

The preparation of inflamed drops varied depending on the wall temperature Tw relative to the
Leidenfrost temperature TLeid. For Tw < TLeid, drops were gently released onto the micro-conical
stainless steel substrate heated to the target temperature by hot plate 1 and quickly ignited with a
flame. In contrast, for Tw > TLeid, a different procedure was employed to study the evaporation of a
burning drop, as depicted in Fig. 2(b). A predefined volume of liquid was drawn into a micropipette
from a glass tube and precisely dispensed into a container preheated to 250 ◦C (using another hot
plate, referred to as hot plate 2), exceeding TLeid to induce the Leidenfrost state. The resulting Lei-
denfrost drop was then promptly ignited and transferred onto the substrate, which was maintained at
the target temperature by hot plate 1. Figure 3 presents typical examples of small and large inflamed
Leidenfrost drops, categorized by their capillary lengths lc = √

σl/ρl g (approximately 1.6 mm for
ethanol, where σl , ρl and g are the surface tension of the liquid, the density of the liquid and the
acceleration of the gravity respectively). Our analysis focused primarily on the lateral expansion
R (i.e., radius; R0 being the initial radial expansion) of the Leidenfrost drop, with other geometric
parameters such as height h and bottom contact radius λ derived from models like that proposed
in [32,33]. The experiments utilized ethanol (99.8%, [vol/vol]) and n-heptane (98.5%,[vol/vol]) as
liquid fuels, along with a water-ethanol mixture (20%-80%, [vol/vol]) to investigate anomalies in
the lifetime-temperature relationship (see Fig. 6). The physical properties of these liquids, including
boiling point Tb ( ◦C), surface tension σl (mN · m−1), density ρl (kg · m−3), viscosity μl (mPa · s),
capillary length lc (mm), and latent heat of evaporation �Hv (J · g−1), are summarized in Table I,
with data sourced from Lemmon et al. [34] and Ref. [35]. Prior to each experiment, the substrate was
cleaned in an ultrasonic cleaner for 10 minutes to remove contaminants, and a blower eliminated any
adsorbed dust particles, ensuring experimental accuracy. The measurement uncertainties for length
and temperature were 42.6 µm/pixel and 1 ◦C.

III. INFLAMED DROPS

Once inflamed, the droplet was released on the controlled-temperature substrate on which the
lifetime of the droplet was measured. In Fig. 4, we compare in a semi-log plot the drop lifetime
τ against the wall temperature Tw for ethanol and n-heptane drops with the same initial volume of
V0 = 240 ± 5 µL, where the noninflamed and inflamed states denote τni and τi, respectively. The

TABLE I. Physical properties of different liquids at the boiling point.

Liquids Tb ( ◦C) σl (mN/m) ρl (kg/m3) μl (mPa.s) lc (mm) �Hv (J/g)

ethanol 78.3 18.6 750 0.420 1.6 838
80% ethanol 79.8 21.3 805 0.563 1.7
n-heptane 98.0 12.7 614 0.197 1.5 317
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FIG. 4. The drop lifetime τ as a function of wall temperature Tw for different evaporating drops. Tw ranged
from 40 ◦C to 350 ◦C. The drop entered the Leidenfrost regime when Tw � TLeid. The diagram, with an example
of inflamed ethanol drops, shows the Leidenfrost and non-Leidenfrost regions (TLeid = 165 ◦C).

lifetime curve of noninflamed drops, similar to water drops, has been widely reported in previous
studies [7,9]. In essence, the lifetime τni decreases as the temperature of the wall increases. A
minimum is reached that corresponds to the maximum of heat transfer. Then, for a slight increase
of the temperature, the lifetime sharply increases while the Leidenfrost state establishes. The
Leidenfrost temperatures TLeid are found to be 180 ◦C for noninflamed ethanol and 190 ◦C for
noninflamed n-heptane.

