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We propose a new statement and a numerical solution of the problem on ignition of a peat bed as a result
of the action of the nucleation site of a low fire on the basis of the mathematical model of a porous reactive
medium. It has been obtained that at moderate temperatures (T2 ≤ 750 K) the smoldering of the original re-
actant is determined by the processes of heat and mass exchange with the nucleation site of the forest fire,
drying, and pyrolysis of peat, as well as by the oxidation reaction of carbon oxide, the peat height, and the
thickness of the water stratum under its bed.
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Introduction. In [1], on the basis of observational results for peat fires in the Tomsk region a general mathe-
matical model of forest fires was proposed. The results of experimental investigations of peat fires were published in
[2–4]. Subsequently, on the basis of [1], we carried out a series of works at mathematical modeling of peat fires [5, 6] that
confirmed the physical fundamentals of the mathematical model of [1]. In [7], we proposed a refined mathematical
model of peat fires of the second generation that takes into account the two-temperature character of a porous medium,
the particles of ash, soot, smoke, and free water, and the influence of the multicomponent character of the gas me-
dium. In [8], a review of the investigations of peat fires is given. In [9], we investigated the process of peat ignition
in the one-dimensional, one-temperature statement, and in [10] we modeled the moldering of peat over a water layer
in the two-temperature, axisymmetric statement.

In the present work, on the basis of the models of [1, 7] with account for the experimental data of [11, 12],
we investigate the initiation of an underground fire when a three-dimensional peat bed (Fig. 1) situated over a water
layer ignites on the top, and the combustion front propagates into the stratum under different external conditions and
initial moisture contents of peat.

1. Formulation of the Problem. Let us assume that a peat bog fire breaks out as a result of ignition from a
surface place of combustion whose action on the peat bed is modeled by the temperature of the place of combustion
Te and the heat and mass transfer coefficients αe and βe. We consider the spatial problem in a parallelepiped (Fig. 1)
where the x3 axis is directed vertically down and the origin of coordinates on the x3 axis is chosen at the interface
between the peat bed and the atmosphere. It is assumed that peat is a two-dimensional medium, i.e., the gas phase and
the condensed phase (framework) have different temperatures.

It is thought that under the stratum of the porous medium there is a water layer having a temperature differ-
ing from the peat temperature. We assume that at the peat-water interface the peat temperature is lower than the boil-
ing temperature of water and the heat transfer at the peat bed–water layer interface can be neglected. On the basis of
the analysis of the experimental data presented in [2, 11, 12] and theoretical investigations [1, 7] we assume that peat
ignition leads to the formation of a combustion front consisting of peat heating, drying, and pyrolysis zones, as well
as of zones of combustion of gaseous and condensed products of pyrolysis followed by the formation of an ash layer.

In accordance with the results of [1, 7] it is assumed that in the peat bed itself there occur bound water
evaporation, an exothermal reaction of coke breeze combustion, as well as homogeneous reactions of peat pyrolysis
and combustion of carbon oxide and methane. Peat in the process of ignition was regarded as a multiphase medium
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consisting of a dry organic substance with a volume fraction ϕ1, hygroscopic water with a volume fraction ϕ2 bound
to this organic substance [7], a pyrolysis product of the organic substance (coke breeze with a volume fraction ϕ3), as
well as condensed and gaseous combustion products (volume fractions ϕ4 and ϕ5). It was assumed that the gas phase
in the peat bed consists of six components: CO, H2O, O2, CO2, CH4, and N2 with mass concentrations cα, where α
= 1 − 6

_____
, respectively. Since the influence of the heat release from the combustion of the hydrogen component H2 is

not strong by virtue of its insignificant initial concentration and the relatively low temperatures noted in the process of
smoldering of the permeable peat bed, the H2 concentration was not taken into account. We considered such a peat
bed in which the initial volume fraction of the gas phase ϕ5in (0.05 < ϕ5in < 0.2) is small compared to the volume
fractions of the condensed phase. This mathematical model presents a particular case of the model proposed in [7]. It
is known that in the process of peat bed combustion, as a result of pyrolysis, coke is formed [1, 7] and then smolders
in the course of the exothermal oxidation reaction. In general, it is assumed that the front of the peat fire, when deep
in the peat bed, consists of heating, drying, pyrolysis, and combustion zones of the gaseous and condensed products
of pyrolysis of dried peat and an ash layer.

