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Abstract: Woodland fires are a major issue worldwide. The aviation method of extinguishing forest
fires is one of the main ones. However, the use of the latter is carried out according to the results of
experiments, bench or flight tests in the absence of models that adequately describe the mechanisms
for suppressing the combustion of forest combustible materials with specific fire extinguishing
compositions (solutions, emulsions or suspensions). Therefore, the task of studying the evaporation
and interaction of single drops with the surfaces of combustible materials is relevant and practically
significant in the field of fire hazards. The paper presents the experimental research findings on the
evaporation of specialized composition droplets for extinguishing fires under different heat supply
schemes. The compositions under study included a group of widely used fire extinguishing agents:
water; flame retardant FR-Les (5% solution); FR-Les (20% solution); bentonite slurry (1%); bentonite
slurry (5%); bischofite solution (5%); bischofite solution (10%); fire extinguishing agent OS-5 (5%
solution); fire extinguishing agent OS-5 (10% solution); fire extinguishing agent OS-5 (15% solution);
foaming agent emulsion (1%); foaming agent emulsion (5%); fire retardant (5% solution). Specialized
composition droplets were heated using conductive, convective and radiant heating. Empirical
coefficients were obtained.

Keywords: fire extinguishing agents; droplets; high-temperature heating; different heating
schemes; evaporation

1. Introduction

Controlling the drying process of colloidal solutions is of interest for diagnostic method
development [1], microchip production [2] and fire suppression [3]. Findings have been
reported on the way the solution concentration [4], ambient conditions (e.g., temperature [5]
and moisture content [6,7]) and surface types [8] affect the evaporation regimes and rates,
as well as on the geometrical characteristics of droplets during their evaporation. The
majority of experimental studies involve model colloidal particles with known physical
and chemical properties (e.g., polymer [9,10] and silica [9,11] micro- and nanoparticles).
The evaporation of these solutions occurs with a gradual accumulation of colloids at the
air-liquid interface throughout the whole process. The evaporation of droplets containing
nonvolatile materials leaves a deposit or “film” [12]. The shape and appearance of the
solid deposit are correlated with the internal stress of the flow (caused by evaporation) and
with the mechanical properties of the materials involved. The formation of the film (or the
skin) is essentially due to the competition between evaporation and diffusive Brownian
motion [13]. Therefore, droplet evaporation is attracting an increasing interest of researchers
in the fields of soft condensed matter and fluid mechanics. In the evaporation of a saline
solution droplet, the solvent evaporation leads to the saturation of the solute, resulting in
its crystallization. An increase in the salt concentration increases the surface tension. An
increase in the concentration of colloids or polymers reduces the liquid surface tension.
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Significantly, the evaporation mechanisms of pendant and sessile droplets are different.
Hampton et al. [14] explored the effect of the surface orientation on the solid deposit. Unlike
sessile water droplets containing nanoparticles of silicon dioxide, leaving a “coffee ring”
upon evaporation [15], a pendant droplet forms a small and dense deposit of particles in
the center of the drop [14]. Li et al. [16] investigated the role of gravity in particle sorting
during the evaporation of a suspended droplet. Due to the lack of foundation support
and the weaker influence of the surface tension, the morphology of the deposit depends
greatly on the gravity forces. The dependence of the diameter and temperature of droplets
on time during their evaporation in a hot air flow was obtained (velocity up to 3.1 m/s,
temperature 150 ◦C) [17]. The evaporation of a droplet at a higher gas temperature (up
to ~1000 K) was performed in [18,19]. The influence of the suspender material on the
droplet evaporation was considered in [20,21]. An increase in the suspender thickness was
found [20] to increase the thermal conductivity between the suspender and the droplet.
The heating from the support fiber can generate strong capillary flows on the droplet
surface [20]. Yet Shih et al. [21] showed that the effect of conductivity on the material was
insignificant in environments with forced convection and at high temperatures.

