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Abstract: This paper presents experimental research into the propagation of a liquid fuel combustion
front interacting with a fire barrier made of CO2 hydrate and ice. The combustible liquids studied here
were kerosene, gasoline, Diesel fuel, oil, petroleum, and alcohol. The experiments with gas hydrate
involved fire barriers based on powder and tablets. Heat and mass transfer and phase transitions
in the area between the fire barrier and the combustion front were found to play a fundamental
role. The liquid fuel combustion fronts propagate at a velocity ranging from 0.1 m/s to 3 m/s
under natural convection. Forced convection leads to 2- to 5-fold changes in the flame propagation
velocities. According to our experiments, 2–4 cm is the minimum width of a CO2 hydrate fire barrier
for stopping the flame combustion front. We also determined the contribution of the gas hydrate
dissociation to fire suppression and identified the conditions of the combustion front stoppage. The
dimensionless processing of experimental data made them scalable to industrial applications. Finally,
the experimental findings were also used to develop physical and mathematical models predicting the
necessary and sufficient amount of CO2 hydrate in a fire barrier to provide the effective deceleration
and stoppage of a flame combustion front.

Keywords: CO2 hydrate granules; extinguishing agents; combustible liquids; liquid fuels; flame front
propagation; fire containment

1. Introduction

Liquid fuels quite often ignite spontaneously during storage and transportation. Some-
times this happens because of depressurization followed by fuel spillage or because vapors
interact with potential sources of fire hazard (high-temperature surfaces, open flame, bare
conductors, etc.) [1–5]. The flame spreads very quickly over the surface of a rapidly evap-
orating liquid fuel, which is extremely dangerous [6–10]. This factor plays a pivotal role
in the development of fires resulting from combustible liquid leaks [11–13]. It is crucial
to study the mechanism and patterns of the flame front propagation for fire safety and
accident prevention [14–16]. It is becoming increasingly clear that the most effective way of
combating different types of compartment fires is by their containment in small areas by
suppressing the combustion fronts in confined spaces [17–19]. Fire barriers are widely used
as a fire containment tool under various conditions of combustion front propagation [20,21].
They are normally based on water, soil, clay, sand, ice, mixtures, and foaming agent, which
prevent the combustion front from spreading [22–24]. Ma et al. [25] used a thermosensitive
hydrogel to effectively suppress class A fires. According to the research findings, after the
phase transition, the hydrogel had a high viscosity and low surface tension, which helped
the gel to attach to the surface of the burning material and act as an effective barrier to
prevent combustion products from mixing with oxygen. As a result, combustion quickly
stopped. The crucial role of fluorocarbon and hydrocarbon surfactants in firefighting foam
formulations was established in Ref. [26]. Surfactants affect the ability of foam to form a bar-
rier between a fuel-pool surface and the fire, thus suppressing the fire. The main patterns of
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using fluorocarbon and fluorine-free firefighting foams as barriers to fuel transport during
liquid pool fire are outlined by Hinnant et al. [27]. It is shown that a foam layer of a certain
size is an effective barrier to fuel vapor transport. The research findings suggest surfactants
suppress the fuel adsorption and solubility onto bubble lamellae surfaces, thus slowing
down the fuel transport through the foam. Research into n-heptane fuel suppression by
an aqueous foam has shown rapid (<10 s) and significant (25 ◦C) cooling of the fuel near
the foam-fuel interface [28]. The foam layer not only forms a fuel-transport barrier to
the fire but also significantly cools the surface by heat conduction and slows down fuel
evaporation, thus suppressing the fire. Experiments with firefighting barriers have shown
the considerable advantage of combined extinguishing agents containing not only water
and foaming agent but also additives blocking the oxygen and reducing the temperature in
the combustion zone [29].

Gas hydrate is a system consisting of an ice cage with gas trapped inside [30]. The
applications of gas hydrates are expanding as new knowledge is gained of their charac-
teristics and production opportunities. There is an important objective to increase the
gas concentration in gas hydrate as well as to produce the so-called double and multi-
component hydrates containing two or more gases. Today, several applications of CO2
hydrates are known [31]. For instance, carbon dioxide hydrate can be used for seawater
desalination [32], CO2 capture and storage [33–35], and the cooling and production of
carbonated solid foods [36–38]. CO2 hydrates can be used as fire suppressants because
ice melting, water evaporation, and gas hydrate dissociation reduce the temperature in
the combustion zone, and nonflammable gases released from dissociating hydrates [39]
block oxygen as well as pyrolysis and combustion products from the combustion zone [40].
There are examples [41–43] of using CO2-based firefighting systems for compartment fire
containment and suppression. Such systems have both strengths and weaknesses [41,42]
compared to alternative fire suppressants based on liquid and solid extinguishing agents.
CO2 hydrate is not yet widely used for fire containment and suppression due to the lack
of reliable information on the appropriate thermal conditions as well as sufficient gas and
water vapor concentrations for effective firefighting [40,44]. The unique composition of
gas hydrates (carbon dioxide and a large content of water in the form of ice) heightens the
interest in their use as fire barriers for liquid fire containment and suppression as compared
to conventional barriers made, for instance, from foam. It is important to determine the
difference between the combustion front exposure to hydrate powder and ice granules.
These aspects motivated us to conduct the present research.

A promising objective is to create a database of dimensionless criteria that would
make it possible to extend our research findings and estimates based on those findings to
different fire scales and types of fuels. It is important to develop generalized physical and
mathematical models for predicting the effective conditions of liquid fire containment and
suppression where fuels have different vaporization rates and combustion front velocities.
Flammable liquids are traditionally known to be the greatest fire hazard. In this context,
it is necessary to determine the effective conditions for the containment of fires involving
liquids with the help of carbon dioxide hydrate powder. The objectives of this work were
(1) to study experimentally and theoretically the liquid combustion front propagation and
deceleration before a fire barrier made of ice or CO2 hydrate and (2) to develop a model
predicting the effective conditions of fire containment.

2. Experimental Technique

Liquid combustion front propagation was studied using a hollow rectangular-sectioned
channel, 40 mm wide, 10 mm high, and 1 m long (Figure 1). This design allowed us to mea-
sure the combustion front velocity for typical flammable liquids under different ignition
conditions. The width of the channel was selected to hold a gas hydrate fire barrier as long
as 40–50 mm with a maximum discharge density. A ventilation system with a variable flow
rate could generate forced air flow with a velocity of up to 10 m/s at one end of the channel.
The experiments involved the most widespread combustible liquids (see Table 1 for their
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properties). These liquids were chosen because they covered almost the entire potential
field of application for promising extinguishing agents.

Figure 1. Scheme (a) and appearance (b) of the channel with a combustible liquid for the experiments
on measuring the flame front velocity.