The general aspect of the inflamed drop lifetime τi is pretty similar to the noninflamed case.
Taking inflamed ethanol drops as an example, we distinguish in Fig. 4: non-Leidenfrost and
Leidenfrost states. First, the Leidenfrost temperature TLeid slightly decreases due to the presence
of the flame (165 ◦C for inflamed ethanol and 170 ◦C for inflamed n-heptane). Second, a bump
below the Leidenfrost transition occurs around 80 ◦C for both liquids. Third, the difference between
the lifetime of noninflamed and inflamed Leidenfrost drops decreases with increasing Tw until
350 ◦C, which shows that the inflamed drop lifetime τi is less and less influenced by the flame
when Tw � TLeid.

A. Evaporation modes

According to the wall temperature, different evaporation behaviors can be observed. We present
a detailed illustration of the evaporation modes of inflamed drops on a hot substrate. Taking ethanol
as an example, we identify four distinct evaporation modes, delineated by three characteristic
temperatures (blue dotted lines) in Fig. 5: Tb ∼ 80 ◦C (approximately the saturation temperature),
Tc = 147 ◦C (critical heat flux temperature), and TLeid = 165 ◦C (Leidenfrost temperature). A typical
picture of each mode is reported in Fig. 6, including schematic representations of drop shapes in the
considered mode. Additionally, the flame development and the duration of the burning process can
be observed in Movie S1 in the Supplemental Material (SM) [36].

In Mode I (Tw < 80 ◦C), the evaporation of the burning drop accelerates significantly, leading to
an expanded spread area and intense flame due to the substrate’s favorable wettability [see Tw =
70 ◦C in Fig. 6(a)], where burning dominates the drop’s lifetime. The flame is high due to the large
spreading of the droplet.

In Mode II (80 ◦C � Tw � 147 ◦C), a bump is observed in the lifetime as a function of the wall
temperature. The bottom of the drop undergoes rapid heat exchange with the substrate as Tw exceeds
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FIG. 5. The lifetime τ as a function of wall temperature Tw for different inflamed drops (V0 = 240 ± 5 µL).
Using inflamed ethanol drops as an example, the four distinct evaporation modes (I–IV) are presented by
vertical dotted lines corresponding to the three characteristic temperatures: Tb ∼ 80 ◦C, Tc = 147 ◦C, and
TLeid = 165 ◦C. The inset shows the comparison of the lifetimes of inflamed ethanol and inflamed 80% ethanol
drops in the abnormal temperature ranges (70 ◦C ∼ 80 ◦C).

the boiling point of ethanol, resulting in the formation of numerous small bubbles at the solid-liquid
interface and initiating nuclear boiling [see Tw = 90 ◦C in Fig. 6(b)]. As Tw increases, a higher
number of boiling bubbles rises [see Tw = 130 ◦C in Fig. 6(b)], further intensifying the flame. Both
burning and nonburning ethanol drops exhibit the same lifetime (τ ∼ 4.50 s) at Tw = 147 ◦C (see
Fig. 4), indicating a transition in the dominant evaporation mode from burning to boiling.

In Mode III (147 ◦C < Tw < 165 ◦C), the rapid coalescence of microbubbles promotes the
formation of a vapor cushion, enabling the burning drop to levitate. However, this vapor layer lacks
stability (pre-Leidenfrost regime), making the drop susceptible to wall contact, which could lead to

FIG. 6. The evaporation mode of inflamed ethanol drops on a hot substrate. (a) Mode I: Burning.
(b) Mode II: Boiling. (c) Mode I: Burning-boiling. (d) Mode I: Burning-Leidenfrost. Each figure includes
a flame snapshot (top) and a corresponding schematic diagram of the drop shape during combustion (bottom).
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a boiling-induced explosion, as observed at Tw = 150 ◦C in Fig. 6(c). Notably, at Tw = 160 ◦C,
the burning drop surpasses the nonburning case in lifetime (refer to Fig. 4), demonstrating a
synergistic effect of burning and boiling on drop evaporation. The consequence is the decrease
of the Leidenfrost temperature compared to the noninflamed case.

