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Dripping fire, caused by flammable liquids falling onto solid surfaces, presents a significant challenge for fire
hazard management due to its concealed and unpredictable nature. In this study, we investigate the evaporation
and burning characteristics of dripping fire and ascertain that self-extinguishment can occur under specific drip
masses and frequencies owing to heat transfer from the heated substrate to the droplet and thermocapillary
motion of burning droplets. By controlling these drip parameters, we observe three distinct burning regimes:
non-extinguishing, self-extinguishing, and non-igniting; furthermore, we confirm that their critical drip masses
and frequencies follow a power function with an exponent of 3/2. We develop an evaporation model to predict
the occurrence of the self-extinguishing regime, which aligns well with experimental results. Additionally, by
designing substrates with diverse surface structures and thermal properties to manipulate evaporation dynamics
and motion behavior of burning droplets, it is possible to significantly reduce the burning duration of dripping
fires from over 120 s to under 20 s. Overall, this finding offers a novel approach to mitigating fire hazards related

to flammable drips in various settings such as buildings and industrial environments.

1. Introduction

Fire has always played a significant role in the history of human
civilization, yet it also inflicts substantial casualties and economic losses
on society every year. A common phenomenon in fires is the continuous
dripping of flammable liquids, such as copaiba oil flowing from injured
tree trunks [1], liquid wax falling from tilted burning candles, molten
thermoplastic materials dripping from building facades [2], and fuel
liquids leaking from storage tanks [3]. These inconspicuous
millimeter/centimeter-sized flammable drips, known as dripping fire
when ignited, are often a significant cause of serious fires [4-6].

In previous studies, the investigation of dripping fire mainly focused
on the ignition, burning, and dripping processes, yielding valuable in-
sights into fire characteristics and hazard analysis. For example, Wang
et al. [7] examined the impact of ignition location on the combustion
behavior of molten polymer drips. They found that the initial ignition
location significantly influenced fire parameters such as heat release
rate, released heat, smoke temperature, CO concentration, and extin-
guishing coefficient, leading to different fire spread types. Sun et al. [8]
conducted experiments on polyethylene drips igniting thin paper,
similar to classical pilot ignition of thin fuels. They observed that the
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ability of burning drips to ignite paper decreased with increasing paper
thickness, with ignition time inversely proportional to drip mass and
frequency squared. Xie et al. [9] investigated the dripping-burning and
flow behavior of thermoplastic material drips (polystyrene (PS), poly-
ethylene (PE), and polypropylene (PP)). They found that the drip fre-
quency and flame spread velocities of PP and PE were higher than that of
PS, while the pool fire burning rate of PP and PE was lower. Considering
heating, melting, drip frequency, and flow combustion behavior, the
researchers concluded that the flow fire hazard of PE and PP was
significantly higher than that of PS. Kim et al. [10] predicted the drip
size and time of molten polymer droplets in dripping fires through nu-
merical simulations. Their study revealed a linear correlation between
the total heat flux at the melting front and its length. Using force balance
equations, they estimated drip size and time, which correlated linearly
with modified inverse Bond number and a combination of capillary
number and modified Bond number. He et al. [11] experimentally
investigated the dripping behavior of melting insulation in copper wire
under overload current. They found that dripping behavior correlated
with strong currents, and drip frequency was proportional to the square
of the current. Additionally, dripping behavior influenced flame prop-
agation along energized wires, resulting in variations in flame width,
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height, and propagation velocity. In summary, these studies primarily
contribute to an understanding of the combustion characteristics and
fire hazards associated with dripping fire.

In recent years, there has been growing interest in controlling the fire
hazards associated with drip materials like polymers and flammable
fuels due to their widespread application field. Researchers have
explored various approaches to address this issue. For instance, Carosio
et al. [12] investigated the effect of ionic strength of polyhedral oligo-
meric silsesquioxane and sodium montmorillonite coatings assembled
through layer-by-layer on the melt dripping of polyester fabrics. These
coatings effectively suppressed drip formation, slowed down flame
spread, and reduced the combustion intensity of the fabrics. Guan et al.
[13] developed a fire-resistant triboelectric nanogenerator (TENG)
based on fully aromatic liquid crystal poly (aryl ether ester) (LCPAgg).
The TENG, utilizing LCPagg as a high-rigidity main chain material,
exhibited excellent resistance to drip formation, high temperatures, and
fire. Wu et al. [14] enhanced the flame retardancy and mechanical
properties of epoxy resin by synthesizing a phosphorus-containing
organic-inorganic hybrid flame retardant (APOP). Additionally, re-
searchers have explored the use of acoustic waves to extinguish
fast-moving dripping flames. Xiong et al. [15] found that the effective-
ness of acoustic wave extinguishment decreased with increasing drip-
ping velocity. They [16] also discovered the use of acoustic waves to
extinguish propane flames and found that the frequency and sound
pressure of the acoustic source had a significant effect on the flame.
Lower-frequency acoustic sources produced larger membrane vibrations
and flame flicker displacements, promoting flame extinction. These
approaches offer potential strategies for mitigating the fire hazards
associated with dripping fires. However, their practical application is
limited by the complexity of the required working conditions. In real fire
scenarios, when the flammable liquids drop on a solid surface, pre-
venting the accumulation of flammable drips and reducing their burning
time and fire spread are crucial for controlling fire hazards. Notably,
there is limited research on how burning drips interact with solid sur-
faces and how solid surface properties can be utilized to control fires.