Table 1. Properties of combustible liquids used in the experiments [45–48].

General Properties

Type of Fuel
Gasoline Kerosene Diesel Fuel Alcohol Used Motor Oil Petroleum

Property

Kinematic viscosity,
mm2/s at 20 ◦C 0.7 1.3 4 1.52 9.7 7.57

Density at 20 ◦C, kg/cm3 750 780 850 830 896 849.2

Mass fraction of sulfur, % 0.05 0.2 0.6 – 2.5 0.95

Autoignition
temperature, ◦C 246 216 210 400 210 25

Flash temperature in open crucible, ◦C −43 57 62 13 223 65

Individual properties

Octane number 91 – – – – –

Cetane number – – 45 – – –

Viscosity index – – – – 173 –

Mass fraction of water, wt% – – – – – 2.37

Volume fraction of ethyl alcohol, % – – – 96 – –

Oxidation stability of gasoline, min 360 – – – – –

Existent gum content, mg/100 cm3 5 – 30 – – –
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The fire barrier was made of gas hydrate based on CO2 in the form of granulated
powder (0.2–0.5 mm in radius) and cylindrical tablets (20 mm in diameter and 5 mm high).
The mass CO2 concentration in the hydrate was 25–29%. The duration of complete hydrate
dissociation was determined as a function of temperature (Figure 2) with sample tablets
being heated in a muffle furnace. A polynomial approximation curve was also obtained
with a mathematical expression describing this relationship. The resulting mathematical
expression allows extrapolation to higher heating temperatures.

Figure 2. Duration of complete hydrate dissociation versus temperature with a clarified measurement
scheme in a muffle furnace.

The dissociation characteristics of carbon dioxide from hydrate samples were experi-
mentally studied upon radiative heating with heat fluxes comparable to those typical of
compartment fires. The thermal decomposition of a CO2 hydrate tablet was studied in
high-temperature air in a ceramic tube of an R 50/250/13 muffle furnace at an air tem-
perature ranging from 500 to 900 ◦C. A carbon dioxide hydrate sample was taken out of
a Dewar vessel filled with liquid nitrogen, weighed on an AJH-620CE electronic balance
with an accuracy of ±0.001 g, and placed on a fine metal mesh. This whole procedure took
no more than 10 s. A reservoir with a hydrate was introduced into the tubular heater of the
muffle furnace using a positioning mechanism. The thermal decomposition was recorded
using a high-speed Phantom v411 camera (1280 × 800 pix, 100 fps). The resulting footage
was analyzed in the Tema Automotive software. The ice used in the experiments was
prepared in a freezer at −15 ◦C. Before the experiments, the ice was mechanically crushed
into powder with a granule size of 0.3–0.5 mm.

Each experiment measuring the flame combustion front included the following stages:

• the channel was filled with combustible liquids with varying initial volumes;
• gas hydrate (granulated powder or tablet) was taken out of a Dewar vessel, weighed

on an electronic balance controlling for the holder mass, and then poured into the
marked zone of the working channel to make a fire barrier;

• using a gas burner, the liquid was ignited at the left end of the channel;
• using fast-response thermocouples and a high-speed camera, the liquid combustion

front propagation to the fire barrier was recorded;
• depending on the experimental conditions, the flame quenching was then recorded

after contact with the fire barrier or passing through it;
• the recording of the key characteristics of the process stopped after the complete

flame extinction.

The main recorded parameters were as follows (Figure 3): vapor combustion front
velocity, liquid burnout rate, temperature in the flame zone, duration of flaming combus-
tion, as well as gas hydrate dissociation, ice melting, and water evaporation rates. The
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parameters were measured using thermocouples (type K; 233–1573 K; accuracy ±1.5 K at
T = 233–573 K, ±0.004 x T at T = 574–1573 K), camera No. 1 (1280 × 1280 pix, 240 fps), and
camera No. 2 (1440 × 1080 pix, 1 fps). Two cameras were necessary because one was used
for continuous recording of the entire experiment while the second was used for high-speed
recording of the combustion development, vapor combustion front propagation, and flame
interaction with the fire barrier.

Figure 3. Measurement scheme in the experiment recording the liquid combustion front containment
by gas hydrate and ice.

An important point to note is that the temperature of the gas hydrate is much lower
than the temperature of the fuel film. Thus, when in contact with the fuel film, the near-
surface layer of the gas hydrate instantaneously heats, dissociates, and releases CO2. The
intense gas release prevents a significant penetration of the fuel into the powder pores. At
the same time, a CO2 hydrate powder is 70–75% water, which is immiscible with most
of the flammable liquids considered in the experiments (except alcohol). This also helps
the hydrate surface to repel the fuel. Moreover, the fuel temperature is much lower than
the temperature of the flame and combustion products. For this reason, the submerged
part of the hydrate and that above the fuel film will dissociate unevenly in time due to
the difference in temperature (Figure 2). However, on average less than 10% of the total
volume of the gas hydrate was submerged in the fuel as part of the experiments. That is
why this aspect was disregarded during the analysis of the experimental findings.

The variable input parameters in the experiments were as follows: type of combustible
liquid (kerosene, gasoline, Diesel fuel, alcohol, petroleum, or oil), volume of combustible
liquid (10–30 mL), type of extinguishing agent in the fire barrier (ice or CO2 hydrate), mass
of extinguishing agent (3–15 g), type of sample (loose layer or tablet), number of tablets
(1–3), and number of fire barriers (1–3). The experiments involved ice and CO2 hydrate
(powder and tablets) to compare the contribution of melting, evaporation, dissociation,
and heat exchange. Figure 3 presents the measurement scheme in the experiments. The
thermocouples in the experiments were located at a height of about 50 mm from the
fuel surface.

3. Experimental Results and Discussion

The combustible liquids used in the experiments exhibited significantly different vapor
combustion front propagation and burnout regimes. As a result, the integral characteristics
of the processes under study also differed significantly (Table 2, Figure 4). The vapor com-
bustion front velocities differed during the ignition and further flame combustion. Highly
non-monotonic temperature variations in different cross-sections of the flame combustion
zone were also revealed in the process. This happened due to the changing concentrations
of the oxidizer, combustible liquid vapors, and combustion products over time due to the
diffusive-convective heat and mass transfer. Supplementary Material Video S1 presents
the footage showing the flame front velocity through the working channel during vapor
ignition (first wave) and liquid burnout front velocity. The durations of the processes under
study were specified to demonstrate the key differences. Before the main experiments,
preliminary series was conducted to determine how the temperatures changed at different
heights above the fuel film (Figure 4a). As observed (Figure 4a), the trends in temperature
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variation dynamics at different heights (20–100 mm) from the fuel film have an overall
similar shape. At the same time, to ensure that the thermocouple junction recorded nothing
but the flame temperature, the thermocouple was installed at 50 mm according to the data
from Table 2.