In terms of fire suppression, the wettability and coating properties of the following
specialized fire extinguishing agents were considered: saline solutions (K3[Fe(CN)6] [22],
CuCl2 [23]), foaming agent emulsions (W-50, W-52, W-56, W-10, W-11 and W-32 [24]; non-
ionic and anionic surfactants [25]; L-77 [26]), clays [27], different types of fire retardants
(Borax (Na2B4O7), DSHP (Na2HPO4), DAHP ((NH2)4HPO4) and DW [28]), etc. Although
some research has been carried out on the behavior of composition droplets during their
evaporation, there is still very little scientific understanding of their fire-retardant mecha-
nisms. Boreal forest fires [29,30] are often combated using aerial firefighting [31,32]. Notably,
when arrays of fire extinguishing agents travel the distance from the plane board to a ther-
mally decomposing material, they deform and break up into smaller agglomerates. These
patterns of fire-extinguishing agent array destruction and transformation are described
in detail in [33]. At the same time, the evaporation of specialized composition droplets
covering the distance from the dropping location on the aircraft board to a thermally
decomposing forest fuel differs significantly due to different heating mechanisms [34].

Effective fighting against forest fires is inextricably linked with the use of special fire
extinguishing compositions. Drops of liquid and special compounds are the main tools
for temperature control when interacting with combustible forest material. The surfaces
of elements of forest combustible materials are characterized by a chaotic arrangement of
inhomogeneities, which affect the processes of wetting, spreading and evaporation of fire
extinguishing agents, and hence the effectiveness of fire extinguishing. Moreover, not only
when extinguishing forests, but also when localizing the burning of equipment, various
buildings and structures. The purpose of this research is to determine the characteristics of
evaporation of promising fire extinguishing agent droplets when varying the temperature
and heat supply method.

2. Materials and Methods
2.1. Materials

The compositions under study were distilled water and specialized water-based
compositions with typical fire extinguishing agents added to them. The images of additives
to water and compositions are presented in Figure 1. The physical properties and chemical
composition of some of the mixtures are summed up in Table 1. The concentrations in the
compositions were chosen following the guidelines from [35–38].



Forests 2023, 14, 301 3 of 15Forests 2023, 14, x FOR PEER REVIEW 3 of 16 
 

 

      
(a) (b) (c) (d) (e) (f) 

Figure 1. Images of additives to water and fire extinguishing agents: (a) bischofite; (b) OS-5; (c) FR-
Les solution; (d) bentonite; (e) foaming agent emulsion; (f) fire retardant solution. 
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front (convective and radiant heating) and a flame ends up on a heated combustible ma-
terial (conductive heating). Typical images obtained in the experiments are shown in Fig-
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Figure 1. Images of additives to water and fire extinguishing agents: (a) bischofite; (b) OS-5; (c) FR-Les
solution; (d) bentonite; (e) foaming agent emulsion; (f) fire retardant solution.

Table 1. Characteristics of fire extinguishing agents and water at Tcp = 20 ◦C [35–38].

Firefighting
Compositions

Bischofite
Solution OS-5 Solution FR-Les Solution Bentonite Slurry Foaming

Agent Emulsion Water

C, % 10 10 5 20 5 5 -
γ, mN/m 75.8 45 37.26 35.02 68.5 17.3 72.7
ρ, kg/m3 1081.5 1099.1 1019 1047 1100 1002–1187 998.2

λm, W/(m·K) 0.58 0.624 0.704 0.5952 0.599
µ·103, Pa·s 1.015 0.12 3.02 3.65 24.3 0.12 1.004

Chemical
composition
(information

from
public sources)

MgCl2·6H2O
(93%); the rest
are impurities

Carbamide
(31%–32%);

alkylbenzene
sulfonate

(2%–3%); acid
dye (0.5%–1%);

ammonium
chloride

(13%–15%);
diammonium

phosphate
(the rest)

Ammonium
polyphosphate

solution,
phosphorus
pentoxide

(31.5%);
nitrogen (9%)

Montmorillonite
Si8Al4O20(OH)4

× nH2O
(60%–70%); the

rest are
sandy-aleuritic

material impurities

Silicon dioxide
(60%–65%);

aluminum oxide
and iron oxide

(20%–25%)

Fluoridated
surfactants

Binary inorganic
compound

whose molecule
consists of two

hydrogen atoms
and one oxygen
atom (the atoms

are linked by
covalent bonds)

2.2. Evaporation of Fire Extinguishing Agent Droplets

Four heating schemes were employed to investigate the evaporation of fire extinguish-
ing agent droplets: conduction (using a PLK-1818 hot plate), convection (in a gas flow)
and radiation (in a muffle furnace and over an open flame). Each of these schemes corre-
sponds to the conditions of real fires: when droplets pass through a combustible gas front
(convective and radiant heating) and a flame ends up on a heated combustible material
(conductive heating). Typical images obtained in the experiments are shown in Figure 2.
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Figure 2. Typical images of water droplets using conductive (a), convective (b), radiant heating in a
muffle furnace (c) and a sview above the burner (d).