The above mathematically formulated problem with account for the assumptions made is reduced to the solu-
tion of the following system of equations [1, 7]:

∂ρ5ϕ5

∂t
 + div (ρ5ϕ5W) = Q , (1)

grad P = − 
μ
ξ

 W , (2)

∑ 
i=1i

4

cisρisϕi 
∂T1

∂t
 = div (λs grad T1) + Av (T2 − T1) + ∑ 

i=1

4

qisRis , (3)

Fig. 1. Scheme of the heat exchange of peat on the water stratum with the en-
vironment.
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ρ5ϕ5cp5 
dT2

dt
 = div (λ5ϕ5 grad T2) + ρ5ϕ5 grad T2 ∑ 

α=1

N

cpαDα grad cα 

+ Av (T1 − T2) + c1s (T1 − T2) (1 − αc) R1s + c2s (T1 − T2) R2s + q1r1 + q2r2 , (4)

ρcp 
∂T
∂t

 = div (λ grad T) , (5)

ρ5ϕ5 
dcα
dt

 = div (ρ5ϕ5Dα grad cα) − cαQ + Rα ,   α = 1, ..., N − 1 , (6)

ρ1s 
∂ϕ1

∂t
 = − R1s ,   ρ2s 

∂ϕ2

∂t
 = − R2s ,   ρ3s 

∂ϕ3

∂t
 = αcR1s − R3s − α4R3s ,   ρ4s 

∂ϕ4

∂t
 = R4s , (7)

∑ 
α=1

N

cα = 1 ,   ϕ5 = 1 − ∑ 
i=1

4

ϕi ,   M
−1

 = ∑ 
α=1

N
cα
Mα

 ,   P = 
ρ5RT2

M
 . (8)

To solve the system of equations (1)–(7), we used the following initial and boundary conditions:

Ti⏐t=0 = T⏐t=0 = Tin ,   i = 1, 2 ,   cα⏐t=0 = cαin ,   α = 1, 2, ..., N − 1 ,

ρ5⏐t=0 = ρ5in ,   ϕi⏐t=0 = ϕiin ,   i = 1, ..., 4 ;
(9)

the balance boundary conditions [13]

(1 − ϕ5) αe (Te − T1,Γ1
) = λs 

∂T1

∂x3

⎪
⎪
⎪Γ1

 ,   ai ≤ xi ≤ bi ,   i = 1, 2 ,   x3 = 0 ,

(1 − ϕ5) αai
 (Te − T1,Γ1

) = λs 
∂T1

∂x3

⎪
⎪
⎪Γ1

 ,   0 ≤ xi < ai ,   bi < xi ≤ Li ,   i = 1, 2 ,   x3 = 0 ,

(10)

ϕ5αe (Te − T2,Γ1
) = λ5ϕ5 

∂T2

∂x3

⎪
⎪
⎪Γ1

 ,   ai ≤ xi ≤ bi ,   i = 1, 2 ,   x3 = 0 ,

ϕ5αai
 (Te − T2,Γ1

) = λ5ϕ5 
∂T2

∂x3

⎪
⎪
⎪Γ1

 ,   0 ≤ xi < ai ,   bi < xi ≤ Li ,   i = 1, 2 ,   x3 = 0 ;

the conjugation conditions at the peat–water interface [9, 10]

λs 
∂T1

∂x3

⎪
⎪
⎪Γ−

 = λ 
∂T

∂x3

⎪
⎪
⎪Γ+

 − 
q2sR2s

s2
 ,   T1⏐Γ−

 = T⏐Γ+
 = T2⏐Γ−

 ,   0 ≤ xi ≤ Li ,   i = 1, 2 ,   x3 = H1 ; (11)

on the faces Γm (m = 2 − 5) we give the heat transfer by the Newton law at 0 < x3 < H1
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λs 
∂T1

∂x1
 
⎪
⎪
⎪Γm

 = αΓm
 (T1,Γm

 − Tin) ,   λ5ϕ5 
∂T2

∂x1
 
⎪
⎪
⎪Γm

 = αΓm
 (T2,Γm

 − Tin) ,   m = 2, 3 ,

0 ≤ xi ≤ Li ,   i = 2, 3 ,   αΓm
 = αin (1 − 0.9x3) ,   m = 2 − 5 ,   L3 = H1 + H2 ,

λ5ϕ5 
∂T2

∂x2
 
⎪
⎪
⎪Γm

 = αΓm
 (T2,Γm

 − Tin) ,   m = 4, 5 ,   0 ≤ xi ≤ Li ,   i = 1, 3 ,

and the heat insulation condition at H1 < x3 < L3

∂T
∂xi

 
⎪
⎪
⎪Γm

 = 0 ,   i = 1, 2 ,   m = 2 − 5 ,   H1 < x3 < H1 + H2 ,

T⏐Γ6
 = Tin ,   0 ≤ xi ≤ Li ,   i = 1, 2 ,   x3 = H1 + H2 .