Table 2. Combustion and burnout front velocities, as well as flame height during the combustion of
flammable liquids.

Fuel Vapor Combustion Front Velocities
during the Ignition, m/s Liquid Burnout Front Velocities, m/s Flame Height during the Combustion

of Flammable Liquids, cm

Kerosene 1 0.9 4–6

Gasoline 1.4 1.2 6–8

Separated oil 1.8 1.5 4–7

Diesel fuel 1.2 0.1 3–5

Alcohol 1.3 1.1 4–6

Figure 4. Temperature variation dynamics obtained by thermocouple measurement: (a)—at different
heights above the fuel surface (#1—20 mm; #2—50 mm; #3—100 mm); (b)—at a height of 50 mm from
the fuel surface measured by thermocouple TC#2 (Figure 3).
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The experiments show that gasoline (Figure 5) evaporates rapidly to form a fire-
hazardous air-vapor environment above the surface of the entire channel filled with it.
During the ignition, the combustion front was recorded to spread rapidly at the left end of
the channel, going along the surface of the liquid in the channel and the gas phase outside
the channel (above it, and to the left and right of it). As a result, the flame combustion zone
was formed almost instantaneously across the entire channel. The flame combustion zone
was divided into two characteristic sections by the fire barrier. The liquid-vapor ignition
and flame fronts propagated almost simultaneously in both sections. Due to the rapid
release of the light fraction, the flame was relatively high compared to other liquids. Similar
patterns were observed in the experiments with separated oil (Figure 6) containing a large
proportion of light fractions. The experiments helped us identify interesting aspects of
oil combustion front deceleration as it moved towards the fire barrier from one direction
(Supplementary Material Video S2, the timer began at the start of the ignition process, which
is used as reference time) and from both directions (Supplementary Material Video S3, the
start of ignition is used as reference time). However, if the heat from the combustion zone
was several times higher than that spent on the gas hydrate dissociation, ice melting, and
water evaporation, the combustion was more intense after the main fraction of gas passed
through the fire barrier (in Supplementary Material Video S4, the moment when these
effects emerged is used as reference time). This happened because water was the prevalent
substance remaining in the fire barrier, as it boiled at high temperatures at combustion.
This enhanced the fragmentation of the burning liquid film, i.e., water spraying in the
combustion zone.

Figure 5. Images of gasoline combustion front propagation.
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Figure 6. Images of separated oil combustion front propagation.

The alcohol combustion front (Figure 7) spread at a much lower velocity and with
a lower flame height. The combustion front slowed down as it reached the fire barrier
in the form of CO2 hydrate powder. We recorded fluctuations in the combustion front
velocity and direction due to the melting and evaporation fronts moving towards it, as
well as carbon dioxide dissociation. After quite a long time of such fluctuations, the flame
combustion front moved through the fire barrier because the alcohol dissolved in water.
The alcohol evaporation rate is high enough to form a combustible air-vapor environment.
Only when the gas hydrate dissociation times were longer than the alcohol evaporation
and burnout times, were the combustion fronts contained and suppressed. As the alcohol
dissolved in water at a variable rate in each experiment, the data dispersion was the highest
among all the liquids studied.

Experiments with kerosene (Figure 8) showed the most stable combustion compared
to other liquids in the working channel. This was the reason to use this combustible liq-
uid in most of the subsequent experiments with varying key parameters. The flame
height during kerosene combustion changed negligibly along the channel length ex-
cept for the zone around the fire barrier. Due to the intense inflow of inert gas formed
during the gas hydrate dissociation, the chemical reactions slowed down considerably.
Supplementary Materials Videos S5 and S6 (the start of ignition is used as reference time)
present the typical footage of the experiments showing the flame combustion front re-
peatedly approaching the fire barrier and moving away from it. The opposing processes
happening simultaneously enhance the non-monotonic nature of variations in the velocities
and directions of liquid fuel combustion fronts as well as ice melting and water evaporation
rates in the fire barrier. At the same time, the fire barrier was found to shift slightly as the
flame combustion front moved forward, displacing the barrier along its path. At high heat
fluxes from the combustion front, the structure and thickness of the fire barrier changed
significantly. The greater the gas concentration in the fire barrier, the greater the shift
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amplitudes of combustion, melting, evaporation, and dissociation fronts. If the gas hydrate
dissociation time was much shorter than the liquid combustion time (low gas hydrate mass
in the barrier), the combustion front spread through the fire barrier, though slowing down
significantly for a certain period (Supplementary Material Video S7, the start of ignition is
used as reference time).

Figure 7. Images of alcohol combustion front propagation.

The experiments with gas hydrate tablets in the fire barrier show that liquid combus-
tion can be contained even if the fire barrier is discontinuous (in the form of sectors or
cells) and revealed some important patterns of the process. For instance, Supplementary
Materials Videos S8 and S11 (the start of ignition is used as reference time) show typical
footage and the patterns established in the process. In the first case, the combustion front
failed to pass through the fire barrier, and in the second case, the front stopped moving
for some time and was then observed to spread beyond the barrier. For the successful
containment of liquid combustion using gas hydrate tablets, it is important to minimize
the distance between them. A series of evaluation experiments showed that the distance
between tablets should not exceed 5–7 mm. Under such conditions, the liquid combustion
front approaching the samples led to rapid ice melting and filling the cavities between
tablets with water. Intense gas hydrate dissociation led to the formation of a multi-layer fire
barrier before the combustion front. As the tablets shifted when exposed to the combustion
front, this cellular fire barrier made of a set of tablets became wider than a loose layer of
hydrate powder.
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Figure 8. Images of kerosene combustion front propagation.

Diesel fuel (Figure 9) contains a small proportion of light fractions. That is why vapor
ignition took much longer compared to the other liquids studied. This factor is the reason for
much lower liquid combustion front velocities before the fire barrier. Moderate combustion
front velocities made it possible to contain the fire effectively. These experiments were
notable for the intense water droplet fragmentation in the combustion front because ice
melting and water evaporation intensified when the hydrate was heated. This formed
immiscible films of water and Diesel fuel. As the water was superheated to the boiling point,
vapor bubbles were formed under the Diesel fuel film, which impeded their release. As a
result, pressure increased under the film. When a certain critical pressure was exceeded,
the film burst and vapor bubbles were released and swept away together with a certain
volume of water and Diesel fuel from the film surface. As the fraction of water was rather
low, heterogeneous liquid fragments ignited in the flame and actively broke up again. The
experiments have shown that such breakup occurs in a cascade manner. These conditions
should be controlled as they determine the growth of the combustion area. Quite similar
patterns were observed for industrial oil because the viscosity, surface tension, evaporation
rate, ignition temperature, and heat of combustion of oil and Diesel fuel are comparable.
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Figure 9. Images of Diesel fuel combustion front propagation.