2.2.1. Evaporation of Fire Extinguishing Agent Droplets Using Conductive Heating

To identify the main patterns of evaporation of specialized fire extinguishing agent
droplets, the experimental setup shown schematically in Figure 3 was employed. The
method used in the research was shadowgraphy.
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Figure 3. Experimental setup: (1) light source; (2) investigated surface; (3) PLK-1818 hot plate; (4) box;
(5) thermocouple; (6) high-speed camera.

In the experiments involving heating, a polished steel substrate ASTM A 240/A 240M
430 (Fe 82.701, C 0.046, Si 0.38, Mn 0.36, P 0.029, S 0.003, Ni 0.22, Cr 16.23 and N 0.031 in wt%)
2 was fitted to a copper substrate surface with a bolted connection using thermal interface
material. A polished steel surface was chosen for its low thermal conductivity and inertia,
along with its minimum roughness (to counteract the effect of texture characteristics on the
wettability and evaporation characteristics). A Micro Measure 3D station profilometer was
used to estimate the surface roughness. The root mean square roughness (Sq) of steel was
0.06 µm, the maximum height of the surface (Sz) was 0.11 µm.

Two chromel-alumel thermocouples (type K) were placed between the surfaces. The
substrates, fastened together, were placed on the hot plate 3 (PLK-1818). The metal surface
temperature was the main variable factor in the study of the wetting properties of different
liquids. The temperature on the metal surface was measured with the thermocouple 5,
which was fixed perpendicularly to the surface. The surface temperature was varied in the
range between 20 and 160 ◦C with an increment of 20 ◦C.

A droplet of the composition under study was generated at a random point using
a dispenser. Shadowgraphs of droplets were obtained using the light source 1 and the
high-speed video camera 6. The droplet volume in the experiments on wetting was constant
at 10 µL. The contact radii of droplets with a volume of 10 µL did not exceed the capillary
constant (L) of the compositions under study. Under these conditions (r ≤ L = γ/(ρ·g)), the
size of the droplet determining the gravity acting on it had no effect on the static contact
angle. The geometric characteristics of droplets (contact angle (θ), diameter (d) and height
(h)) were determined at the initial moment of their interaction with the steel surface using
the method from [39].

The setup was isolated from the possible influence of external, uncontrolled factors
(fluctuations of temperature and air velocity in the laboratory) with a transparent box
made of 3-mm-thick polymer glass. It provided constant heat exchange with the external
environment. The geometric characteristics of droplets were measured at least three times.

2.2.2. Evaporation of Fire Extinguishing Agent Droplets during Convective Heating

A schematic image of the setup used to study the main evaporation characteristics
during convective heating is shown in Figure 4.
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Figure 4. Experimental setup: (1) convective channel; (2) holder; (3) positioning mechanism; (4) high-
speed video camera; (5) light source.

A flow of heated air in channel 1 was formed using a compressor and a heater. A
10-µL droplet of a fire extinguishing agent was generated on the holder made of nichrome
wire (0.2 mm in thickness) 2. After that, the positioning mechanism 3 placed the droplet
into the heated air flow through an inlet in the cylinder wall. The high-speed video camera
4 captured the images of the droplet evaporation. The liquid droplet heating temperature
was varied in the range of 100–500 ◦C with an increment of 100 ◦C. The air flow velocity
was constant at 3 m/s.

2.2.3. Evaporation of Fire Extinguishing Agent Droplets during Radiant Heating

Figure 5 schematically shows the setup used to determine the key patterns of fire
extinguishing agent droplet evaporation when using radiant heating.
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Figure 5. Experimental setup: (1) muffle furnace; (2) holder; (3) positioning mechanism; (4) high-
speed video camera.

The muffle furnace 1 was heated to a specified temperature. It varied in a wide range
from 100 to 1000 ◦C. A liquid droplet suspended on the holder (nichrome wire) 2 was
placed into the furnace using the positioning mechanism 3. A Phantom V411 video camera
4 with HD 720i (1280 × 720 pixels) recorded the evaporation process at a frame rate of
100 fps.
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2.2.4. Evaporation of Fire Extinguishing Agent Droplets during Open Flame Heating

Experiments in which an open flame was used to heat droplets to study their evapora-
tion were also carried out. The burner 1 was used for that (Figure 6). Denatured alcohol
was used as a fuel.
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Figure 6. Schematic image of the experimental setup: (1) burner; (2) holder; (3) fire extinguishing
agent droplet.