In Mode IV (Tw � 165 ◦C), the drop reaches a stable Leidenfrost state, significantly extending
its lifetime and reducing flame size compared to the burning or nucleate boiling-dominated modes
(I and II). This is evident when comparing the burning-Leidenfrost and burning-boiling drops at
Tw = 170 ◦C and Tw = 130 ◦C, respectively, in Fig. 6. The difference in lifetime between nonburn-
ing and burning Leidenfrost drops decreases as Tw increases, reaching up to 350 ◦C. These results
highlight the interplay between burning and the Leidenfrost effect in determining drop longevity,
with combustion in the Leidenfrost state significantly prolonging burning time compared to lower
temperature cases. Additionally, the nearly spherical morphology of the drop during evaporation
minimizes the surface area available for combustion, optimizing the utilization of the liquid volume.

B. Lifetime anomaly below Leidenfrost temperature

To explore the origin of the bump in Mode II, a mixture composed of 20% water and 80%
ethanol was tested. The lifetime of this mixture is reported in Fig. 5 (square symbols), where the
bump is significantly suppressed (see the inset). Figure 5 also shows a zoom of the evaporation
time τ as a function of the wall temperature Tw for three types of inflamed drops: ethanol (triangle),
80% ethanol (square), and n-heptane (pentagon), which is an extension of Fig. 4. The Leidenfrost
temperature TLeid is the highest for the mixture, reaching 190 ◦C for inflamed 80% ethanol because
of the presence of water. The water content has three impacts on the lifetime of the droplet. The first
was to increase the Leidenfrost temperature. The second was to increase the lifetime at any given
temperature. The third was to change the nuclear boiling mode. As water and ethanol are expelled
from the droplet, the combustion has less influence on the lifetime compared to pure ethanol case.

IV. INFLAMED DROPS IN LEIDENFROST STATE

In this section, we first recall the scaling of noninflamed Leidenfrost drops based on Baumeister’s
work. Afterwards, we discuss the observations of inflamed Leidenfrost drops and the assumptions
underlying the inflamed Leidenfrost mechanism. By separating the evaporation contributions from
the top and bottom, we report the lifetime as a function of the initial drop radius at a fixed wall
temperature of 300 ◦C. Next, we show the lifetime dependence on the wall temperature for specific
initial droplet radii. These observations allow to elaborate a model for the evaporation of inflamed
drops over time.

A. Classical scaling of noninflamed Leidenfrost drops

Previous studies [37] have revealed that the evaporation dynamics of a Leidenfrost drop on a hot
substrate are primarily influenced by the initial drop size R0 (see Movie S2 in the SM [36]) and the
wall temperature Tw. The lifetime τni of a noninflamed Leidenfrost drop follows power laws with
respect to both R0 and the temperature difference �T (so-called superheat) between the substrate
temperature Tw and the liquid boiling temperature Tb. Specifically, we have τni ∼ Rα

0 �T β , where
the exponents α and β depend solely on R0 relative to the capillary length lc.

Here, we adopt the scaling derived by Baumeister et al. [33,38], where heat transfer is computed
by considering the speed of the vapor generated perpendicular to the substrate. For the noninflamed
Leidenfrost drop on a hot substrate, according to the scaling found in Ref. [33], the lifetime
dependence on R0 and �T are given by

τni ∼ R2/3
0 �T −3/4 for R0 > lc, (1)

τni ∼ R5/4
0 �T −3/4 for R0 < lc. (2)
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B. Observations and assumptions

In the Leidenfrost state, the liquid does not boil even during combustion, which means that
the temperature within the Leidenfrost drop remains below its boiling temperature. This particular
observation indicates that the presence of a flame does not modify the thermal and geometrical
conditions for the bottom part of the Leidenfrost drop. Even if the vapor produced between the drop
and the wall is inflamed, it does not influence the gas generation originated from the bottom of
the drop. On the other hand, when inflamed, the flame works at the top of the drop, necessitating
consideration of evaporation at this location. Notably, the adiabatic temperature of a flame surpasses
1000 ◦C (e.g., 1362 ◦C for ethanol [39]). Consequently, the top contribution of drop evaporation
cannot be disregarded. In essence, while the drop evaporation at the bottom remains independent of
the top, the top evaporation becomes significant when inflamed.