It was experimentally established that the necessary and sufficient mass of CO2 hydrate
for the containment and suppression of a flame combustion front of burning liquids
without intense vapor combustion (such as kerosene and Diesel) was about 3 g under the
experimental conditions (Figure 1). In the case of intense flame combustion of liquids, the
mass of hydrate used in the fire barrier should be increased. Models were developed for
predicting the threshold size of fire barriers and the gas hydrate mass and for evaluating the
contribution of ice melting, water evaporation, and gas hydrate dissociation. To distinguish
between the effects of these processes, more experiments were conducted with a fire barrier
from ice to eliminate the contribution of the gas hydrate dissociation. The experiments were
conducted using the following widespread combustible liquids: kerosene, gasoline, Diesel
fuel, alcohol, and separated oil. A combustible liquid with a volume of 25 mL was poured
into the working channel and spread evenly across the entire area of the latter. Ice was
prepared from tap water by keeping it in a freezer for 12 h. The resulting ice was crushed
mechanically, weighed on a Vibra HT 84RCE laboratory microbalance with an increment of
10−5 g, and then placed into the same area as the hydrate samples in earlier experiments. A
combustible liquid was ignited on one of the sides of the working channel using a propane
burner. Figure 10 presents typical experimental images of the ice fire barrier.
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Figure 10. Typical images of the experiment at different stages of the Diesel fuel combustion front
propagation before the ice barrier.

The experiments revealed the main aspects of the process under study as well as the
degree of ice fire barrier effectiveness in impeding the propagation of the flammable liquid
combustion front. A sample of crushed ice was weighed before being poured into the fire
barrier. The mass of the sample varied from 5 g to 15 g, and the width of the fire barrier
ranged from 2 to 5 cm, respectively. The height of the fire barrier made of ice powder was
1–2 cm and was kept comparable to that of the barrier made of carbon dioxide hydrate
powder. The analysis of the experimental footage and its processing helped us formulate
the key liquid-specific conclusions:

• Kerosene. A fire barrier made of ice effectively contained the fire and slowed down
the combustion front. The necessary and sufficient mass of ice for impeding the flame
front propagation was 7 g. The ice-melting front propagated quite monotonously in
the experiment. The resulting water filled the entire width of the working channel
and further displaced the combustion front. When the mass of ice was about 5 g, the
water failed to fill the whole width of the channel, so the flame front passed through
the fire barrier. It is also important to note that a fire barrier made of water with
similar properties to the one produced from ice melting also effectively impedes the
combustion front propagation.

• Gasoline. Ice-based fire barriers did not slow down the gasoline combustion front. The
combustion front propagation was accompanied by the ignition of gasoline vapors.
For this reason, an effective fire barrier should be long enough to block not only the
combustible liquid but also vapors over the gasoline surface.

• Diesel fuel. Ice as a fire barrier exhibited high efficiency. Just as with kerosene, the
necessary and sufficient mass of ice for impeding the flame front propagation was
7 g. All the processes were also similar to those detailed earlier in the experiments
with kerosene;

• Alcohol. Ice in a fire barrier stopped the flame effectively. The necessary and suffi-
cient mass of ice for impeding the flame front propagation was 7 g. Unlike in the
experiments with kerosene and Diesel fuel, the combustion front was located directly
against the fire barrier. The water formed as a result of ice melting did not displace the
combustible liquid but mixed with it, somewhat reducing the combustion intensity.
In the case of alcohol, ice was effective if it did not melt until the full burnout of
the combustible liquid before the fire barrier. Otherwise, the flame front could pass
through the fire barrier.

• Separated oil. Ice showed low efficiency as the main substance for a fire barrier in the
experiments with separated oil. Just as with gasoline, light fractions in the composition
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of separated oil clearly affected the flame front propagation. The flame front reached
the fire barrier and dwelt there for 2–5 s; after that, oil vapors ignited behind the fire
barrier and the combustion front passed through it.

Figure 11 shows effective (combustion front cannot pass the barrier, and the flame
quenches) and ineffective (combustion front passed through the barrier) masses of ice and
gas hydrate powder (m(ice), m(CO2)) in a fire barrier obtained experimentally. The map
specifies the width of the fire barrier Lice with varying ice powder mass. Figure 11 shows
that the flame front containment requires about half as much hydrate by weight as ice
(for kerosene and diesel fuel), other things being equal. This result clearly illustrates the
additional effect of hydrate dissociation and CO2 release (for kerosene and diesel fuel) on
fire suppression efficiency.

Figure 11. Effective and ineffective (at impeding the flame front propagation) masses of ice (a) and
gas hydrate powder (b) as a fire barrier for a set of typical liquid fuels.

Typical footage was singled out showing the ice fire barrier performance against
kerosene (Supplementary Material Video S10), alcohol (Supplementary Material Video S11),
and gasoline fires (Supplementary Material Video S12). The experiments with a fire barrier
made of ice powder revealed a number of interesting patterns. The ice powder fire barrier
significantly expanded in width when ice melting intensified and usually turned into a
homogeneous water film covering a combustible liquid. This film spread in the direction of
the combustion front propagation. The whole fire barrier often shifted by several centime-
ters after the ice melted. The higher the flame was in the front (and, hence, the greater the
heat flux), the further the water film moved from its initial position. If, however, several
local water films were formed in the fire barrier while the ice melted, the flame combustion
front passed between them almost instantaneously after reaching the barrier. Therefore,
ice and water filling the whole width of the barrier was a prerequisite for the stop of the
combustion front. A prerequisite for fire containment in general was that the time of liquid
burnout before the barrier should be shorter than the water film evaporation time in the
fire barrier while remaining intact and covering the whole width of the channel. In all the
experiments with consistent fire containment, water film in the barrier retained its width
equal to the width of the working channel. As for the width of the fire barrier, it played
an important role in the experiments with combustible liquids with a large proportion of
light fractions and significant flame height before the barrier. Unlike in the experiments
with gas hydrate powder, the combustion front moved towards the barrier at a certain
stable velocity and stopped after reaching the water film formed due to ice melting in the
barrier. The water film expanded due to the intense ice heating and melting. As a result,
the combustion front boundary shifted about 1 cm in the opposite direction. In comparison,
the flame combustion front boundary shifted more significantly in the experiments with
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gas hydrate powder. This shift was pulsating due to the non-monotonous release of carbon
dioxide and water vapors as well as ice melting. In the corresponding experiments, the
combustion front shifted in the opposite direction by 5–10 cm. These aspects are crucial
in the case of combustible liquids with a high flame in the front and a large proportion of
volatile fractions. The wider the fire barrier next to a burning liquid, the higher the proba-
bility of successful fire containment. A set of effects related to the carbon dioxide hydrate
dissociation, ice melting, and water evaporation contributes to the stable deceleration of
the combustion front. If these processes last longer than the time it takes the liquid to burn
out in front of the barrier, consistent fire containment is provided.

