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Abstract: The modern methods of predicting the fire front spread characteristics during forest fires
have significant limitations. The main challenge is to adequately describe the impact of the flame
length (reaching 10–15 m even during surface fires) on the fire intensity, containment and suppression.
This research presents a new approach to the description of a set of physical and chemical processes
developing when a forest fire flame interacts with a strip of forest fuel, part of which has been wetted.
A system of differential equations has been derived to provide adequate mathematical modeling of the
processes developing in a forest fuel layer (including its wetted part). The formulated mathematical
problem was solved using the finite difference method at a flame temperature of 900 K and flame
height of 0.15 m, which is characteristic of the incipient stage of surface fires. The control line width
in the analysis was 0.3 m; the forest fuel layer thickness was 0.05 m. The obtained findings were
consistent with the corresponding experimental data on the control line span providing complete
containment of forest fuel combustion. It has been demonstrated that the span of a wetted forest fuel
strip (control line sizes) providing forest fire containment at all flame lengths can be reliably predicted.

Keywords: fire containment; flame length; wetted control line; mathematical modeling

1. Introduction

One promising way to fight forest fires is to set up a control line before the combustion
front by wetting a layer of forest fuel to a certain depth, using water or specialized water-
based compositions (slurries, solutions, emulsions, multicomponent mixtures) [1,2]. The
experiments [3] revealed that the combustion front reaches this control line, stops until
the wetted forest fuel part becomes completely dry and then continues moving with a
significantly lower velocity than the initial one. This velocity depends on the wetting
depth, moisture concentration in forest fuel and control line span. This latter size is
commonly called the line width. A control line can be set up by an aircraft moving along
the combustion front. For small fires, such a control line can be arranged using manual
water jets and other equipment. The analysis of the findings [4] indicates that as forest fuels
burn out, the flame length and thus the radiant heat flux to the forest fuel surface decreases.
This reduces the rates of forest fuel heating and pyrolysis. The flame front slows down
until forest fuels completely stop burning [4].

Forest fire behavior prediction models are crucial for population rescue and evacua-
tion [5–7]. Extensive experimental research has been carried out in recent years on the pat-
terns of heat transfer and physical and chemical transformations in forest fuels [8–10]. Yet
most of the experiments of such kind were conducted under laboratory conditions [11–13]
using forest fire mock-ups (the so-called model fires with specific heat release, correspond-
ing to real fires of different categories) with relatively small combustion areas and flame
lengths. It is reasonable, therefore, to analyze a possibility of using the results of the labora-
tory experiments with the mock-ups of small fires (dozens of centimeters) when estimating
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the span of control lines capable of containing large forest fires (with a flame length of
10–15 m). It is almost impossible to carry out experimental research with considerable
flame lengths under laboratory conditions [14]. Mathematical modeling must be the main
tool for analyzing the conditions and characteristics of forest fire containment. Currently,
there are various software products for modeling the physical and chemical processes of the
propagation of forest fires and their prediction (for example: FIRETEC, FDS, FireFOAM).
The studies [15–17] use these computing systems and such problem statements that the
simulation results agree satisfactorily with the experimental results. Models [18,19] and
methods have been proposed to solve the corresponding tasks that can be considered
essential in the theory of forest fire containment [20]. In those setups, the effect of liquid
(water or specialized composition) on the heat transfer and pyrolysis of forest fuel was not
taken into account. In the general case, mathematical modeling is inextricably linked with
the conditions of the task, the physical and chemical laws underlying the processes and the
various approximations for a specific numerical model. This study describes a set of key
physicochemical processes that occur in the wet layer of forest fuel during rapid heating,
mainly due to radiation. These processes include convection and thermal conductivity,
evaporation of water or specialized composition liquids, filtration of vapors to the heated
surface and thermal decomposition of forest fuel. The forest fuel in the research is a porous
frame with known thermophysical properties (coniferous forest litter, birch leaves). The
wetted part of the forest fuel in the frame cells contains water. The presence of water
in the pores directly influences the heat and mass transfer inside the material and in the
gas region near its surface (the filtration of water vapors and their injection into the gas
region). In the study of the temperature field evolution, the calculation results will differ
when varying the span of the wetted region. The calculation result within the proposed
mathematical model is the minimum span of the wetted part of the forest fuel required to
suppress fire. Without doubt, this effect is significant, since the heat capacity of water is
high, and it accumulates heat when heated. Moreover, rapid heat absorption also occurs
during water evaporation, and the vapors injected into the oxidizer medium are heated to
relatively low temperatures. These processes have a significant impact on the formation of
the forest fuel temperature field, achieving (or failing to achieve) the conditions of thermal
decomposition and its intensity (temperatures from 350 to 450 K depending on the material
properties). Moreover, the known models of forest fuel combustion [11,21,22] do not take
full account of the specific aspects of heated air convection near the forest fuel surface in the
regions of the flame front’s influence. As for the fundamental experimental studies [23–25],
they mainly investigate the kinetics of thermochemical processes developing when forest
fuels are heated. At the same time, forest fuel combustion (chemical reaction) is frequently
considered in a simplified problem statement with the main emphasis put on heat and mass
transfer, as well as fluid dynamics near the forest fuel surface [26,27]. The characteristics of
these processes depend greatly on the temperature in and ahead of the combustion front. It
is important to accurately estimate the temperatures in these areas and in the deep layers of
forest material that have partly undergone thermal decomposition. Thus, the challenge is
to develop a method to analyze the efficiency of control lines constructed of wetted forest
fuel ahead of combustion fronts of various sizes for real-life large forest fires characterized
by considerable flame lengths. This is the purpose of this research.