In this work, we propose a hazard control method for dripping fires
based on the design of the surface structure and thermal properties of the
solid substrate. We investigate the burning and evaporation behaviors of
continuous fuel drips on the substrate surface, and identify three
burning regimes: non-extinguishing, self-extinguishing, and non-
igniting, depending on the drip mass and frequency. We find that the
burning regime and duration of a dripping fire are influenced by the
thermocapillary motion of the droplet and the heat transfer from the
heated substrate to the droplet. Based on these insights, we design a
range of substrates that modify the motion and evaporation behavior of
burning drips, resulting in a significant reduction in burning time from
over 120 s to under 20 s. These findings offer a straightforward and
effective approach for controlling the hazards of dripping fire.

2. Materials and methods
2.1. Preparation of materials

Ethanol (99.8 %, [vol/vol]), methanol (99.5 %, [vol/vol]), and
isooctane (99.0 %, [vol/vol]) were purchased from Sinopharm Chemical
Reagents Co., LTD. The physicochemical properties of these liquids are
provided in Table S1. Silicon substrates without surface microtextures
were processed by Zhejiang Jingxin Technology Co., LTD, while silicon
substrates with surface microtextures were fabricated by Suzhou
Yuanwei Chip Technology Co., LTD. Sapphire substrates were manu-
factured by Suzhou Hengjia Crystal Material Co., LTD, and the quartz
substrate was fabricated by Lianyungang Aokai Quartz Co., LTD.
Tables S2 and S3 display the physical parameters of all substrates. The
surface microtextures on the silicon substrates were created using
photolithography and ion etching processes. Firstly, a uniform layer of
positive photoresist AZ4620 (Shipley, US) was applied to the cleaned
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silicon substrate. The coated silicon substrate was then dried and cured
at 100 °C for 2 min. Subsequently, double-sided alignment and contact
exposure were performed using the MA6 UV MASK ALIGNER (SUSS
MicroTec, Germany) for 30 s. The exposed silicon was soaked in a Tet-
ramethylammonium hydroxide (TMAH) solution (25 % TMAH: deion-
ized water = 1:8) for 1 min. The silicon substrate was then rinsed with
deionized water and dried at 100 °C for 5 min followed by 110 °C for 7
min. After the treatment, the exposed silicon was etched using a
MULTIPLEX ASE-HRM ICP ETCHER (Surface Technology Systems plc,
UK) with a radio-frequency power of 200 W and an etching rate of 10
pm/min. Following etching, any excess photoresist was removed with
acetone, and the microtextured silicon substrate was rinsed with ethanol
and deionized water before being dried. The surface microtopography of
all substrates was examined using Laser Scanning Confocal Microscopy
(LSCM) (see Fig. 1).

2.2. Dripping fire experiments

The experimental setup can be seen in Fig. 2a. A syringe pump was
used to push out continuous flammable drips with a constant mass and
frequency from the needle tip. The starting droplets (3 drops by default)
would reach the substrate surface and form a kindling liquid film, which
was then ignited. The subsequent evaporation and burning processes of
the continuous drips on the substrate were recorded using camera 1 (a
high-speed camera, Phantom v2512) at a frame rate of 1000 fps and
camera 2 (a digital camera, Sony FDR-AX60) at a frame rate of 25 fps,
respectively, under different lighting conditions. It is important to note
that two thermal baffles were employed to ensure their minimal inter-
ference with the experimental results. Firstly, a thermal baffle with a
small round hole (approximately 1 cm in diameter) was placed between
the needle and the impacted substrate to prevent wide-ranging heat
airflow (fire plume) from disrupting the continuous liquid dripping
process. Secondly, the impacted substrate was positioned on another
thermal baffle (shown in Fig. 2a) to reduce conductive heat loss from the
bottom of the substrate. The ambient temperature during the experi-
ment was 20 & 1 °C. The impact velocity v, mass mg, and frequency f of
the ethanol drip varied within the range of 2.12 ~ 3.06 m/s, 1.7 ~ 13.8
mg, and 0.14 ~ 6.67 Hz, respectively.