The fuel volume and, hence, the thickness of the fuel film only affects the fuel com-
bustion time (with the constant burnout rate, the relationship between the burnout time
and fuel volume is virtually linear). As fuel combustion largely occurs in the gas phase and
on the surface, the efficiency of the fire barrier does not directly depend on the thickness
(height) of the fuel film. However, with an increase in the fuel film thickness, the volume of
the fuel in front of the fire barrier increases as well, which prolongs combustion. Longer
combustion time can indirectly cause full dissociation of CO2 hydrate (when used) and
partial boiloff of the resulting water, which may help the combustion front to overcome
the fire barrier. Thus, given the linear relationship between the fuel burnout time and its
volume, the fire front can be effectively stopped if the volume of the extinguishing agent
(hydrate or ice) is increased in direct proportion to the thickness of the fuel film.

4. Mathematical Modeling
4.1. Physical Problem Statement

In this research, we calculated the key characteristics of fire containment and sup-
pression over a liquid fuel film spread over a layer of water. The aim of the mathematical
modeling was to identify the main physical mechanisms defining the flame combustion
front velocity and the criteria determining the flame propagation and stoppage. The pre-
vious section stated that high flame front velocities were recorded for a set of different
combustible liquids. Two significantly different problem statements can be singled out:
(i) the fuel surface area is limited, and the fuel layer’s thickness significantly exceeds the
capillary constant; (ii) the fuel surface area is not limited, and the height of the liquid fuel
film is constant and equal to the capillary constant. Further sections will present the mod-
eling results for the second scenario of fuel film combustion. The first scenario is another
special case in the solution with a variable fuel layer height. During the high-temperature
dissociation of carbon dioxide hydrate powder, a large amount of CO2 is released, which
displaces the oxidizer and suppresses flame combustion. Three physical mechanisms
were singled out from the experimental data obtained. The distinguishing features of the
mechanisms were as follows:

(i) The heat of phase transitions (water evaporation, ice melting, and gas hydrate
dissociation) leads to a temperature decrease in the flame zone below a critical point, at
which combustion becomes unstable. The flame stability issues were neglected during
modeling. All the key heats and the thermal balance equation were taken into account
when modeling the gas hydrate dissociation.

(ii) The second important point is related to the movement of the flame front. The
experiments have shown that the flame front can leap over a gas hydrate barrier and move
further due to the combustion of fuel vapors. It is necessary to determine the critical width
of the hydrate powder barrier that would make the front stop without leaping over it even
in the case of intense vapor diffusion and convection.

(iii) The combustion front may stop for a short time if the total CO2 hydrate dissociation
time is shorter than the fuel burnout time.

In line with the three above mechanisms, it is necessary to find out if it is appropriate
to use three models of flame suppression, i.e., to analyze three simplified key parameters
defining the fire containment and suppression (and taking the scaling of the firefighting
process into account).
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4.2. Fire Containment by Displacing the Oxidizer from the Combustion Zone

Our earlier work explored liquid fuel fire suppression by spreading CO2 hydrate
powder over an open flame [49]. The scheme is presented in Figure 12. Granulated CO2
powder free-falling onto the surface of burning fuel triggers the inflow of carbon dioxide
displacing the oxygen in the air (Figure 12a). At high gas temperatures and relatively long-
term pouring of the powder, the oxidizer displacement and fire suppression occur within a
short period of time. Figure 12b presents images from the experiment with fire suppression
by carbon dioxide hydrate within 1 s (powder discharge into the fire). Our model implies
the use of a simplified problem statement with fixed boundary conditions that can be
reproduced in an experiment to validate the dissociation kinetics. In contrast with the
previous work, here the fire barrier is fixed. This calls for changes in the problem statement.

Figure 12. (a) Suppression of flaming combustion by granulated CO2 hydrate powder falling from
above; (b) Release of carbon dioxide during high-temperature CO2 hydrate dissociation.

Instead of falling, let us examine the dissociation of a stationary square-shaped CO2
hydrate sample (hereinafter granule). The gas hydrate dissociation rate is modeled using
Equation (1) [50,51]:

∂X
∂t

= − 3kR
BρHr0

X2/3(Peq − P0
)

(1)

where X = mH/m0 is the CO2 hydrate conversion, which depends on the powder temperature.
This expression describes the dissociation of a spherical gas hydrate particle (degree

of particle transformation over dissociation time). A separate layer consists of spherical
particles. Gas hydrate powder consists of a multitude of layers. At first, the thermal
field is modeled. Then, at a certain temperature, the dissociation of separate particles is
modeled in the first layer. After that, we transition to the next powder layer. Combustion
supplies a high heat flux to the powder layer. As a result, self-preservation can be neglected,
and the dissociation can be calculated while neglecting the filtration resistance of the
porous layer [52].

The density ρ of gas hydrate powder and mass fraction X of gas hydrate are factored
in Equation (2) [50,52] (ρH is the hydrate density, ρI is the ice density, ε = (ρH − ρ)/ρ, ε is
the porosity coefficient of a powder layer):

ρ

1− ε = XρH + (1− X)ρI (2)

The dissociation of two types of granule is considered: a) cylindrical granule, 3 mm in
diameter, with the initial value z0 = 1.5 mm (half the height H) (Figure 13a,b) cylindrical
tablet with the diameter D0 = 19 mm and height H = 2z0 = 6 mm. The temperature of
the gas phase around a granule is 1050 ◦C, which corresponds to the typical average
fire temperature [53]. Gas hydrate dissociates into three layers: gas, ice, and water; s is
the coordinate of the gas hydrate dissociation front movement. A three-dimensional
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dissociation problem can be reduced to a one-dimensional problem with the dissociation
along the direction of the smallest geometrical size [54]. The porosity of CO2 hydrate
powder is 0.6. A granule consists of particles 0.3 mm in diameter. The particles are porous
with the surface pore density σ = 4 × 1010 (1/m2) and the pore radius rp = 0.6 µm [50,52].

Figure 13. Gas hydrate dissociation without water film draining (a) and with water film draining
and gas bubble implosion forming water microdroplets (b).