2. Materials and Methods

A physical model of heat transfer was derived [3,4] from the analysis and generaliza-
tion of the experimental research findings in the system consisting of a forest fuel layer
and the gas environment near its surface. It was used in the problem statement. Some
part of a forest fuel layer of a known span is wetted with water (the concentration of
which is specified). The size of this part is an essential input parameter of the problem.
The left boundary of the wetted forest fuel coincides with the surface fire front (Figure 1).
The length and temperature of the flame whose front is perpendicular to the forest fuel
surface are preset. It is assumed that there is no directed movement of air parallel to the
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forest fuel surface (wind). It is reasonable to consider this factor separately, as there are
interesting experimental findings [3,4,28] on the emergence of possible unexpected effects
(such as flame extinction, backfire, etc.). Flame radiation causes the heating of the forest
fuel layer, which intensifies the evaporation of water accumulated in it, followed by its
thermal decomposition after it becomes completely dry. Water vapors are injected into
the air layer adjacent to the wetted material surface. A high flame temperature sets off
thermogravitational convection in the gas environment near the forest fuel surface. The
movement of the mixture of air and water vapor cools down the forest fuel surface that
rapidly dries and heats up. A temperature increase facilitates the forest fuel pyrolysis. After
the forest fuel dries out, the gaseous pyrolysis products are also injected into the gas–vapor
mixture near its surface. The isotherm corresponding to the thermal decomposition initia-
tion moves deep into the layer to a certain distance from the forest fuel combustion front. If
the forest fuel combustion time determined by the characteristics of the fire area is shorter
than is necessary for drained forest fuel to undergo active pyrolysis, combustion stops. In
the numerical simulation, the time determined in the experiments [3,4] was used.
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Figure 1. Scheme of solution domain 1—wetted forest fuel; 2—dry part of forest fuel; 3—drained
part of forest fuel; 4—mixture of water vapors and air; 5—forest fire front.