A 10-µL droplet of a fire extinguishing agent was suspended on the holder made of
nichrome wire 2. The positioning mechanism placed the droplet in the recording area. A
Phantom V411 video camera with HD 720i (1280 × 720 pixels) recorded the evaporation
process at a frame rate of 100 fps. A spotlight illuminated the droplet. The temperature
in the experiments was varied by changing the height of the droplet placement above the
burner wick (1 cm, 2 cm, 3 cm and 4 cm). A fast-response thermocouple and a National
Instruments data collection module were used to measure the burner flame temperature [1].
The maximum flame temperature was ~ 850 ◦C at a distance of 2 cm above the wick.

3. Results
3.1. Heated Steel Surface Wetting by Fire Extinguishing Agents during Conductive Heating

Table 2 shows the static contact angles, diameter and height of liquid droplets at
different temperatures of the polished steel surface. The contact angles of distilled water
droplets were found to decrease by 10.4◦ (from 87.4◦ to 77◦) with an increase in the surface
temperature. With a temperature increase from 0 to 100 ◦C, the surface tension coefficient
of water decreases by about a quarter. This improves the wetting properties. When a fire
retardant, FR-Les, bentonite and bischofite with a concentration of 5% were added, there
were no significant changes in the wetting properties. The physical properties (surface
tension, viscosity) of the liquids based on their composition are similar to those of water.
When the compositions FR-Les (5% and 20%) and bischofite (5% and 10%) interact with
combustible materials heated to high temperatures, they are charred without flammable gas
emission. Notably, the FR-Les additive contains phosphorus, which initiates the formation
of coal or inorganic residue in the condensed phase [38,39]. An increase in the FR-Les
solution concentration to 20% thickens it, increases its density and surface tension, while
reducing its wettability. Adding bischofite to water accelerates the formation of a protective
coke layer.

Table 2. Geometric characteristics of droplets (contact angles, diameters and heights) at different
temperatures of a polished steel surface *.

T, ◦C 1 2 3 4 5 6 7 8 9 10 11 12

θ, ◦

20 87.4 76.4 102.1 94.5 82.7 84.2 84.5 52.8 42.0 42.0 52.5 34.3
40 76.4 76.4 103.5 87.2 74.4 77.8 87.0 51.4 45.1 40.9 46.1 34.5
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Table 2. Cont.

T, ◦C 1 2 3 4 5 6 7 8 9 10 11 12

60 85.9 81.4 103.9 81.8 94.2 90.6 74.6 44.7 38.7 40.6 44.1 33.3
80 78.0 71.5 105.5 80.5 98.5 76.1 74.0 42.6 34.2 37.9 42.6 34.1
100 77.0 75.5 103.8 78.4 112.7 78.8 83.4 45.5 36.6 36.9 41.1 35.7

d, mm

20 3.61 3.92 3.14 3.33 3.67 3.61 3.60 4.79 5.18 5.19 4.95 5.65
40 3.87 3.90 3.10 3.55 3.89 3.83 3.55 4.80 5.12 5.31 5.05 5.64
60 3.53 3.66 3.14 3.72 3.29 3.46 3.94 5.13 5.62 5.70 5.19 5.70
80 3.53 3.66 3.15 3.72 3.29 3.89 3.94 5.31 5.57 5.38 5.19 5.70
100 3.85 3.90 3.09 3.79 2.74 3.80 3.65 4.85 5.24 5.45 5.25 5.62

h, mm

20 1.53 1.36 1.74 1.66 1.50 1.53 1.54 0.98 0.89 0.87 0.96 0.75
40 1.40 1.38 1.78 1.56 1.42 1.41 1.56 1.00 0.88 0.83 0.94 0.75
60 1.57 1.49 1.74 1.47 1.70 1.60 1.37 0.88 0.76 0.75 0.86 0.73
80 1.57 1.49 1.71 1.47 1.70 1.38 1.37 0.82 0.78 0.80 0.86 0.73
100 1.41 1.38 1.78 1.44 1.96 1.43 1.51 0.97 0.85 0.80 0.84 0.74

* 1—water; 2—flame retardant FR-Les (5% solution); 3—FR-Les (20% solution); 4—bentonite slurry (1%);
5—bentonite slurry (5%); 6—bischofite solution (5%); 7—bischofite solution (10%); 8—fire extinguishing agent OS-
5 (5% solution); 9—OS-5 (10% solution); 10—OS-5 (15% solution); 11—foaming agent emulsion (1%); 12—foaming
agent emulsion (5%).