We assume that the bottom evaporation of an inflamed Leidenfrost drop can still be modeled
akin to a classical Leidenfrost drop because the temperature field close to the developed vapor film
is not influenced by the flame. Meanwhile, the top evaporation cannot be a priori thought to be
independent of the evaporation that occurs at the bottom of the inflamed Leidenfrost drop since
the vapor produced at the lower part feeds the flame. However, as a first step (we will verify a
posteriori whether this hypothesis holds), we assume that the lifetime of the drop can be thought
to be the sum of the contributions from the bottom (known from the noninflamed case) and the
top (due to combustion). We split the problem into the bottom and top parts. In so doing, the total
mean evaporation rate of an inflamed Leidenfrost drop, denoted as ṁi, is the sum of mass flow
rates from both parts: ṁi = ṁ− + ṁ+, where ṁ+ refers to the top and ṁ- to the bottom. We have
access to the lifetimes τni for the noninflamed drop and τi for the inflamed drop, along with the
initial mass m0 of the drop. The total mean evaporation rate (i.e., the total mass flow rate) is then
given by ṁi = m0/τi. The bottom evaporation contribution ṁ− is estimated under the assumption
that it equals the total mean evaporation rate of a noninflamed drop: ṁ− = ṁni = m0/τni. Finally,
the evaporation contribution of the top part ṁ+ and its characteristic lifetime τ+ are deduced by
subtraction: ṁ+ = ṁi − ṁni = m0(1/τi − 1/τni ).

C. Inflamed Leidenfrost drops: Radius scaling

In Fig. 7(a), we present the measured lifetimes (τni and τi) of noninflamed (red circle for ethanol
and purple diamond for n-heptane) and inflamed (blue triangle for ethanol and gray pentagon
for n-heptane) Leidenfrost drops across various initial radius R0 on a hot substrate at a fixed
temperature of 300 ◦C (≈2TLeid). The closed and open symbols refer to R0 larger or smaller than
lc respectively. Indeed, a transition in regimes occurs around R0 ≈ lc. For large ethanol drops, the
fitting exponent α is approximately 0.65 ∼ 0.67 (≈2/3), whereas, for small ethanol drops, α is
approximately 1.21 ∼ 1.24 (≈5/4). Interestingly, the exponent remains relatively unaffected by
whether the ethanol drop is inflamed, except for extremely small radii. This observation is further
validated through experimental data on noninflamed and inflamed n-heptane Leidenfrost drops, with
fitting exponents α = 0.65 ∼ 0.72 (≈2/3) for large drops and 1.22 ∼ 1.26 (≈5/4) for small drops.
These experimentally derived exponents closely align with the theoretical scalings in Eqs. (1) and
(2). However, the distinction between inflamed and noninflamed cases lies in the absolute values of
the lifetimes (see Movie S2 in the SM [36]).