It was assumed in the problem statement that the main heating source of forest fuel
is flame radiation. It is concentrated in the left boundary of the wetted forest fuel line
(Figure 1). At t = 0, the combustion front velocity is assumed to be 0. The flame length
and temperature are known and set equal to certain constant values. In practice, when a
fire approaches a control line (wetted forest fuel) and the combustion front stops moving,
the flame length will decrease due to the burnout of forest fuel in the region ahead of
the control line. This factor was taken into account in the problem statement. The most
unfavorable scenario (more complicated in terms of fire containment) was considered, in
which the flame length was constant throughout the modeling time. Thus, the model values
of the control line span obtained under the given conditions are bound to contain fire in
more favorable situations. The flame temperature was considered constant throughout
combustion duration, which was set using the experimental data [3,4].

A forest fuel layer of a given thickness Hfcm and total span L was considered (Figure 1).
Some part of it was in a wetted state (the span of this part was Lgr, zone 1). The forest fuel
surface is subjected to the radiant heat flux from a high-temperature source (a flame with a
length Hrad and temperature Trad). As the forest fuel part wetted with water heats up, the
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moisture at the wet/dry interface evaporates. Then, the water vapors pass through the
drained forest fuel layer (3) and are injected into the near-surface gas region (zone 4).

Based on the analysis of the experimental research [4], it was assumed that the main
heat flux comes to the forest fuel surface from the flame zone as a result of radiation. In
contrast, heat removal from the forest fuel surface mainly occurs due to thermogravitational
convection [29], thermal conductivity of the mixture of air and water vapors and reradiation
from the heated forest fuel surface. The mixture of air, water vapors and gaseous pyrolysis
products is considered transparent for radiation. This approximation seems reasonable in
mathematical modeling, since the introduction of the radiation absorption of the mixture
would reduce the forest fuel pyrolysis rate, other things being equal.

The solution domain for the problem (Figure 1) is divided into four rectangular areas
with different thermophysical characteristics: wetted forest fuel (1), dry forest fuel (2),
drained forest fuel (3), gas region (4). The gas/forest fuel interface region is heated as a
result of the radiant heat exchange with a high-temperature heat source (a flame with a
length Hrad).

The convective–conductive heat transfer in the gas region (4) is described by the Navier–
Stokes two-dimensional unsteady equations in the Boussinesq approximation (1–4) [30–34]
and the equation of water vapor diffusion in the air (5) [33] (0 < x < L, Hfcm < y < H):

∂ρ

∂t
+

∂ρu
∂x

+
∂ρv
∂y

= 0 (1)

∂ρu
∂t

+ u
∂ρu
∂x

+ v
∂ρu
∂y

= −∂P
∂x

+ µ

(
∂2u
∂x2 +

∂2u
∂y2

)
, (2)

∂ρv
∂t

+ u
∂ρv
∂x

+ v
∂ρv
∂y

= −∂P
∂y

+ µ

(
∂2v
∂x2 +

∂2v
∂y2

)
+ ρβg(T − T0), (3)
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λ
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+

∂

∂y

(
λ
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)
, (4)

∂ρY
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+ u
∂ρY
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+ v
∂ρY
∂y

=
∂

∂x

(
ρD

∂Y
∂x

)
+

∂

∂y

(
ρD

∂Y
∂y

)
, (5)

where ρ is the mixture density; µ is the dynamic viscosity of the mixture; c is the mixture
heat capacity; λ is the thermal conductivity of the mixture; β is the volumetric thermal
expansion coefficient of gas; g is the free-fall acceleration projected to the Y-axis (x equals
0); T0 is the initial temperature of the region; D is the water vapor diffusion coefficient in
the air.

The use of a two-dimensional model in the mathematical problem statement is condi-
tioned by the presence of a combustion front whose span is assumed by the authors to be
much wider than the linear dimensions of the computational domain under study.