Some patterns emerged from the analysis of Table 2. In particular, with an increase
in the steel surface temperature from 20 to 100 ◦C, the wettability of the bentonite slurry
(1%) and of water (Table 2) improves. However, with an increase in the bentonite slurry
concentration to 5%, the static contact angle increases from 82.7◦ to 112.7◦ at a surface
temperature of 20 and 100 ◦C, respectively. With a higher concentration of bentonite or
FR-Les in the slurry, it becomes thick. Its properties are close to those of non-Newtonian
fluids (long-term storage makes the composition thick, yet after mixing, it returns to its
original state).

When the fire extinguishing agent OS-5 or the foaming agent emulsion is added to
water, wettability improves because these solutions contain surfactants. The influence of
surfactants on wettability is correlated with their adsorption at the phase boundary [40–42].
According to present-day ideas, the contact angle is mainly affected by the changes in
the surface tension in a rather narrow region in the immediate vicinity of the three-phase
contact line [41]. Surfactants reduce the liquid surface tension, thus leading to better
wettability. A temperature increase reduces the liquid surface tension, contributing to the
droplet spreading. The surface wettability improves with an increase in the OS-5 solution
concentration from 5% to 10%. For instance, at a surface temperature of 50 ◦C, the contact
angle decreases from 52.8◦ to 42.0◦. However, increasing the concentration from 10% to
15% does not change the wetting properties (the contact angles are within the confidence
interval). The findings suggest that OS-5 solutions with a concentration of over 10% do
not change the surface tension. An assumption was made that this composition, with a
concentration of over 10%, would not significantly change the thermal decomposition time
of a combustible material.

Table 2 shows that an increase in the foaming agent concentration from 1% to 5%
under normal conditions reduces the contact angles by more than 18◦. When the substrate
is heated, the difference in the angles decreases and is approx. 5◦ at 100 ◦C. It is possible to
assume that with a temperature increase, the difference in the surface tension of 1% and 5%
emulsions decreases. Thus, the difference in wettability becomes less substantial (i.e., when
this composition is used to suppress a fire, increasing its concentration from 1% to 5% does
not lead to qualitative or quantitative changes).
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3.2. Evaporation of Fire Extinguishing Agent Droplets

Figures 7–10 show the times of complete evaporation of specialized fire extinguishing
agent droplets as a function of the steel substrate surface temperature during conductive
heating and as a function of the air temperature during convective, radiant heating and
heating over the open flame of the burner.
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Figure 9. Evaporation time of 10-µL droplets of fire extinguishing agents and water when varying
the air temperature in the muffle furnace: (a) 1—water; 2—flame retardant FR-Les (5% solution);
3—FR-Les (20% solution); 4—fire retardant (5% solution); (b) 5—bentonite slurry (1%); 6—bentonite
slurry (5%); 7—bischofite solution (5%); 8—bischofite solution (10%); (c) 9—fire extinguishing agent
OS-5 (5% solution); 10—OS-5 (10% solution); 11—OS-5 (15% solution); 12—foaming agent emulsion
(1%); 13—foaming agent emulsion (5%).
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(c) 9—fire extinguishing agent OS-5 (5% solution); 10—OS-5 (10% solution); 11—OS-5 (15% solution);
12—foaming agent emulsion (1%); 13—foaming agent emulsion (5%).

Under normal conditions of droplet evaporation on the substrate, the minimum
evaporation time was recorded for the 5% foaming agent emulsion (Figure 7). This is
conditioned by the fact that the liquid evaporation rate is directly proportional to the
surface area (the larger the area of the liquid–air interface, the more molecules of liquid
evaporate). The minimum contact angle and the maximum area were recorded for the
foaming agent emulsion (θ ≈ 35.7◦, S ≈ 26.9 mm2). The difference in the evaporation
time of the emulsions with different concentrations was found to decrease with a higher
temperature, since wettability is almost identical (Table 2). That means that this liquid is
more efficient in the cooling of a combustible material than the other compositions under
study. The analysis of the conducted experiments revealed that an increase in the OS-5
solution concentration from 5% to 10% reduced the evaporation time by more than 30%.
A further increase in the concentration (to 15%) did not only reduce the droplet lifetime
but also cut down the evaporation time by almost 2.1 times (at T > 60 ◦C). This leads to the
conclusion that using a foaming agent and OS-5 with a concentration of more than 10% for
extinguishing fires will not significantly improve the suppression of combustible material
pyrolysis or combustion.