2.3. Parameters measurement

The mass mg (or diameter D) and Weber number We (or velocity v)
of the drip before impact, as well as the frequency f and solid-liquid
contact area S, during impact, are identified and calculated from
experimental images taken by the high-speed camera. The uncertainties
for length, mass, and time are 0.05 mm/pixel, 0.1 mg, and 0.001 s,
respectively. The substrate temperature T; was captured using the
temperature acquisition system (DAM-4501, Xunyan Electronics Co.
LTD, China) with a response time of 500 ms. Two superfine surface K-
type thermocouples (0.05 mm in diameter), positioned at the center and
the edge, were used and fixed at the bottom of the substrate (1 mm
thick). Since the substrate surface is square or circular (i.e. 35 mm in
length or 39.5 mm in diameter with the same surface area), the tem-
perature recorded at these two points can represent the overall substrate
temperature (temperature differences in the direction of thickness are
ignored). The experimental analysis and calculation of substrate tem-
perature and the error bar (or error band) were based on the tempera-
ture readings from the two measuring points with an uncertainty of +
0.1 °C. The burning time (or duration) t, of the fire was obtained by
recording the time interval from the ignition of the kindling liquid film
to the complete extinguishing of the fire using the digital camera, with
an uncertainty of + 0.1 s. The burning time for the non-extinguishing
phenomenon was recorded for more than 10 min. The flame size,
including the height Hy and volume V}, was calculated using a gray-
threshold method [17,18] based on side-view flame images (see
Fig. 2b). Firstly, the entire outline of the flame in each frame was
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Fig. 1. Surface microtopography of different substrate surfaces under Laser Scanning Confocal Microscopy (LSCM). (a) Smooth silicon. Rough surfaces: (b) Silicon,
(c) Sapphire, (d) Quartz. Microtextured silicon surfaces: (e) Micropore, (f) Micropillar, (g) Microgroove. (h) The corresponding three-dimensional morphology of the

microgrooved surface in (g).
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Fig. 2. (a) Experimental setup for capturing the evaporation and burning behaviors of continuous droplets on the impacted substrate. (b) Binary flame image

recognition by gray threshold method.

identified by setting a grayscale threshold, which allowed for the
determination of the flame boundary and maximum height. Secondly,
utilizing the infinitesimal method, the flame was divided into n; layers
from bottom to top (further divided into ny micro-cylindrical flames
from left to right if there are multiple discontinuous flames). The
equivalent diameter of the j-th flame layer can be expressed as D; =

> Lz)l/ ?, where i and L; represent the i-th micro-cylinder and the
horizontal diameter of the i-th micro-cylinder in the j-th layer flame,
respectively. Then, the volume of the j-th layer flame can be indicated as
Vi = %DJ?HJ-, where Hj is the height of the j-th layer flame. Consequently,
the total volume of the flame can be expressed as V; = >, Vj, which
yields V; = 47zz (
flame were obtained by compiling the computational code.

22,L2dz). Finally, the transient sizes of the

3. Results and discussion
3.1. Self-extinguishing phenomenon

Let us start with a case study in Fig. 3: ethanol drips with a mass mg of
2.9 mg were continuously impacting onto a smooth silicon substrate

(surface roughness Ra < 0.1 pm) at a constant Weber number We (We =
pDovg /o, where p, Do, v, and ¢ are the density, diameter, impact ve-
locity, and surface tension of the drip before contact with the substrate)
and frequency f. We recorded the burning and evaporation processes
separately in Fig. 3a and b and measured the key parameters such as the
flame height Hrand volume V/, the contact area S of the burning droplet
on the substrate before the arrival of the next drip, and the average
temperature T of the substrate as a function of time t in Fig. 3c. The
results show that the dripping fire undergoes three distinct burning
stages before self-extinguishing (see Movie S1): the ignition and burning
of the liquid film (stage 1, t; ~ ty), steady-state burning of sessile
droplets (stage 2, ty ~ t3), and unsteady burning of moving droplets
(stage 3, t3 ~ t4).