The description of gas hydrate dissociation accounts for the heat of dissociation, ice
melting, and water evaporation. The dissociation rate depends heavily on the external heat
flux [55]. The heat flux increases manyfold during combustion, which leads to a tenfold
increase in the dissociation rate. The heat flux to the surface of the gas hydrate comes
from the high-temperature gas region. Variations in the enthalpy of gas hydrate over time
are related to the thermal conductivity of all the phases as well as all the heat transfers
mentioned above. As the heat of water evaporation qev significantly exceeds other heats,
the accuracy of the dissociation modeling depends on the accuracy of the evaporation
model. Water film (Figure 13b) drains by gravity and due to splashing water microdroplets
formed after gas bubble implosion. Carbon dioxide bubbles grow under a water film. Due
to the absence of models describing the above process of hydrodynamic water removal,
the volume of draining water was varied by means of the heat flux ratio qev(ef)/qev(max);
qev(max) is the maximum evaporation heat when all water evaporates from the water film
surface (Figures 12a and 13a, no film draining and water droplet splashing); qev(ef)—a part
of the water is removed (Figure 13b), which leads to a reduction in the evaporation heat
(the gas hydrate dissociation rate increases with a decrease in qev(ef)). When modeling the
heat flux ratio, the evaporations were taken as qev(ef)/qev(max) = 0.25; 0.5; 0.75; 1.

The boundary conditions for describing the gas hydrate reaction front movement
s as well as for the external sample boundary z0 (Figure 12a) correspond to tempera-
ture gradients and heat fluxes: −λ ∂T

∂z

∣∣∣
z=s(t)+

= −λ ∂T
∂z

∣∣∣
z=s(t)−

+ ρicerice jice, ∂T
∂z

∣∣∣
z=0

= 0,

λ ∂T
∂z

∣∣∣
z=z(t)

= αc(Te − T) + εσ
(
T4

e − T4)+ rw jw, where ρice is the ice density, jice is the ice

melting rate, jice = ds/dt, rice is the ice specific fusion heat, αc is the gas heat-transfer co-
efficient, Te is the surrounding air temperature, ε is the emissivity coefficient, σ is the
Stefan–Boltzmann constant, rw is the specific water evaporation heat, and jw is the evapora-
tion rate of the water film. Heat exchange in the gas phase is expressed through the Nusselt
number Nu

(
Nu = αc L

λg
= 0.664Re0.5Pr0.33

)
, the Reynolds number (Re = U0L

ν ), and the

Prandtl number
(

Pr = ν
a
)
, as well as the Sherwood number (Sh = βL/Dg) [56,57], where λg

is the gas mixture thermal conductivity, ν is the gas kinematic viscosity, a is the gas thermal
diffusivity, L is the characteristic size (L = D0/2, D0 is the diameter of a gas hydrate cylinder).
The water film evaporation rate is expressed as jw = βF(ρ∗v − ρa

v) [56–58], where β is the
water vapor mass transfer coefficient in the gas phase during water film evaporation, Dg is
the diffusion coefficient of the water vapor-gas mixture, ρ∗v is the equilibrium density of
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water vapor, ρa
v is the water vapor density in the ambient air, and F is the water film surface

area (equal to the external surface of the cylinder).
Figure 14a details the calculated variations in the gas hydrate fraction over dis-

sociation time provided that the mass balance holds for gas hydrate, ice, and water:
Ch + Cice + Cw = 1. A decrease in the qev(ef)/qev(max) from 1 to 0.25 (by four times) led
to a 60% decrease in the carbon dioxide hydrate dissociation time. The maximum dis-
sociation rateof the gas hydrate is observed at the starting time. At the final stage, the
dissociation rate drops sharply. Figure 14b presents the calculated water film surface
temperature variation curves over time. The temperature of the lower water film surface
equals the ice melting temperature. Within 0.5–1 s, a water film is formed with a free
surface temperature reaching high values. The temperature then drops and increases again.
The maximum value of Ts (about 90 ◦C) is reached at qev(ef)/qev(max) = 0.25 (25% of water
participates in evaporation, while the rest drains down from the gas hydrate surface). At
qev(ef)/qev(max) = 1, the maximum temperature Ts approximates 70 ◦C. A reduction in Ts
with an increase in the amount of draining water is related to the decreasing water film
thickness δ (Figure 13). The thinner the water film, the lower the transversal temperature
gradient in the film (if the heat flux is quasi-constant).

Figure 14. (a) Gas hydrate fraction Ch; (b) Temperature Ts of free water surface area; (c) Water film
thickness δ (the values 0.25, 0.5, 0.75, and 1 correspond to the ratio qev(ef)/qev(max), qev(max) is the
evaporation heat without water film draining, qev(ef) is the evaporation heat when some of the water
drains; the initial diameter of CO2 hydrate cylinder D0 = 19 mm, the height of the cylinder H = 6 mm).
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In view of the above, it is important to determine the water film thickness δ. Figure 14c
details the calculation of the film thickness δ over time. The value of δ increases with
time. With an increase in qev(ef)/qev(max), the maximum film thickness increases as well.
In all the cases under consideration, a limited maximum value of the film thickness is
achieved (0.5–0.6 mm).

Figure 15 models the carbon dioxide release rate variation during high-temperature
CO2 hydrate dissociation. The calculations are given for one granule (curve 1) and one
cylinder (curve 2). The curves have pronounced extrema. For a small granule (D0 = 3 mm),
the time corresponding to the maximum value of the VCO2 is about 40 times shorter than
for a large cylinder (D0 = 19 mm). Moreover, although the mass of a small granule is dozens
of times smaller than that of a large cylinder, the peak of curve 1 is about 3.5 times higher
than that of curve 2.

Figure 15. Carbon dioxide release rate from dissociating CO2 hydrate: 1—D0 = 3 mm, H = 3 mm;
2—D0 = 19 mm, H = 6 mm.

Following the analysis of the experimental findings, a hypothesis was formulated that

the condition of oxidizer displacement by carbon dioxide Y =
VCO2
VO2

> k has to be satisfied for

effective fire containment and suppression. Here, VCO2 is the rate of carbon dioxide release
from the cylinder surface, and VO2 is the oxygen velocity due to air buoyancy. The latter
can be estimated using the equation VO2 = 0.23

√
2gβ∆Tb, where b is one-half of the barrier

width onto which gas hydrate is discharged from above (b = 0.025 m, ∆T is the temperature
difference between the combustion zone and ambient gas-air medium, 0.23, controlling for
the mass concentration of oxygen in the air. The velocity VO2= 1.5 m/s. Let us assume that
k = 1. For Y to exceed 1, 150 large cylinders are needed (VCO2= 0.01 × 150 = 1.5 m/s). With
large cylinders, the dissociation rate is low, which leads to low carbon dioxide release rates.
In this case, no intense oxygen displacement occurs. The suppression of flaming combustion
is only possible through the effects related to the heat of endothermic phase transitions.