A comparative analysis shows that the evaporation times of droplets of water, 5%
fire retardant, FR-Les and bischofite solutions, as well as 1% bentonite slurry, differ only
slightly (Figure 7). This finding is explained by the fact that the numerical values of the
thermophysical properties of these liquids (density, heat capacity) and contact angles (thus,
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the droplet interaction area and the liquid–air interface) are very similar. With an increase
in the concentration of FR-Les and bischofite, the evaporation times increase while the
evaporation rates decrease. The evaporation of liquids based on water and fire extinguishing
agents (bentonite, bischofite, FR-Les and OS-5) leaves a solid residue (bentonite, salt crystals
of MgCl2, ammonium polyphosphate and diammonium phosphate–carbamide). Complete
evaporation of water from the saline solution produces fine crystals that cover the area of
the liquid-heated substrate contact. Water evaporation reduces the viscoelastic properties
of the solution. As a result, the droplet spreads more. The adhesion of the liquid to the
crystal ring decreases, and the liquid separates early from the original interface of three
phases and slips off into the droplet. Further evaporation of the remaining water produces
large salt crystals on a small area within the original droplet boundaries. This residue locks
the gaseous thermal decomposition products in the pyrolysis zone because a condensed
substance layer forms on the upper boundary of this zone.

In the experiments with slurries, emulsions and solutions, less heat is absorbed in
the evaporation of a unit of mass of these liquids than in the evaporation of water. In the
same way, more energy is spent on heat accumulation before water evaporation than it is
in the case of solutions, emulsions and slurries. This conclusion is confirmed, e.g., by the
analysis of the heat balance in the evaporation of water (~340 kJ) and 10% bischofite solution
(~290 kJ). However, earlier findings [22,23] indicate that of all the compositions under study,
water is least effective in the extinguishment of forest fuel fires. Large volumes of liquid
and/or long suppression times are required. This leads to the conclusion that the dominant
mechanism in the extinguishing of combustible materials and pyrolysis suppression using
compositions such as fire retardants, bischofite, bentonite and FR-Les will be the formation
of a protective layer on the material elements rather than the absorption of heat in the
solvent evaporation. In the experiments with convective heating, thermogravitational and
thermocapillary convection play a great role. It was established [2] that convection rates
in the droplet increase severalfold due to thermal heating, oncoming gas flow and the
geometric shape of the sample. Convection intensification in the droplet leads to the mixing
of the layers. The liquid heats more rapidly, which leads to a lower surface tension of the
liquid and increases the free evaporation area. This intensifies evaporation. The comparison
of the evaporation times of specialized fire extinguishing agents under different heat supply
conditions shows that in the radiant (in the muffle and above the burner) and convective
heating of droplets (Figures 8–10), the longest evaporation time and the highest evaporation
rate were typical of the 20% and 5% FR-Les solutions. Ammonium polyphosphate, being a
component in the FR-Les composition, decomposes and emits a noncombustible gas when
it is subjected to a high temperature. Thus, it forms a protective layer and limits oxygen
access. The remaining polyphosphate acid acts as a catalyst in the foam-forming reaction
when free carbon is separated from the material. This effect is especially distinct when
heating the droplet over the burner. Figure S1a shows the images of a 20% FR-Les solution
droplet heated over an open flame. During combustion, the emerging carbonaceous film
blisters without melting (Figure S1a, τ ≈ 6 s) and forms a thick foam layer, thus providing
heat insulation.

In convective heating, the lowest evaporation time was recorded for the 10% OS-5
solution. Low surface tension causes the droplet to spread over the holder (which means a
larger free area of interaction with the heated air and thus a higher evaporation rate). For
two-thirds of the evaporation time, it is only the solvent (water) that evaporates. This is
followed by active foam formation with the evaporation of the remaining water and the
formation of a saline film on the holder surface. Typical evaporation images are presented
in Figure S1b (Supplementary Material).