In numerical simulation, the density, heat capacity and thermal conductivity of the
gas mixture are assumed to depend on the mass concentration of water vapors in the air:

c = Yaca + YH2OcH2O, (6)

λ = Yaλa + YH2OλH2O, (7)

ρ = Yaρa + YH2OρH2O, (8)

where ca = 1005 J/(kg·K), cH2O = 4200 J/(kg·K)—heat capacity of air and water vapors;
λa = 0.0259 W/(m·K), λH2O = 0.0237 W/(m·K)—thermal conductivity of air and water
vapors; ρa = 1.205 kg/m3, ρp = 0.598 kg/m3—density of air and water vapors.
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In the region of the wetted forest fuel (0 < x < Lgr, 0 < y < Hfcm, Figure 1), the heat
transfer is given by the thermal conductivity equation in the generalized statement by
Stefan [35,36]:

cρ
∂T
∂t

+
∂ρu
∂x

+
∂ρv
∂y

=
∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
, (9)

c, λ, ρ =


cpw, λw, ρw

L f
2ε +

cpd+cpw
2

cpd, λd, ρd

,
λd + λw

2
,

ρd + ρw

2

i f T < T*− ε
i f |T − T*| < ε
i f T > T* + ε

, (10)

where c, λ, ρ—smoothed heat capacity J/(kg·K), thermal conductivity and density over
the whole wetted forest fuel area: T*—boiling point (373 K); Lw—phase transition heat;
ε—smoothing interval, K; cw, λw, ρw—specific isobaric heat capacity, thermal conductivity
and density of wetted forest fuel; cpd, λd, ρd—specific isobaric heat capacity, thermal
conductivity and density of dry forest fuel.

The heat transfer In the dry part of the forest fuel (Figure 1, region 2) (Lgr < x < L, 0 < y <
Hfcm) is given by a two-dimensional unsteady equation of thermal conductivity [34,37,38]:

cpdρd
∂T
∂t

+
∂ρu
∂x

+
∂ρv
∂y

=
∂

∂x

(
λd

∂T
∂x

)
+

∂

∂y

(
λd

∂T
∂y

)
. (11)

In region 3, the water vapors produced from the evaporation on the s(t) boundary pass
through the porous frame of the dry forest fuel, cooling it down as a result of filtration. A
number of assumptions were made for the mathematical description of the heat and mass
transfer in the region of the drained forest fuel part: the gases are filtered at moderate rates
and are assumed to be incompressible; heat transfer through thermal conductivity occurs
in the porous frame (the forest fuel elements and gases have an equal temperature); local
one-dimensional filtration is assumed (the vapor moves in the pores vertically upwards).

The velocity of the vapor passing through the porous frame was found, assuming the
conservation of mass in the regression of the phase interface s(x,t). The average integral
coordinate of the dry/wet interface of the forest fuel in the region x ε [0; Lgr] (average
draining depth) at the point t was calculated from the following ratio:

Ht =
1

Lgr

Lgr∫
0

s(x, t)dx. (12)

The evaporation surface regression rate was derived from the equation:

Vreg =
Ht+∆t − Ht

∆t
. (13)

The velocity of water vapors in the porous frame was given by

Vp = Vreg
ρwater

ρp
, (14)

where ρwater and ρp are the densities of water and vapor.
Given the above assumptions, the energy equation under the conditions of water

vapor filtration in the drained forest fuel region (Figure 1, region 3) takes the form:

cρd
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
−Vf ρpcp

∂T
∂y

, (15)

where Vf is the rate of the water vapor filtration through the porous forest fuel frame; ρp is
the water vapor density; cp is the heat capacity of water vapors.
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The system of Equations (1)–(15) was solved with the following initial and boundary
conditions:

0 ≤ x ≤ L, 0 ≤ y ≤ H, t = 0 : T(x, y, 0) = 273K, u(x, y, t) = 0, v(x, y, t) = 0, Y(x, y, t) = 0, (16)

y = 0, 0 ≤ x ≤ L, τ > 0 :
∂T(x, y, τ)

∂x
= 0, u(x, y, τ) = v(x, y, τ) = 0, Y(x, y, τ) = 0, (17)

x = L, 0 ≤ y ≤ H f cm, τ > 0 :
∂T(x, y, τ)