Stage 1 is characterized by a rapidly varying flame size due to the
large S; (t; ~ t in Fig. 3c) and the visible splash caused by the drip
impinging on the liquid film (at 0.017 s in Movie S1). This is the initial
development of the dripping fire that forms after being ignited (t; = 0's),
with a light blue flame indicating full combustion.

Stage 2 is distinguished by the burning droplet being relatively fixed
in location. The flame size periodically oscillates as each new drip
spreads on the substrate (to ~ t3 in Fig. 3c). Note, however, that the
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Fig. 3. Self-extinguishing phenomenon of an ethanol dripping fire on a smooth silicon substrate (my = 2.9 mg, We = 305, f = 0.67 Hz). (a and b) The burning and
evaporation processes of continuous ethanol drips before fire self-extinguishing. (c) Flame size (height Hy and volume V), solid-liquid contact area S, and substrate
temperature T; as a function of time ¢t and drip number N before fire self-extinguishing. Each thin dashed line represents one drip and the gray shaded band around T
indicates the uneven distribution of substrate temperature. In (a-c), t, is the start time of the dripping behavior, t;, t; and t; are the start times of each burning stage,
and t, is the end time of the fire. The numbers (1 ~ 45) next to the drips in (b) indicate the order in which the drips fall after the fire starts, corresponding to drip

number N in (c). White scale bars: 2 cm in (a) and 5 mm in (b).

maximum flame size per drip increases with time due to the gradually
increasing T;. Towards the end of this stage, the accumulation of the
droplets on the substrate is nearly burned or evaporated (t3 = 22.155 s in
Fig. 3b). Although the fire remains relatively stable at this stage, the top
of the flame gradually turns yellow due to the intensifying combustion
(as seen at 20.1 s in Fig. 3a, indicating inadequate combustion).

Stage 3 is featured by the motion of the burning droplet. The droplet
is no longer stationary but starts to migrate from the center (impact
point) towards the edge of the substrate. At this moment, the flame
becomes very small (observed at 23.4 s in Fig. 3a). Due to the limited
size of the substrate (35 mm in side length), the newly arrived drips can
be easily ignited by the burning droplets previously transported towards
the edge, resulting in multiple burning droplets on the substrate (see at
28.2 s and 52.0 s in Fig. 3a). Monitoring the substrate temperature re-
veals that the motion of the burning droplet is induced by the uneven
temperature distribution across the substrate (represented by the shaded
band around the temperature curve in Fig. 3c). In other words, the
substrate temperature at the center is higher than that at the edge, pri-
marily due to the heat transfer from the high-temperature flame to the
substrate. This directed motion of the burning droplet from the hot zone
(center) to the cold zone (edge) is known as thermocapillary effect [19,
20]. It should be noted that the evaporation of the burning droplets are
at contact boiling [21,22] because the substrate temperature T; exceeds
the boiling point of the liquid (for ethanol, Ty, = 78 °C). Simulta-
neously, the movement of the burning droplet towards the colder region
in turn affects the uneven temperature distribution on the substrate,
gradually weakening the thermocapillary effect. This can be observed by
the decreasing shadow around the temperature curve at t3 ~ t4 in Fig. 3c.
Additionally, the flame size at later times is significantly larger than
during stage 2 (ty ~ t3 in Fig. 3c). The higher overall temperature of the
substrate leads to rapid evaporation of the burning droplet, extin-
guishing the fire before the next drip arrives (as depicted in Fig. 3b, the
burning droplet has completely evaporated at t; = 65.190 s, while the
next drip reaches the substrate at 65.299 s). Just before dying out (at
64.3 s in Fig. 3a), the bright yellow color of the flame indicates strong
and inadequate burning, along with a high evaporation rate of the
droplet.

In the above experiments, we consider the effect of the number Ny of
starting droplets on fire self-extinguishing. As shown in Fig. S1, we find

that its effect is negligible within a range of Ny = 3 ~ 9 due to the similar
substrate temperature changes. Additionally, we investigate the influ-
ence of the Weber number We (impact velocity vg) and the initial sub-
strate temperature T (< Tpoi) on fire self-extinguishing in Fig. S2. We
observe that the burning time t, of the fire increases as We increases or
To decreases. The reason for this is twofold: firstly, an increased We
creates droplet splashing and reduces the mass of the burning liquid on
the substrate, thereby slowing down the substrate heating rate and
prolonging the time to reach the self-extinguishing temperature. Sec-
ondly, a lower T directly weakens the droplet evaporation, resulting in
a longer time for the burning droplet to self-extinguish.