The droplet evaporation rate was found to rise with an increase in the absorption
indicator. During radiant heating, the amount of heat supplied to the droplet is given by:

λ
∂T
∂R

∣∣∣∣R=Rd = ρL
dRd
dτ

+ α
(
Tg − Ts

)
+ εc0T4

g (1)
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where λ is thermal conductivity, W/m·K; ρ is density, kg/m3; L is the latent heat of
evaporation, kJ/kg; dRd

dτ is the rate of the droplet radius change due to evaporation, m/s;
α is heat transfer coefficient, W/m2·K; Tg is the ambient temperature, K; Ts is the droplet
temperature, K; ε is emissivity factor; c0 is the black body emissivity factor, W/(m2·K4).
When the heating is performed in a muffle furnace and over an open flame, the εc0T4

g part
of the equation will make a major contribution and have a considerable effect on the droplet
emissivity factor. The higher the emissivity factor, the faster the droplet evaporates. The
findings obtained in this work are consistent with this statement. The lowest evaporation
time was recorded for the 5% bentonite slurry, as the liquid is optically nontransparent and
has the highest emissivity factor of all the liquids under study. The images of bentonite
droplet evaporation are presented in Figure S1c (Supplementary Material). Next comes
the fire-retardant solution. The difference in the evaporation times between bentonite
and the fire-retardant ranges from 5 to 20% (decreasing with temperature growth). The
fire retardant (Figure 1e) is a red-colored, opaque composition. Therefore, it also absorbs
heat more actively (evaporates more rapidly) than the other compositions under study.
Water, bischofite and OS-5 solutions, as well as the foaming agent emulsions, are optically
transparent. Their εc0T4

g is almost equal (until the moment when solid deposits start to
form). Thus, at the initial heating and evaporation stages, the liquid evaporation will be
conditioned by the density, heat transfer and latent heat of evaporation.

3.3. Experimental Curve Fitting

Table 3 summarizes the results of a mathematical description of the curves of complete
evaporation times of fire extinguishing agent droplets versus the surface temperature and
ambient temperature when using different heat supply mechanisms.

Table 3. Approximation coefficients.

Fire Extinguish-
ing Agent 1 2 3 4 5 6 7 8 9 10 11 12 13

Conductive heating (τ = aα·Tbα)

aλ·106 2.54 3.63 3.75 4.38 3.25 3.40 4.46 4.93 3.72 4.02 4.01 2.63 2.48
bλ −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4 −2.4
R2 0.99 0.99 0.99 0.98 0.99 0.99 1.00 0.99 0.99 0.99 0.99 0.99 0.98

Convective heating (τ = aα·Tbα)

aα·105 0.84 0.91 1.06 0.97 0.93 0.84 0.95 1.00 1.04 0.76 0.75 0.85 0.97
bα −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2 −1.2
R2 0.95 0.99 0.97 0.99 0.97 0.94 0.98 0.94 0.87 0.89 0.83 0.99 0.99

Radiant heating (τ = aε·Tbε)

aε·105 6.93 8.22 9.23 7.78 6.25 5.72 19.92 7.76 7.17 8.24 7.55 7.88 7.77
bε −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6 −1.6
R2 0.99 0.99 0.99 0.99 0.98 0.98 0.99 0.99 0.99 0.98 0.99 0.98 0.99

Heating over an open flame (τ = af·T2 + bf·T + cf)

af 7.2 3.2 3.1 4.9 2.7 1.7 4.0 2.8 4.8 2.8 2.2 3.2 3.2
bf −34.7 −20.6 −16.0 −21.9 −13.7 −5.0 −17.7 −12.1 −19.6 −11.5 −10.9 −13.1 −14.5
cf 52.2 63.0 51.9 33.6 29.6 16.6 30.9 23.8 30.0 25.1 27.6 24.7 28.0
R2 0.98 1.00 0.95 0.92 0.95 0.97 0.98 0.98 0.95 1.00 0.99 0.98 0.94

1—water; 2—flame retardant FR-Les (5% solution); 3—FR-Les (20% solution); 4—bentonite slurry (1%);
5—bentonite slurry (5%); 6—bischofite solution (5%); 7—bischofite solution (10%); 8—fire extinguishing agent
OS-5 (5% solution); 9—fire extinguishing agent OS-5 (10% solution); 10—fire extinguishing agent OS-5 (15%
solution); 11—foaming agent emulsion (1%); 12—foaming agent emulsion (5%); 13—fire retardant solution (5%).