∂x
= 0, u(x, y, τ) = v(x, y, τ) = 0, Y(x, y, τ) = 0; (18)

x = L, H f cm ≤ y ≤ H, τ > 0 :
∂T(x, y, τ)

∂x
= 0,

∂u(x, y, τ)

∂x
=

∂v(x, y, τ)

∂y
= 0,

∂Y(x, y, τ)

∂x
= 0, (19)

x = L, 0 ≤ y ≤ H f cm, τ > 0 :
∂T(x, y, τ)

∂x
= 0, u(x, y, τ) = v(x, y, τ) = 0, Y(x, y, τ) = 0, (20)

x = 0, H f cm ≤ y ≤ H, τ > 0 :
∂T(x, y, τ)

∂x
= 0, u(x, y, τ) = u0; v(x, y, τ) = 0, Y(x, y, τ) = 0, (21)

x = 0, 0 ≤ y ≤ H f cm, τ > 0 :
∂T(x, y, τ)

∂x
= 0, u(x, y, τ) = v(x, y, τ) = 0, Y(x, y, τ) = 0, (22)

y = H, 0 ≤ x ≤ L, τ > 0 :
∂T(x, y, τ)

∂y
= 0,

∂u(x, y, τ)

∂y
= 0, v(x, y, τ) = 0,

∂Y(x, y, τ)

∂y
= 0. (23)

On the boundary y = Hfcm, x ε [0; Lgr] (Figure 1), the concentration of water vapors
and the vertical component of their velocity were set:

y = H f cm, 0 ≤ x ≤ Lgr: Y(x, y, τ) = 1, v(x, y, τ) = Vp. (24)

It was assumed that the resultant heat flux qri comes to the gas/forest fuel interface
(y = Hfcm, 0 ≤ x ≤ L) from the source with a length Hrad (flame) with a constant temper-
ature Trad. The value of qri on the forest fuel surface was determined using the zonal
method [37,39]. In the case of an isothermal surface with a length Hrad, the resultant heat
flux equals [37]:

qri =
ϕi,k Ai Ak

Ak + (1− Ak)Ai ϕik
(E0i − E0k), (25)

where E0i and E0k are the total radiant fluxes per unit area of a black body of the i-th and
k-th surfaces, W/m2; Ai = 1 and Ak = 0.97 are the emissivities of the i-th and k-th surfaces;
ϕi,k are local angular coefficients (depending only on the body system geometry).

When the elemental areas are perpendicular (Figure 2) (there is no wind), the angular
coefficients were given by [40,41]

ϕik = ϕAB,DC = ϕDC,AB
FDC
FAB

, (26)

ϕDC,AB = 1− ϕDC,AC − ϕDC,AB, (27)

ϕDC,AC =
FDC + FAC − FAD

2FDC
, (28)

ϕDC,BD =
FDC + FBD − FBC

2FDC
. (29)
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When the geometrical layout of the bodies was as presented in Figure 2, the areas of
the elements participating in the radiant heat exchange were calculated using the equations:

FBD =

√
(x + hx)

2 + (Hrad)
2 · l, (30)

FBD =

√
(x)2 + (Hrad)

2 · l, (31)

FBC = (x + hx) · l, (32)

FDC = Hrad · l, (33)

FAC = x · l, (34)

FAB = hx · l, (35)

where x ε [0; L] is the forest fuel surface coordinate; l is the linear size in the direction
perpendicular to the X0Y plane; hx is a step on the forest fuel surface in the X-axis direction.