3.2. Burning regimes

The above results are discussed based on constant drip mass mg and
frequency f. However, since self-extinguishing is caused by the rapid
evaporation of the burning droplet on the heated substrate before the
arrival of the next drip, it is very necessary to study the influence of mg
and f on the burning time and regime of dripping fire. In Fig. 4a and b,
the drip frequency f is firstly changed to observe the burning time t;, of
the fire and the final temperature Tfnq of the substrate in an ethanol
dripping fire. With the increasing f, the burning time t; is found to in-
crease gradually and eventually to be out of control (f > 2.3 Hz, burning
for more than 10 min, not represented by symbols) in Fig. 4a. Corre-
spondingly, the final temperature Tj,q of the substrate first increases
and then remains stable in Fig. 4b. It should be noted that a jump in t,
and Tfinq is observed at f = 0.4 ~ 0.5 Hz, where Tfnq jumps from 60 °C to
91 °C, and t, jumps from 13 to 51 s. This jump is attributed to the
thermocapillary effect of burning droplets, which occurs when T; ap-
proaches 73 °C (close to the boiling point of ethanol, see Fig. S3a and b).
Although the overall temperature of the substrate is rising, the transport
of burning droplets from the hot zone (center) to the cold zone (edge)
prolongs the fire’s lifetime. Therefore, according to the variation of t;
and Tfinq, we can divide the ethanol dripping fire into three different
burning regimes in Fig. 4a and b: non-igniting (gray region), self-
extinguishing (orange region), and non-extinguishing (blue region). In
a non-igniting regime, the slight increase in t;, (1.3 ~ 6.8 s) and T
(25.9 ~ 47.9 °Q) is attributed to the burning of the kindling liquid film,
which is extinguished before the first drip arrives. In a self-extinguishing
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Fig. 4. Phase diagram. (a-b) The burning time t, of the fire and the final temperature Tfpq of the substrate as a function of drip frequency f (mo = 2.9 mg, We = 305).
The gray, orange, and blue regions represent the non-igniting, self-extinguishing, and non-extinguishing regimes, respectively. (c) Burning regimes of ethanol
dripping fire on a smooth silicon substrate controlled by my and f. (d) The critical drip mass m. as a function of f in different liquid and substrate types at the
boundaries of the burning regime. The substrates are silicon (square symbol), sapphire (triangle symbol), and quartz (circular symbol), and the liquids are ethanol
(solid symbols, We = 254 ~ 514) and methanol (semi-solid symbols, We = 277 ~ 531). Black symbols indicate the occurrence of self-extinguishing or non-igniting
regimes, while blue symbols indicate the occurrence of self-extinguishing or non-extinguishing regimes. Error bars in (a-d) are obtained from the standard deviation
calculated by ten repeated experiments. The boundaries of the burning regime in (c and d) satisfy the scaling m, ~ 1/f 3

regime, the number of drips that can be ignited increases with the drip
frequency f, so that t, and Tfnq vary in the range of 7.0 ~ 62.5 s and 48.3
~ 128.4 °C, respectively. However, as f is further increased, the fire
enters a non-extinguishing regime. This is because the high f ensures
that the fire keeps being replenished by the ethanol drips, and eventually
Thnq reaches a dynamic equilibrium (~ 130 °C), so we can observe the
fire burning for more than 10 min.

The mass my of the drip is also another important factor affecting the
burning regime. In Fig. 4c, we show a phase diagram of burning regimes
dependent on mg and f for ethanol dripping fire on a smooth silicon
substrate, where the two boundaries (black and blue dashed lines) of the
burning regime are found to scale as m. ~ 1/f %2 (m, is the critical mass
of the drip). This scaling is confirmed when we repeat the same exper-
iment with different liquids (methanol) and substrates (silicon, sapphire,
and quartz) in Fig. 4d. We find a good agreement between the scaling
and the experimental results, except for some deviations at the boundary
between the non-igniting and self-extinguishing regimes (black dashed
lines in Fig. 4c and d). This deviation is due to the heat transfer from the
high-temperature flame to the substrate increasing with the mass of the
drip, which in turn causes the evaporation of the droplet on the substrate
to be further enhanced (see Fig. S4a-b, Tfinq at the regime boundary can
reach up to 60 °C when the mass my of the drip is 13.8 mg). To keep on
the fire, the drip frequency f (black symbols in Fig. 4d) has to be larger in
experiments than predicted by the scaling to enter the self-extinguishing
from the non-igniting. Ty is also found to be dominated by the liquid
properties and is not strongly affected by the drip frequency f and the
substrate material at the boundary between the self-extinguishing and
non-extinguishing regimes in Fig. S4a-b. Specifically, Tsnq for methanol

dripping fire is approximately 86 °C, while that for ethanol dripping fire
is about 127 °C. This demonstrates that the burning regime of dripping
fire depends on the drip mass and frequency, and the boundaries of the
burning regime are affected by the type of liquid and substrate.