Figure 7(b) presents the ratio ṁ−/ṁ+ of the average evaporation rates at the top to the bottom as
a function of the initial radius R0 for Tw = 300 ◦C. Remarkably, regardless the nature of the liquid,
ṁ− > ṁ+. That is, the evaporation contribution from the bottom part is always larger whatever
the size of the drop. The ratio ṁ−/ṁ+ increases with R0 until R0 � lc. Then it remains constant
(ṁ−/ṁ+ ≈ 5) for a large range of radii for ethanol. However, for n-heptane, it increases to reach
another plateau (ṁ−/ṁ+ ≈ 10) when R0 > 3 mm. Actually, this can be explained by the star-shaped
oscillations of the n-heptane droplet when R0 > 2lc due to the influence of the bottom capillary wave
[40]. In this case, the fast upward airflow around the inflamed n-heptane drop (high evaporation
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FIG. 7. (a) The measured lifetimes τ of noninflamed and inflamed Leidenfrost drops as a function of the
initial radius R0 at Tw = 300 ◦C. Straight lines indicate power law fits (see legend). Different shaped symbols
represent various cases (noninflamed/flamed and ethanol/n-heptane). Open and closed symbols denote large
and small drops, respectively. (b) The ratio ṁ−/ṁ+ of the mass flow rate of the bottom to the top of an inflamed
Leidenfrost drop as a function of the initial drop radius R0 at Tw = 300 ◦C. The evaporation contributions from
the bottom ṁ− and the top ṁ+ are deduced from drop lifetimes without and with flame (see text). Symbols of
the same shape in (a) and (b) correspond to the same legend.

rate) and incomplete combustion (observed as a large amount of black smoke around the n-heptane
flame in the experiment while ethanol flame did not) result in weak heat transfer from the flame
to the n-heptane drop at the top. The plateau finds for large drops (R0 > lc) demonstrates that
both the evaporation contributions from the top and bottom follow a same scaling regarding R0.
When the volume is large, the Leidenfrost drop shape is assimilated to a cylinder with a thickness
equals to 2lc [7]. As a consequence, increasing the drop initial volume enhances the evaporation
surface area of both the top and bottom parts equally. At first approximation, the heat exchange
with the hot substrate is proportional to the surface area, and so is the same for the inflamed part
of the Leidenfrost drop. However, the physical description is more complex for small drops, as
demonstrated in previous studies, such as Ref. [41], which focused on noninflamed drops. Thus,
the ratio ṁ−/ṁ+ depends on R0 and the splitting between top and bottom evaporation is not
obvious.

D. Inflamed Leidenfrost drops: Temperature scaling

The temperature scaling is obtained in the same procedure as the radius scaling. Figure 8
illustrates the dependence of the mass flow rate ṁ (the specific contribution is reported in the
legend) on superheat �T for inflamed ethanol and n-heptane Leidenfrost drops with initial radii
R0 of 1.1 mm and 3.1 mm, respectively. Each plot includes the total mass flow rate ṁi, the
bottom contribution ṁ− (equal to ṁni), and the top contribution ṁ+, all as functions of �T for
inflamed Leidenfrost drops. Whether the drops are small (R0 = 1.1 mm) and large (R0 = 3.1 mm),
or ethanol and n-heptane, the trend in the experimental data closely resembles. Both the total
mass flow rate ṁi and the bottom contribution ṁ− can be fitted as power laws, and the bottom
contribution dominates over the top contribution. The top contribution ṁ+ remains nearly constant
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FIG. 8. (a), (b) Dependence of the mass flow rate ṁ as a function of the superheat �T for inflamed ethanol
Leidenfrost drops in (a) R0 = 1.1 mm and in (b) R0 = 3.1 mm. (c), (d) Dependence of the mass flow rate
ṁ as a function of the superheat �T for inflamed n-heptane Leidenfrost drops in (c) R0 = 1.1 mm and in
(d) R0 = 3.1 mm. ṁi, ṁ− and ṁ+ are the total mass flow rate, the bottom contribution and the top contribution,
respectively.

across the wall temperature range considered. However, some variations are observed compared to
the ethanol case, attributed to oscillations in a star-shape experienced by large n-heptane Leidenfrost
drops.