Given the resultant radiant flux, the boundary condition on the ‘mixture of the air and
water vapors/forest fuel’ interface takes the form:

y = H f cm, 0 ≤ x ≤ L, τ > 0: λa
∂T(x, y, τ)

∂y
− λd

∂T(x, y, τ)

∂y
= qri(x). (36)

The mathematical model is represented by a system of differential equations with
initial and boundary conditions (16)–(36). The finite volume method was used as a dis-
cretization method for all the equations. In this method, the computational domain is
partitioned into a finite set of disjoint control volumes that contain one node point. After
that, the initial differential equation is integrated over each control volume, assuming the
profile of the function change between the nodes to be a known value. In this manuscript,
the power law differencing scheme of the unknown value between the nodes of the com-
putational mesh was applied for each differential equation. The time approximation was
performed using the fully implicit scheme [40,41].

The equations include the value of pressure for the projection of the momentum.
To find the pressure field, the SIMPLE algorithm was utilized [42]. This is an iterative
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algorithm. It calculates the pressure field satisfying the momentum equation in line with
continuity conservation. The algorithm requires that a staggered grid be used.

Each differential equation is converted to a six-point discrete analog (using the above
described finite volume method). The alternating direction method works well when
solving such kind of algebraic equation systems. It suggests applying the Thompson’s
algorithm along each grid line. The algorithm is repeated until the system is solved with
the required accuracy.

The connection between the domains is determined by the conditions specified at inner
and outer boundaries, i.e., when solving the differential equation system, the obtained fields
satisfy the discrete analogs of differential equations and the specified boundary conditions.

Differential equations are solved in sequence, while the system is solved iteratively.
At each time step, all the algebraic equation systems are solved until a convergent solution
is obtained with the prescribed accuracy for all the unknown values. The code was written
by the authors in Delphi.

3. Results and Discussion

The calculations were performed with the computational domain dimensions H × L =
0.1 × 1 m2 and flame length of 0.15 m. The radiation source temperature was taken to be
900 K. This ensured that the average heat flux to the forest fuel surface was close to the
one obtained experimentally [3]. Moreover, based on the experimental research findings
obtained under laboratory conditions [27], as assumption was made that the time of the
complete burnout of forest fuels when using a wet line ahead of the combustion front was
120 s. The typical wet line width in the experiments [3] was no more than 0.5 m with a
material sample thickness up to 0.05 m. Therefore, the mathematical modeling results in
Figure 3 are shown at a point t = 120 s at a control line span Lgr of 0.3 m. The thickness
of a coniferous forest fuel sample Hfcm was 0.05 m. These conditions can be considered
general for different values of the radiant heat flux and flame length when analyzing the
typical fire suppression conditions. By analyzing the mathematical modeling results under
these conditions and taking account of the experimental data on fire types, characteristics
and sizes [3,4,27], it is possible to predict how far the flame length affects the containment
time and liquid consumption volume when using different component compositions. The
experiments [3,4,27] compare the integral characteristics of forest fuel combustion when
using liquids without additives, slurries, emulsions and solutions.

The analysis of the numerical simulation results established that a wet line has a
significant influence on the heat transfer characteristics (Figure 3a). The moisture in the
pores of forest fuel slows down its heating due to the absorption of heat during the phase
transition and therefore the higher heat capacity c of the wet forest fuel compared to the
dry one. As a result, the wetted forest fuel part is heated much more slowly than the dry
one is. Moreover, the injection of relatively cold water vapors that have passed through
the porous frame of the drained forest fuel part reduces the temperature of the forest
fuel surface and the gas mixture around it. The dry part of the forest fuel (y = 0.05 m;
0.3 ≤ x ≤ 1 m) subjected to the resultant radiant heat flux and natural convective heat
exchange heated up much faster and had a higher maximum surface temperature (approx.
471 K). At the same time, the temperature profiles were highly nonlinear, which indicates
that the heating rates of the material were different in the deep and near-surface layers
of the sample. These profiles also illustrate the heat transfer directions and temperature
fluctuations. The analysis of T (x, y) distributions at different points in time indicates the
conditions of the most efficient suppression of forest fires. Thus, it is possible to predict the
minimum volume of moisture in a forest fuel sample necessary to contain combustion of
varying intensities and pyrolyzing material thickness.
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Figure 3b,c show the contour lines of the stream function and the gas mixture velocity
vector near the forest fuel surface (0 ≤ x ≤ L; 0.05 ≤ y ≤ 0.1). It is clear that the nonuniform
heating of the material surface results in a whirl with vertical movement along the boundary
y = 0. The negative values of the contour line of the current function are typical of the
clockwise movement. Figure 3c shows the contour lines of the velocity vector module of
the gas mixture near the forest fuel surface. Uneven heating of the forest fuel surface due
to the radiant flux from a high-temperature source intensifies natural convection in the gas
region. A vortex with vertical movement along the boundary x = 0 forms by the time point
considered in the study. The above described convective processes have a direct effect on
the temperature field generation and development near the forest fuel surface, as well as on
the temperature distribution over it within the whole time interval of the problem solution.
The maximum values of the velocity vector module were 0.290 m/s in the fairly typical
conditions under consideration.