3.3. Mechanism and model of a self-extinguishing regime

As mentioned previously, the interaction between continuous flam-
mable drips and the impacted substrate affects the burning regime of the
fire, in which the thermal state of the substrate plays a crucial role in
triggering the self-extinguishing fire. To provide a more comprehensive
understanding of the burning regime and time of the dripping fire, a
schematic diagram illustrating the evaporation of a burning droplet on a
hot substrate is depicted in Fig. 5a. Two key thermal parameters, q; (J/s)
and g (W) are defined, namely the heat release rate of a burning droplet
and the heat transfer power of the substrate. They can be expressed as q;
~ mpAHf and

D34 AT

273
<3tang + tan3§)

respectively, where AH is the heat of combustion, 6 is the static solid-
liquid contact angle, f; is the solid area fraction, Ay is the interfacial
heat transfer coefficient, and AT is the temperature difference between
the substrate and the droplet surface. The detailed derivation of q; and g5
can be found in the Supplementary Material. In a dripping fire, the
parameter q; dominates the final fate (burning regime) of the fire,

qs ~
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Fig. 5. The influence mechanism of dripping fires and the validation of a self-extinguishing predictive model. (a) Schematic diagram of the thermal effects of ¢, and
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3 except for the gray region due to the influence of substrate temperature. (c) The comparison of a predictive lifetime r with the experimental drip time 1/f

in different self-extinguishing dripping fires. Three liquids (ethanol (black symbol), methanol (blue symbol), and isooctane (orange symbol)) and three substrate
materials (silicon (round symbol), sapphire (triangle symbol), and quartz (square symbol)) are tested. The large symbols represent the case where my = 11.1 mg (We
= 477), while the small symbols represent the case where mgp = 2.9 mg (We = 305).

whether it be non-igniting, self-extinguishing, or non-extinguishing. The
parameter g; affects the rate at which a burning droplet evaporates on a
hot substrate, ultimately influencing how quickly the fire is extin-
guished. As q; decreases, the possibility of the next drip being ignited
reduces, making it increasingly difficult to sustain the fire. This expla-
nation aligns with the experimental results depicted in Fig. 4, where the
ethanol dripping fire transitions from non-extinguishing to non-igniting
as mg and f decrease. Additionally, the methanol dripping fire, which has
a lower AH, exhibits a larger non-igniting region when compared to
ethanol. Conversely, as ¢; increases, the droplet evaporation is
enhanced, resulting in a shortened t,. This leads to faster extinguishing,
as seen in the experimental results in Fig. 4d, where an increase in
thermal conductivity As; from quartz to silicon expands the non-igniting
region. In reality, whether a fire is self-extinguishing or not depends on
the time it takes for the next drip to reach the substrate surface relative
to the lifetime of the burning liquid on the substrate. In Fig. 5b, the
transitions between non-igniting, self-extinguishing, and non-
extinguishing regimes can be characterized by two critical times 7.
and 7., where 7. represents the burning time of the kindling liquid film
and 7. corresponds to the burning time of the last drip before the fire
self-extinguishes. If the first drip fails to reach the substrate surface
before the kindling liquid film burns out (i.e. 7.1 < 1/f), the fire is non-
igniting. Conversely, if the droplet is still burning on the substrate when
the next drip reaches the surface (i.e. 7.2 > 1/f), the fire is non-
extinguishing. In cases where 7, < 1/f < 1., the fire is self-
extinguishing.

Given the complexity of continuous impact and droplet combustion
in a dripping fire, accurately predicting the self-extinguishing behavior
for specific drip parameters my and f is challenging. However, it is
crucial to quantitatively analyze the critical conditions for fire self-
extinction. To address this, a simplified physical model of a burning
droplet evaporating on a hot substrate is developed and illustrated in
Fig. S5a. In this model, there are two primary heat sources: high-
temperature flames (involving gas-liquid heat transfer with flame tem-
perature typically exceeding 1000 °C) and hot substrates (involving