It was established that the curves in the conductive, convective and radiant heating
(in the muffle furnace) are similar and are described by a power function such as τ = a·Tb.
It is noteworthy that a buffer vapor zone forms around droplets during evaporation in all
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three cases of heat supply. This zone reduces the heat flow supplied to the droplet. As
a result, a rise in the surface temperature and ambient temperature increases the vapor
zone thickness due to the injection of a greater volume of vapor, while hardly changing the
droplet temperature field. Therefore, during conductive, convective and radiant heating,
the evaporation time first falls sharply and then, starting from a certain temperature,
remains almost constant. When a droplet evaporates over an open flame, the τ = f (T)
dependence is given by a second-degree polynomial.

Under identical evaporation conditions (thermal conductivity, convection and radi-
ation), the power coefficient bλ ,α,ε takes the same value in the approximation for all the
investigated liquids. It can be assumed that bλ ,α,ε depends only on the heat supply condi-
tions. The coefficient aλ ,α,ε varies for different compositions. An assumption was made
that aλ ,α,ε depends on the physical properties of a firefighting liquid. Unlike the curves in
Figures 7–9, the ones in Figure 10 for the evaporation time of specialized fire extinguishing
agent and water droplets are given by a second-degree polynomial: τ = af·T2 + bf·T + cf.
The reason for that is that the temperature was at its maximum (~850 ◦C) at a distance
of 2 cm from the burner wick. With an increase in the distance, the temperature falls,
thus increasing the evaporation time. The trends and mathematical equations derived in
this work allow predicting the characteristics of fire extinguishing agent evaporation at
different temperatures and in different heat flows to be adapted to forest fire containment
and suppression.

4. Conclusions

The characteristics of wettability (contact angles) and evaporation (evaporation time)
suggest that a foaming agent and OS-5 with a concentration of more than 5% and 10% do
not significantly improve fire suppression efficiency compared to water. A comparative
analysis shows that the evaporation times of droplets of water, 5% fire retardant, FR-Les
and bischofite solutions, as well as 1% bentonite slurry, differ only slightly. This finding
is explained by the fact that the numerical values of the thermophysical properties of
these liquids (density, heat capacity) and contact angles (thus, the droplet interaction
area and the liquid–air interface) are very similar. The evaporation of liquids based on
water and fire extinguishing agents (bentonite, bischofite, FR-Les and OS-5) leaves a solid
residue (bentonite, salt crystals of MgCl2, ammonium polyphosphate and diammonium
phosphate–carbamide).

The comparison of the evaporation times of specialized fire extinguishing agents
under different heat supply conditions indicates that in radiant heating (in a muffle and
above the burner) and convective heating of droplets, the longest evaporation time and the
highest evaporation rate were typical of the 20% and 5% FR-Les solutions. In convective
heating, the lowest evaporation time was recorded for the 10% OS-5 solution. In radiant
heating, the lowest evaporation time was recorded for the 5% bentonite slurry. The differ-
ences in the evaporation time are attributed to the varying thermophysical properties of
liquids. Therefore, in different heat supply schemes, dominant heat absorption mechanisms
will differ.

The curves obtained for the evaporation time of specialized fire extinguishing agent
droplets during conductive (on a solid surface), convective (in a wind tunnel) and radiant
(in a muffle and over an open flame) heating were approximated by functions like τ = a·Tb

and τ = af·T2 + bf·T + cf. The obtained empirical coefficients are fundamental for the
mathematical modeling of the processes under consideration. The established features of
the effect of concentrations of specialized additives in water are of particular importance for
practice. The values of limiting concentrations have been established, the excess of which
will not lead to significant changes in the characteristics of the evaporation of droplets of
fire extinguishing compositions; therefore, it is possible to prevent the over expenditure
of specialized additives. For example, the use of OS-5 compositions and a foaming agent
with concentrations above 10% and 1%, respectively, will not lead to qualitative changes
during extinguishing.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f14020301/s1, Figure S1: Typical images of the evaporation of specialized
fire extinguishing agent droplets: (a) evapora-tion of FR-Les solution (20%) droplets when heated
over an open flame at h = 2 cm (the initial droplet size is marked in red); (b) evaporation of OS-5
solution (10%) droplets during convective heating (T = 500 ◦C); (c) evaporation of bentonite slurry
(10%) droplets during radiant heating in a muffle (T = 400 ◦C).
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