The presence of a flame significantly increases the total mass flow rate ṁi. Power laws were
fitted and were found to scale alike �T 1/2 for inflamed drops. On the other hand, irrespective of
the initial size of the drop, the bottom contribution ṁ− (i.e., the mass flow rate of the noninflamed
drop) was successfully fitted by �T 3/4, in line with predictions from Ref. [33]. The so-computed
top contribution ṁ+ is found to be constant (0.09 mg/s and 0.48 mg/s for ethanol, and 0.18 mg/s and
0.52 mg/s for n-heptane) in the range of considered wall temperatures (�T = 122 ◦C ∼ 272 ◦C).
These observations both hold for ethanol and n-heptane. Therefore, we can conclude that the
temperature scaling is contingent upon the presence of a flame but is essentially unaffected
by the size and nature of the drop. Moreover, the bottom contribution is found to be al-
ways larger (up to five times) than the top contribution. Consequently, the found scaling ṁi ∝
�T 1/2 cannot be considered as a scaling law since it results from the sum of two comparable
contributions.
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FIG. 9. (a), (b) Time evolution of the radius of the inflamed ethanol Leidenfrost drop at various wall
temperatures. Three cases: 200 ◦C (black circles), 250 ◦C (red triangles), 300 ◦C (purple squares) for small
drops (R0 = 1.33 mm) in (a) and large drops (R0 = 3.42 mm) in (b). (c), (d) Time evolution of the radius of
the Leidenfrost drop in various evaporation states. Three types: noninflamed ethanol (gray circles), inflamed
ethanol (red triangles), inflamed 80% ethanol (brown squares) for small drops (R0 = 1.32 ∼ 1.36 mm) in
(c) and large drops (R0 = 3.41 ∼ 3.43 mm) in (d). All fitting lines in (a)–(d) are limited to the ethanol
evaporation stage and based on Eq. (3).

V. TIME EVOLUTION OF THE RADIUS

A. Confrontation to classical scalings

Figures 9(a)–9(b) depicts the time evolution of the radius of inflamed ethanol Leidenfrost drops
at three distinct wall temperatures: 200 ◦C, 250 ◦C, and 300 ◦C. The initial radii R0 for small and
large drops were 1.33 mm and 3.42 mm, respectively. The presence of a flame persisted until the
critical radius Rf reached 0.21 mm and 0.37 mm, respectively. Once R < Rf, the ethanol component
within the drop is largely consumed, transitioning to a nonflame stage, where evaporation is driven
primarily by the noncombustible component (predominantly water) until the drop is completely va-
porized. Notably, the critical radius Rf is dependent upon the absolute volume of the noncombustible
component in the initial drop, owing to variations in water content arising from the impure ethanol.
According to the relations between the lifetimes of large and small Leidenfrost drops in Eqs. (1)
and (2), and the boundary conditions (i.e., R = R0 when t = 0 and R = 0 when t = t∗, where t∗
is the theoretical lifetime of a pure ethanol drop without other components), we can determine the
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time-dependent drop radius R during evaporation [33,37]:

R =
{

R0(1 − t/t∗)4/5 when R0 < lc
R0(1 − t/t∗)3/2 when R0 > lc

(3)

Theoretical curves described by Eq. (3) align well with the experimental data obtained from
inflamed ethanol Leidenfrost drops during the flame stage (R > Rf).

Figures 9(c) and 9(d) further show the time evolution of the radius of Leidenfrost drops un-
der three different evaporation states: noninflamed ethanol, inflamed ethanol, and inflamed 80%
ethanol, at Tw = 250 ◦C. The initial radii R0 for small and large drops ranged 1.32 ∼ 1.36 mm and
3.41 ∼ 3.43 mm, respectively. During the flame stage (R > Rf), similar fitting lines based on the
scaling laws in Eq. (3) were observed in different Leidenfrost drops. A regime transition is evident
in the large Leidenfrost drop. The inflamed ethanol case corresponds to that discussed in Figs. 9(a)
and 9(b), while the radius decrease of the inflamed 80% ethanol drop follows the behavior of the
inflamed (99.8%) ethanol drop during the flame stage. After the ethanol is burnt out, the water
continues to evaporate in the nonflame stage (R < Rf). Remarkably, the final lifetime of the inflamed
80% ethanol drop (τ = 30.0 s) is twice that of the inflamed ethanol drop (τ = 14.7 s).