Let us consider the conditions of fire suppression by small granules (3 mm high and
3 mm in diameter). About 43 granules are needed to reach the velocity VO2 = 1.5 m/s. The
maximum value for CO2 equals 0.035 m/s (Figure 14) (VCO2= 0.035 × 43 = 1.5 m/s). The
mass of 43 small granules is 0.3 g when porosity is taken into account. This mass is almost
three times smaller than the mass of one big cylinder. The experimental findings have
shown that 1.2–1.3 g of CO2 hydrate powder is needed to contain a fire with a liquid fuel
film surface area of 0.2 × 10−4 m2. The powder was poured evenly from above onto the
surface of the burning fuel. Then the fire containment and suppression requires a four times
bigger mass of powder with small granules, i.e., 4 × 0.3=1.2 g (the mass of 43 granules
is 0.3 g). In this case, the parameter Y = k = 4. A four times increase in the parameter Y
is related to the mutual influence of falling particles. As a result, the temperature of gas
between the particles decreases significantly, which leads to a deceleration of the carbon
dioxide release. Also, the maximum peak was observed for 1 s, while the fall of granules
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from a height of 0.2–0.3 m took 0.2 s. With this time, only a small volume of carbon dioxide
will be released during the fall. The remaining volume of the gas will be released from the
powder layer after the fall of the granules, which will also slow down the CO2 release. The

condition of oxygen displacement is formulated as Y =
VCO2
VO2

> 4.

Let us express the above-mentioned fuel film surface area as F0 = 0.2 × 10−4 m2. To
increase the fuel surface area by n times (n = F/F0), the mass of the gas hydrate powder
must be increased by n times as well. The condition of fire suppression takes the form

Y =
VCO2

VO2

> 4, (Vmax)co2
= f (dg, T), mef = Nm1 (Y = 4, n = 1), (3)

m = nmef (n > 1, dg = 3 mm), (4)

where m1 is the mass of one granule with its porosity taken into account, and Vmax is the
maximum CO2 release rate (from the dissociation of one powder granule). The gas release
rate (Vmax) for one granule is derived from the average diameter dg of a granule and the
average temperature T of the gas between the granules. N is the number of granules, at which
the parameter Y > 4. The mass mef is the mass of the powder (all granules) required for fire
suppression when n = 1. With the average granule diameter dg = 3 mm, the mass of the powder
for fire suppression mef = 1.2–1.3 g (according to the experiment). Then the fire area and the
mass of CO2 hydrate (to suppress the flaming combustion) can be scaled using an estimation
equation (Equation (2)). With a 10-times increase in the fuel film surface area, the mass of the
CO2 hydrate powder m Equation (2) required for fire containment and suppression will be
13 g. To verify this relationship, an additional experiment was conducted on fire suppression
with a liquid film area of 2 × 10−4 m2 (10 times bigger than F0). A total of 13–15 g of carbon
dioxide hydrate powder was required to fully suppress the fire within 1–2 s. The powder
was poured evenly from above onto the combustion zone. Thus, Equations (1) and (2) can
determine the mass of the carbon dioxide hydrate powder with a varying surface area of the
burning material. This procedure allows scaling for both the mass of the CO2 hydrate and the
fuel combustion surface area. In the case of variations in the porosity and average diameter of
granules, it is necessary to calculate the Vmax of CO2.

4.3. Stoppage of Flame Propagation Front by a Fire Barrier Made of Carbon Dioxide Hydrate

Section 3 specified the recorded parameters of the flame front movement (left to right)
over different liquid fuel films in the working channel. With a 5–10 mm CO2 hydrate barrier,
the combustion front over a gasoline film passed through the separating element rather
quickly. As a result, the flame continued to move to the right of the barrier. With a barrier
width of 20–25 mm, the flame front stopped in front of the barrier and then continued its
movement after dozens of seconds, i.e., after the gas hydrate ice melted, and water spread
over the surface of the test area. Let us look at how the flame front passes through the
gas hydrate barrier from left to right (from point B to point B1) (Figure 16a). Gas hydrate
powder in the form of a barrier was poured on the surface of the fuel film. The CO2 hydrate
layer was 5–7 mm high. Let us consider the first mechanism when the oncoming ambient
airflow velocity is zero, i.e., under the conditions of natural convection (Figure 16a,b).
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Figure 16. (a) Suppression of flaming combustion by granulated CO2 hydrate powder falling from
above; (b) Release of carbon dioxide during high-temperature CO2 hydrate dissociation; (c) The
flame slope from the air flow; (d) The flame separation from the air flow.

Without the ambient air velocity, the flame is directed upwards. According to the
experimental data, the height of the flame for the fuels under study ranged from 30 to
70 mm (Table 2). High-speed video recording showed that the fast movement of a flame
front caused fluctuations in the flame height; vortex structures were also formed near
the flame edge. The higher the flame, the larger the characteristic size of the vortex
structures. Figure 16b is a schematic triangle whose base length (BC) equals the gas hydrate
barrier width (bh), and side length (AB) equals the flame height (Hf). It follows from the
experiments that with bh < 15–20 mm, the gasoline and alcohol combustion front passes
from point B to point B1. Let us assume that the flame transport is related to the size of
the above-mentioned vortex structures, whose diameter can be related to the flame height
through similarity of triangles: |BC|/|BA| = (bh)*/(Hf)* = (bh)ef/(Hf). Then (bh)ef will be
written as

(bh)ef = (bh)*(Hf/(Hf)*) (5)

where (bh)* = 20 mm corresponds to the experimental value of the gas hydrate barrier width
with the maximum experimental flame height (Hf)* = 70 mm, when the combustion front
does not pass through the fire barrier. The effective width of the carbon dioxide hydrate
barrier (bh)ef corresponds to a greater flame height Hf. For instance, with a flame height of
700 mm, the effective width of the gas hydrate barrier approximates 200 mm.

Let us consider the second mechanism of flame propagation from left to right, when
there is a certain velocity of the ambient airflow (imitated wind load) Ua that does not
cause flames to break off (Figure 16c). Earlier experiments visualizing the flux lines in the
combustion zone used the PIV technique [55,59]. With Ua = 0 m/s, the flame was directed
vertically upward. When the ambient air velocity was higher than the gas buoyancy
velocity Uc, the flame tilted towards the wall in the direction of the ambient air. Let us
consider the boundary scenario when Ua is many times higher than Uc (the flame slope
becomes quasi-parallel to the wall). Then the width of the carbon dioxide hydrate barrier
equals the flame height without wind bh = Hf. For instance, with Hf = 70 mm, the barrier
width (bh)ef will also equal 70 mm.