The flame radiation heats the surface of the dry forest fuel too (contour lines in
Figure 3a). This heating then initiates and maintains the swirling of the air/water vapor
mixture (Figure 3b,c). The calculation results for the water vapor concentrations are shown
in Figure 3d. Due to a vapor flow injected into the near-wall area, thermogravitational
convection and water vapor diffusion in the air, the mass concentration distribution of the
water vapor is highly inhomogeneous. When moving away from the forest fuel surface,
the water vapor concentration grows in the region above the dry part of the forest fuel and
falls in the region above its wetted part.

Figure 4 presents the forest fuel surface temperatures (T) at varying control line spans
(Lgr = 0.2; 0.3; 0.4 m), other things being equal. It is clear that an increase in the control line
span leads to a lower maximum temperature of the forest fuel surface (its unwetted part).
It is apparent from Figure 4 that the T(x) curve is quite complex.
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The distributions of the forest fuel surface temperature on the coordinate parallel to this
surface, presented in Figure 4, can be tentatively divided into three regions corresponding
to certain variations of the temperature T.

The first one—500 K ≤ T ≤ 900 K (for Lgr = 0.2 m)—corresponds to the span of
the control line from which all the moisture has already evaporated. A great temperature
variation over the surface of this region illustrates the distributed flows from the combustion
front, on the one hand, and the effect of water and water vapors, on the other hand. Farther
away from the combustion front, the forest fuel surface temperature quickly decreases due
to the moisture evaporating in the control line structure. The local minima and maxima on
the three curves T(x) at different spans of control lines illustrate the second characteristic
region that includes a small area to the left of the right boundary of the control line and to
the right of this boundary. The local maxima of the surface temperature on the curves in
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Figure 4 correspond to a small area behind the control line on the right, where water and
its vapors have a modest effect. The third area of T(x) is characterized by a slight rise in the
temperature of the forest fuel surface due to radiant heating from the flame front that is
quite far from the forest fuel.

When determining the effective value of the control line span (at which forest fuel
combustion stops), it was assumed that the thermal decomposition begins at a temperature
of 473 K. If the maximum temperature of the forest fuel surface does not reach the pyrolysis
initiation temperature during the numerical experiment (120 s), the thermal decomposition
completely stops and the forest fuel combustion is contained. Figure 4 shows the curve of
the maximum temperature of the forest fuel surface versus the wet line span. At a flame
length Hrad of 0.15 m, the minimum span of the control line Lgr, at which combustion is
contained, is 0.3 m.

The key parameter to be defined when preparing a control line is its span in the
direction of the surface fire spread (the line width) at a flame height characteristic of
particular terrain and type of forest fuel. Significantly, control lines of wetted forest fuels
are effective in fighting surface fires whose initial stage is characterized by relatively low
flame heights (under 1 m). The combustion temperature of wood of different types ranges
from 300 to 1100 K.