These investigations show that Eq. (3) provides an interesting scaling law to report the time
evolution of the radius. However, the value of t∗ remains difficult to apprehend. An explicit time
evolution of the radius can be obtained by resolving the model proposed in Ref. [33].

B. Evaporation model of inflamed Leidenfrost drops

In summary, regarding the results of the mass flow rate measurements according to the initial
radius and to the superheat, we can conclude that the decoupling between the top and bottom
contributions is well established for large Leidenfrost drops (R0 > lc). The bottom contribution
is independent of the top because the geometry and the local thermal environment near the bottom
vapor film stay the same with or without the presence of the flame. One can only suppose that the
top contribution is decoupled from the bottom for a similar reason: the flame generated constitutes
a thermal environment that remains stable in the range of considered parameters.

The decoupling is less obvious for small drops and low superheat, since the contributions are
sensitively equal and the mass transfer ratio (bottom/top) depends on the radius [see Fig. 7(b)]. Let
us also remind that the flame was observed to disappear when the droplet becomes tiny. Finally,
we can evaluate the burning rate per unit surface φ by dividing ṁ+ by πR2

0, and find 23 g/m2 · s
at R0 = 1.1 mm (small drop) and 16 g/m2 · s at R0 = 3.1 mm (large drop) in the case of ethanol.
Moreover, from Fig. 7, we observe that the ratio of mass flow rates is more stable in the case of
ethanol (see discussion above). In the following, we focus on the case of ethanol.

In the context of the large drop approximation, the evaporation process of the bottom part can
be described as outlined in Ref. [33]. In this framework, the droplet shape is a cylinder of volume
V (the volume of the droplet) and of section A that depends on the volume. The heat is transferred
via conduction through the vapor film. More specifically, volume variation V̇− is deduced from the
energy balance. The heat transferred to the droplet by conduction through the vapor film converts
the water into vapor:

�HvρlV̇− = f −1hv(V )A(V )�T, (4)

where �Hv, ρl, hv(V ), A(V ), and f are the latent heat of evaporation, the density of the liquid, the
heat transfer coefficient, the heat transfer area of the bottom face of the droplet, and the radiation
correction factor, respectively. The heat transfer coefficient hv and the bottom heat transfer area A
of Leidenfrost drops are explicit functions of the volume V . The evaluation of hv(V ) and A(V ) are
given in Ref. [33] for different size of the droplet. Here, we report on the case of large drops relevant
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to the present study. The relations are given by

hv(V ) = 1.075

(
k3

v�H∗
v g1/2ρ

1/2
l ρvσ

1/2
l

μv�TV 2/3

)1/4

(5)

and

A(V ) = 1.25

(
σl

ρlg

)−1/4

V 5/6, (6)

where the modified heat of evaporation is

�H∗
v = �Hv

(
1 + 7cp�T

20�Hv

)−3

(7)

and cp is the specific heat of the liquid, μv, ρv, kv, �Hv, σl, and g are the viscosity, density, and
thermal conductivity of the vapor, the latent heat of evaporation, the surface tension of the drop, and
the acceleration of gravity. The resolution of this system, using a Python procedure from the SciPy
package, specifically the solve_ivp function with the implicit Runge-Kutta method and a time step
of 5 ms, allows to obtain V (t ) and then R(t ) through Eq. (6):

R =
√

1.25(σl/(ρl g))−1/4V 5/6

π
, (8)

which considers that the drop is a cylinder with section A (i.e., A = πR2). This model was used to
fit the data R(t ) of noninflamed drop, which allows to obtain the factor f of radiative correction
[see Eq. (4)].