solid-liquid heat transfer through contact boiling). These heat sources
drive the evaporation of the burning droplet. To simplify the analysis,
we consider the heat contributions separately and decouple the mixed
evaporation mode into two parts: the evaporation of an unburned sessile
droplet and the evaporation of a hanging burning droplet (represented
by the simplified schematic diagram in Fig. S5b-c). Next, we derive the
droplet mass loss rate for each part and establish an expression 7 = D3/
K* for the lifetime of a burning droplet on a hot substrate, which is also
known as D? law [23-25]. In this law, K* is a burning constant that
depends on various factors such as droplet combustion characteristics,
substrate thermal conductivity and wetting characteristics, and envi-
ronmental conditions. The detailed derivation process for K* is provided
in the Supplementary Material. Since the lifetime of a burning droplet
satisfies 7 ~ Dg, we have 7 ~ m3’3. At the regime boundary, it follows 7 ~
m:%® and ¢ = 1/f, which finally yields m, ~ 1/f /2. The results of these
derivations agree with the experimental findings presented in Fig. 4c,
d and 5b. Utilizing the D? law, Fig. 5c¢ presents the predicted and
experimental values of the lifetime of the last burning droplet in
self-extinguishing dripping fires for different liquid types and substrate
materials. It is worth noting that some of the predicted values 7 deviate
from the experimental results 1/f, which can be attributed to the un-
certainty in calculating K*. The uncertainty stems from the dynamic
variations of physical parameters (such as ¢ and T;) during droplet
evaporation, while their average or transient values are used in the
calculation of K*. Furthermore, due to the intricate nature of droplet
combustion and heat transfer, certain physically challenging parameters
(such as heat parameters associated with flame temperature and vapor
zone) are obtained from previous studies or referenced from physical
chemistry handbooks [26-28]. As a consequence, deviations between
theoretical and experimental values are inevitable. Nevertheless, by
extensively testing a wide range of liquid types and substrate materials,
along with varying mg and f, we observe that the predicted values 7 from
our theoretical model are of the same order of magnitude (0(0.1) ~ O
(1)) as 1/f. This suggests the reliability of our model in predicting the
self-extinguishing behavior of a dripping fire.
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3.4. Tunable dripping fire on different impacted substrates

We design a range of substrates, including microtextured surfaces
(such as micropore, micropillar and microgroove) and rough surfaces
(0.1 pm < Ra < 1 pm, including silicon, sapphire and quartz) to
manipulate surface structures and thermal properties of the substrate,
thereby altering thermocapillary motion and evaporation behavior of
burning droplets, and ultimately regulating their lifetime to achieve
tunable self-extinguishing of dripping fires.