The third flame propagation mechanism (flame transport through the gas hydrate
barrier) is related to a strong wind entraining a part of the flame (the wind speed is dozens
of meters per second) (Figure 16d). In this case, due to the vortices entraining a part of
the high-temperature flame, the effective width of the layer (bh)ef needs to be increased
((bh)ef > Hf, Hf is the flame height with Ua = 0). To study this case, a much larger scale is
necessary (flame height and fuel test zone width of about 0.5–1 m). With a low flame height
(about 70 mm), the air velocity of 5–10 m/s leads to flame suppression. The third case of
flame break-off in larger-scale experiments is the object of our prospective studies.
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4.4. Ratio of Liquid Fuel Combustion Time to CO2 Hydrate Dissociation Time and to Water Film
Evaporation Time

The previous section determined the effective width of a carbon dioxide hydrate barrier
to stop the oncoming flame front. The experiments showed that after the gas hydrate
dissociation, ice melting, and partial water evaporation, the flame front continued its
movement from left to right after several dozen seconds. To prevent the flame from moving
from left to right, the typical gas hydrate dissociation time needs to exceed the fuel burnout
time in front of the barrier. The calculations indicate that the water evaporation time (tw)
significantly exceeds the carbon dioxide dissociation time (td). The water evaporation heat
is much higher than the heat of hydrate dissociation and ice melting. For a simplified
estimate, the time of complete evaporation tcw is a better criterion for the combustion front
stoppage than the dissociation time. These characteristic times were calculated using an
interaction scheme between the fuel film and the gas hydrate barrier (Figure 17). A liquid
fuel film has spread over the water surface. The fuel is burning to the left of the carbon
dioxide hydrate barrier. There is no combustion to the right of the barrier.

Figure 17. Schematic of the location of the burning fuel film and carbon dioxide hydrate barrier (hh is
the height of the gas hydrate layer).

The fuel combustion kinetics (f ) is expressed by the Arrhenius equation
dmf/dt = k0exp(−Ea/RT), where Ea is the activation energy. The length of the fuel line
af equals the length of the gas hydrate barrier ah (a = af = ah = 1 m). The width of the
fuel line bf and the width of the gas hydrate barrier bh are varied. With the given values
af = const, bf = const, ρf = const (ρf is the fuel density), the fuel burnout rate will be written
as d(hf)/dt = k01exp(−Ea/RT), k01 = k0/(ρfbfaf)). The thickness of the fuel film decreases
with the combustion time. Time integration will give us an expression for the complete fuel
combustion time: tcf = h0f/(k01exp(−Ea/RT)), where h0f is the initial fuel film height. The
initial height of liquid fuel after spreading can either (i) have the order of magnitude of the
capillary constant if the fuel spread area is not limited or (ii) exceed the capillary constant if
the fuel spread area is limited.

The following parameters were used in the calculations: Nusselt number Nu = 4.4,
Sherwood number Sh = 14. These values were obtained by modeling the high-temperature
carbon dioxide hydrate dissociation. They are in the best agreement with the experimental
data in terms of the temperature of the free water film surface and full gas hydrate dis-
sociation time. The temperature of the gas phase over the powder equals 1050 ◦C. The
height of the hydrate layer equals 6 mm. The porosity of the hydrate powder is 0.6. The
diameter of gas hydrate particles equals 0.33 mm. The entire volume of water evaporates,
i.e., the condition Qev(ef)/Qev(0) = 1 holds (no water is removed due to the film draining,
and the whole volume of liquid spreads over the fuel surface). The first option was chosen
for modeling (the initial height of the film equals the capillary constant of the liquid fuel).
The initial mass of the fuel and carbon dioxide hydrate was varied by altering the widths
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of the fuel line (bf) and hydrate barrier (bh). When varying bf and bh in a wide range, we
established that consistent fire suppression requires the following condition to hold:

tcw/tcf ≥ 1 (6)

This condition is the basic one for successful liquid fire containment and suppression
using fire barriers. The analysis of experimental data and modeling results showed that
this condition held in all the cases when the combustion front was stopped. It should
be specified as the basic criterion when developing fire containment technologies using
gas hydrates. Calculations were carried out using the resources of the High-Temperature
Circuit Multi-Access Research Center (project No. 13.CKP.21.0038) (Igor Donskoy).

5. Conclusions

(i) This research has experimentally established the variation ranges of the flame
front propagation velocities for the most hazardous liquids (gasoline, kerosene, Diesel
fuel, petroleum, alcohol, and oil) ignited from an open fire. The liquid fuel combustion
fronts propagate at a velocity ranging from 0.1 m/s to 3 m/s under natural convection.
Forced convection leads to 2- to 5-fold changes in the flame propagation velocities. Using
high-speed video recording, the differences have been established in the flame propagation
velocities in an air-vapor environment and directly over the liquid surface. They are
significantly different for kerosene, Diesel fuel, and oil. The greater the concentration of
light fractions in a combustible liquid, the smaller these differences. A fire barrier made of
gas hydrate can stop the flame front propagation provided that the gas hydrate dissociation
time exceeds the liquid burnout time.

(ii) Interesting experimental findings have been obtained for several fire barriers and
several CO2 hydrate tablets placed at a certain distance from each other. A set of barriers
suppresses the flame propagation rather effectively because a greater surface area provides
a greater CO2 and water vapor inflow. The higher the flame front propagation velocity and
temperature in the combustion zone, the more effective a group of barriers becomes. It
was experimentally established that the necessary and sufficient mass of CO2 hydrate for
the containment and suppression of a flame combustion front of burning liquids without
intense vapor combustion (such as kerosene, Diesel fuel, and oil) was about 3 g under the
experimental conditions. The experiments with a fire barrier made of ice powder revealed
a number of interesting patterns. In all the experiments with consistent fire containment,
water film in the barrier retained its width equal to the width of the working channel.
Unlike in the experiments with gas hydrate powder, the combustion front moved towards
the barrier at a certain stable velocity and stopped after reaching the water film formed due
to ice melting in the barrier. In the corresponding experiments, the combustion front shifted
in the opposite direction by 5–10 cm. These aspects are crucial in the case of combustible
liquids with a high flame in the front and a large proportion of volatile fractions.

(iii) The experimental findings allowed us to identify three mechanisms of the interac-
tion between a liquid combustion front and a fire barrier. The mechanisms differ by a set of
dominating effects and processes. A model has been developed for three mechanisms of
liquid fire containment by gas hydrate fire barriers describing the main processes, effects,
and factors, such as heat and mass transfer, dissociation, melting, evaporation, and burnout.
With the help of the model, the research findings have been extended to different-scale
objects. In particular, we have established the necessary and sufficient size of the fire barrier,
the mass of the gas hydrate, and the volume of gas in the hydrate to provide the liquid fire
containment on an area of 1–10 m2.
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