Then, to account for the inflamed drop, we introduce an additional combustion term, i.e., the
top evaporation contribution V̇+. Indeed, this term is modeled to be proportional to the area A(V )
(the surface of the bottom and of the top are supposed to be equal)

V̇+ = A(V )φ. (9)

The total mean evaporation rate is the sum of the contributions from the top and the bottom

V̇ = V̇− + V̇+. (10)

In Fig. 10, we compare the evolution of the radius as a function of time for both noninflamed
and inflamed ethanol Leidenfrost drop. Equation (4) was implemented according to the physical
parameters of ethanol to obtain the theoretical evolution of the radius as a function of time for
noninflamed drops (see black solid curve). There was only one parameter of calibration that accounts
for the radiation correction f (= 0.45) in the transmission of the heat from the wall to the drop.
Then, Eq. (10) was implemented to deduce the theoretical variation of the radius for the inflamed
drop (see purple solid curve). The burning rate per unit surface area φ is obtained by dividing the
total evaporation rate [16 g/m2 · s from Fig. 8(b)] by the heat transfer area. Overall, the agreement
with the observation is satisfactory regarding the different simplifications of the model. The lifetime
of the inflamed Leidenfrost drop can be deduced from the model according to an arbitrary cut-off
value of the radius Rc. Here, we took Rc = lc (change of regime towards small drops). The so-
computed lifetimes τ (Rc = lc) (purple squares) are plotted against the superheat �T in the inset.
They are compared to the experimental lifetimes (black circles). The dashed lines correspond to fit
by power law in �T −1/2. This semi-empirical law is comparable to the scaling found in Fig. 8 for
the dependence of the mass flow rate with the temperature. It is important to note that the model
underestimates the experimental data because of the radius cut-off. Again, the power law we found
has no physical origin since the data clearly indicate that the lifetime is the sum of two contributions.
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FIG. 10. The decrease of the radius R of the noninflamed and inflamed ethanol Leidenfrost drop is
presented as a function of time t with R0 = 3.4 mm and Tw = 300 ◦C. The black and purple solid curves
are deduced by Eqs. (4) and (10), respectively. In the inset, the experimental and model lifetimes τ of inflamed
ethanol Leidenfrost drops are compared as a function of the superheat �T at Rc = lc. The black and purple
dashed curves are deduced from the power law of τ ∝ �T −1/2.

VI. CONCLUSION

Our findings reveal that an inflamed drop in the Leidenfrost state exhibits prolonged lifetime and
high mobility. This extended lifetime, allowing the flame to endure for an extended period with the
same amount of fuel, poses a significant challenge for fire suppression efforts compared to a sessile
drop. Our study underscores the importance of controlling the Leidenfrost temperature relative to
the substrate, as it has implications for heat transfer and fire suppression strategies. Through our
experiments, we successfully separated the contributions to drop evaporation from both the top and
bottom parts. Despite the flame’s higher temperature compared to the substrate, we demonstrated
that evaporation at the bottom of the drop predominates over that at the top, particularly for
drops larger than the capillary length. This holds significant implications for comprehensively
understanding the interaction between burning drops and hot wall surfaces, as well as for efficiently
utilizing energy in a Leidenfrost state. Moreover, an inflamed Leidenfrost drop offers an alternative
means to measure the intrinsic burning rate of a flammable liquid. Direct measurement of this
burning rate is challenging due to factors such as the presence of the burning pool’s border [42]
or the porosity of an inflamed solid sphere fed with liquid [43]. The analysis of the top contribution
allows to determine an order of magnitude of the burning rate without considering border problem.
Indeed, in the large Leidenfrost drop regime, the pool border essentially is the drop itself. Thus,
the evaporation rate at the top is an intrinsic reflection of the liquid’s burning rate at its saturated
temperature. The observed top evaporation of inflamed Leidenfrost drops is comparable to laminar
convection heat transfer seen in pool fires with small pool diameters (<0.05 m) [42].
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