As depicted in Fig. 6a—f, we compare the duration t, of the fire on six
different substrates with identical drip parameters (ethanol, my = 2.9
mg, We = 305, f = 0.67 Hz). The results demonstrate that t, is signifi-
cantly shorter on microtextured surfaces (indicated by only the first two
burning stages in Fig. 6a—c, flame size presented in Fig. S6a-b), but
longer on rough surfaces (characterized by three burning stages in
Fig. 6d-f, flame size shown in Fig. S6¢c-d). This discrepancy arises from
the fact that the microtextures on the substrate impede the thermoca-
pillary motion of the burning droplets due to the fixed three-phase
contact line [29], whereas on the rough, the moving burning droplets
are still observable. Furthermore, schematic diagrams presented in
Fig. 6a—f clearly demonstrate that t;, on microtextured surfaces is influ-
enced by the contact angle ¢ and the solid area fraction f;, while on
rough surfaces, it is primarily dominated by the thermal conductivity 4.
Specifically, for the three microtextures, it can be observed that the
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duration of each burning stage on microporous surfaces (t,; = 16.4 s and
tyo = 24.6 s in Fig. 6a) is longer compared to that on micropillared
surfaces (tp; = 8.7 s and t3 = 13.3 s in Fig. 6b). This can be attributed to
the slowing down of droplet evaporation with the increase of  [30] (6 =
50.1° for micropore and ¢ = 17.4° for micropillar, see Movie S2).
Additionally, it is observed that the duration of each burning stage on
microgrooved surfaces (tp; = 4.9 s and tp = 14.3 s in Fig. 6¢) is shorter
than that on micropillared surfaces. Apart from the effect of 6, this is
mainly owing to the acceleration of droplet evaporation with the in-
crease of fs [31] (fs = 5 for microgroove and f; = n+1 for micropillar, see
Movie S3). The influence of 6 and f; is further confirmed by the
time-dependent S. [32,33] on the microtextured surface in Fig. S7a.
Finally, microgrooved surfaces with smaller ¢ and larger f; exhibit the
fastest extinguishing of the dripping fire among all the microtextured
surfaces (t, = 19.2 s in Fig. 6¢). In contrast, for the three materials tested,
the duration of each burning stage on silicon surfaces (tp; = 11.1s, tpo =
10.9 s and ty3 = 26.6 s in Fig. 6d) is significantly shorter than that on
sapphire surfaces (tp; = 12.6 s, tpo = 24.6 s and tp3 = 94.3 s in Fig. 6e).
This is due to the acceleration of droplet evaporation with increasing
thermal conductivity s [34,35]. However, we have also found that when
As is poor (such as in the case of quartz with 4, = 1.39 W~m’1-K’1), the
duration of each burning stage is also short (tp; = 7.8 s, tpo = 8.3 sand t3
= 26.9 sin Fig. 6f). Based on the burning process (see Movie S4) and the
measured substrate temperature (Fig. S7d), it can be seen that the
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Fig. 6. Tunable dripping fire on different impacted substrates. (a—f) Self-extinguishing ethanol dripping fires on various substrates (mg = 2.9 mg, We = 305, f = 0.67
Hz). Microtextured surface: (a) micropore, (b) micropillar, (c) microgroove. Rough surface: (d) silicon, (e) sapphire, (f) quartz. Each figure includes a diagram of the
side-view wetting state and the top-view evaporation shape of an ethanol droplet on the corresponding substrate, and flame snapshots before the fire self-
extinguishes. The substrate surfaces are color-coded, with darker shades indicating higher temperatures. The white scale bar is 2 cm. (g) A comparison of the
fire duration t, on different substrates. The error bar is the standard deviation of ten sets of experiments.
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temperature distribution on the quartz surface is highly non-uniform.
Surprisingly, local temperatures on the quartz surface can even be
higher than those on the silicon surface (4; = 149 W-m LK D. As a
result, the burning droplet in the hot zone experiences a high evapora-
tion rate [36] before it moves towards the cold zone. Consequently, a
burning droplet on a poorly heat-conducting quartz substrate can boil as
rapidly as on a well heat-conducting silicon substrate, leading to the
suppression of thermocapillary motion. In contrast, droplet evaporation
occurs at a slower rate on a moderately heated sapphire substrate (1; =
45 W-m 1-K™1). The inhomogeneous temperature distribution on sap-
phire surfaces induces a persistent thermocapillary effect (see Movie
S4), thus significantly prolonging the duration of the fire (t, = 131.5 s in
Fig. 6e). Finally, we summarize the fire durations t, on different sub-
strate surfaces in Fig. 6g. The fire on the microgrooved surface exhibits
the shortest duration (t, = 18.1 £+ 2.4 s), while that on the sapphire
surface has the longest duration(t, = 129.3 + 21.4 s). The fire duration
on the sapphire surface is over 7 times longer than that on the micro-
grooved surface in a self-extinguishing fire.

4. Conclusion

In this study, we focus on understanding the behavior of dripping
fires and how they self-extinguish. Dripping fires occur when a flam-
mable liquid, such as oil or gasoline, drops onto a substrate and ignites.
We investigate how the overall temperature and temperature distribu-
tion of the substrate affect the self-extinguishing process. We find that
droplet evaporation, which plays a crucial role in the burning process, is
influenced by both the overall temperature and temperature heteroge-
neity of the substrate. As the overall temperature of the substrate in-
creases, droplet evaporation also increases. However, when there is a
non-uniform temperature distribution on the substrate, droplet evapo-
ration decreases. This is because the temperature difference induces
thermocapillary motion, causing the burning droplet to move from the
hot zone to the cold zone on the substrate. Furthermore, we analyze the
effect of drip parameters, such as the mass and the frequency of the drip,
on the behavior of the fire. Based on the experimental results, we
categorize the phase diagram into three burning regimes: non-igniting,
self-extinguishing, and non-extinguishing. We find that the boundaries
of these burning regimes scale as m, ~ 1/f 2. This scaling relationship
holds for different liquids and substrates. To predict the self-
extinguishing behavior of a dripping fire, we develop a physical model
for the evaporation of a burning droplet on a hot substrate, which aligns
well with our experimental findings. Additionally, we design various
substrates with different surface structures and thermal properties to
regulate the burning time of dripping fires. For example, we find that
sapphire substrates can extend the burning time to over 120 s, while
microgrooved substrates can shorten it to under 20 s. Overall, our study
provides valuable insights into controlling the burning time caused by
flammable drips in building and industrial settings. The findings can be
applied to develop effective fire prevention and suppression strategies to
enhance safety in these environments.
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