The experiments [27] revealed that the minimum effective span of the wet line ahead
of the flame front for coniferous forest fuel with a sample thickness of 0.05 m was 0.3 m.
This indicates that the modeling results are consistent with the experimental data from [27].
The minimum wet line span in the mathematical model above is 40% higher than the
experimental value and is 0.5 m (Figure 5). This difference in the effective values of Lgr
can be attributed to the fact that the flame length during the numerical experiment was
taken to be constant. In a real fire, the flame length ahead of the wet line decreases over
time (which was recorded in the experiments [27]). This process reduces the heat flux to
the forest fuel surface, and the fire suppression condition is satisfied at lower Lgr.
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Figure 5 presents the effective span (Le, characteristic width) of the wet line, which
should be placed ahead of the combustion front using hand tools or an aircraft, calculated
for varying flame lengths. The effective wet line span increases with an increase in the
flame length. In a real fire, the higher the flame, the greater the heat flux supplied to the
forest fuel surface and the higher the vaporization rates. This process results in a buffer
vapor layer emerging between the forest fuel and the flame zone. As a result, the rates
of the physical and chemical processes decrease, which stabilizes the forest fuel surface
temperature to some degree.
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The experience of combatting forest fires on all the populated continents over the last
5–10 years demonstrates that the efforts to completely suppress fire on a large area are not
very effective (it is impossible to provide large amounts of water or specialized firefighting
agents due to a limited number of airtankers) [12]. It appears to be more effective to
fight forest fires by containing them and preventing the combustion spread beyond the
boundaries of certain fire areas. In this respect, two recommendations on the practical
application of control lines in surface fire containment follow from the fire suppression
characteristics (primarily temperature), obtained in this numerical study. The first one
is that the control line span should be chosen from the comparison of the heat spent on
complete evaporation of all the water accumulated by the control line with the heat content
of the bulk of the flame advancing towards this line.

The numerical analysis revealed that with a layer of forest fuel fairly typical thick-
ness (0.05 m), its surface temperature does not rise to the temperature of rapid thermal
decomposition until all the moisture accumulated in it evaporates. Water vapors leaking to
the heating surface of forest fuel cool the elements of its structure (needles, leaves, twigs).
Moreover, the heat capacity of water vapors is quite high, and the heat reaching the forest
fuel surface is partially absorbed by them. Significantly, the water vapors entering the air
layer near the heated surface of forest fuel, when continuing their movement through the
radiation flux to the forest fuel surface, reduce the concentration of combustible gases ahead
of the flame front, slowing down combustion. The mass concentrations of water vapors in
the air near the forest fuel surface, presented in Figure 3d, illustrate the above conclusions.

When water is sprayed from an aircraft immediately above the flame, most of the water
droplet flow was found [3] to pass through the flame and reach a layer of forest fuel that had
already burned out, having no far-reaching effect on fire suppression or containment. There
is no point in cooling the forest fuel layer in which pyrolysis, generating combustible gases,
almost stopped. Moreover, pyrolysis significantly increases the volume of pores in the
forest fuel structure, and water droplets pass through this highly porous structure, reaching
the boundary separating forest fuel and soil. This makes water application ineffective.
If water arrives on the control line of forest fuel in the initial state, water droplets wet
the forest fuel structure elements (e.g., needles). Further heating causes this moisture to
evaporate completely.

Another recommendation arises from these findings: it is a good idea to compact a
forest fuel layer before wetting it, if possible; this would minimize the trickling of water off
the pores of highly porous forest fuel to the ‘forest fuel–soil’ interface.

4. Conclusions

The results of the numerical studies on the thermophysical processes and fluid dynam-
ics in the area of a control line constructed of wetted forest fuel indicate that the proposed
approach to the mathematical modeling of heat transfer in the ‘forest fuel–control line’
system makes it possible to adequately describe the conditions and characteristics of forest
fire containment when forest fuel is wetted ahead of the fire front. The influence of the
flame length (being the main factor determining forest fuel heating intensity) in a forest fire
(impossible to reproduce in laboratory experiments) can be reliably estimated using the
mathematical model developed in this study.
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