(12)

Using the analogy of the heat and mass transfer processes [14] (βe = αe
 ⁄ cp5), we have the boundary condi-

tions

βe (cα,e − cα,w) = ϕ5ρ5Dα 
∂cα
∂x3

⎪
⎪
⎪Γ1

 ,   ai ≤ xi ≤ bi ,   i = 1, 2 ,   x3 = 0 ,

βLi
 (cα,ai

 − cα,w) = ϕ5ρ5Dα 
∂cα
∂x3

⎪
⎪
⎪Γ1

 ,   0 ≤ xi < ai ,   bi < xi ≤ Li ,   i = 1, 2 ,   x3 = 0 ,

(13)

βΓm
 (cα,in − cα,Γm

) = ϕ5ρ5Dα 
∂cα
∂x1

⎪
⎪
⎪Γm

 ,   m = 2, 3 ,   0 ≤ x2 ≤ L2 ,   0 < x3 < H1 ,

βΓm
 (cα,in − cα,Γm

) = ϕ5ρ5Dα 
∂cα
∂x2

⎪
⎪
⎪Γm

 ,   m = 4, 5 ,   0 ≤ x1 ≤ L1 ,   0 < x3 < H1 ,

P⏐Γ1
 = Pe ,   

∂cα
∂x3

⎪
⎪
⎪Γ

 = 0 ,   
∂P

∂x3

⎪
⎪
⎪Γ

 = 0 ,   
∂P

∂xi

⎪
⎪
⎪Γm

 = 0 ,   i = 1, 2 ,   m = 2 − 5 . (14)

2. Transfer Coefficients, Thermophysical and Thermokinetic Constants. The final homogeneous chemical
reactions in the permeable peat bed [1, 15] are given as

CO + 
1
2

 O2 = CO2 ,   CH4 + 2O2 = CO2 + 2H2O . (15)

The chemical kinetics equations for the carbon oxide and methane oxidation reactions have the form [16]

dy1

dt
 = − k1x1x3

0.25
T2

 −2.25
 exp 

⎛
⎜
⎝
− 

E1

RT2

⎞
⎟
⎠
 = r1 ,   

dy2

dt
 = − k2x5

−0.5
x3

1.5
 
P

T2
 exp 

⎛
⎜
⎝
− 

E2

RT2

⎞
⎟
⎠
 = r2 .

For bound water evaporation in the multiphase medium — peat — the analog of the Hertz–Knudsen law [1, 15]
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R2s = 
s2M2Asϕ2 [k2s exp (− E2s

 ⁄ RT1) − P2]

(2πRT1M2)0.5
(16)

is used. To find the partial pressure of water vapors in the peat bed P2, we use the Dalton law [1, 15] according to
which P2

 ⁄ P = x2. Then for P2 we have the expression

P2 = Pc2 
M
M2

 .

The effective diffusion coefficient is obtained by the Fristrom–Westenberg formula [14, 17]:

Dα = (1 − cα) 
⎛

⎜

⎝

⎜

⎜

  ∑ 
j=1
j≠α

N

 
xj

dα,j

⎞

⎟

⎠

⎟

⎟

−1

 ,   dα,j = 1.66⋅10
−7

 
[(Mα + Mj) ⁄ (MαMj)]

0.5
T2

 1.67

Pσj,α
2

 (εj,α
 ⁄ kT2)0.17  .

The formula for the heat conductivity coefficients of the gas phase component λj, j = 1, 2, ..., N was taken from [18]

λ5 = ∑ 
i=1

N

λici ,   λj = λj
0
 
⎛
⎜
⎝
0.115 + 0.354 

cp,j

R

⎞
⎟
⎠
 ,   λi

0
 = 8.32⋅10

−2
 

Mi
−0.5

T2
 0.647

σi
2
 (εi

 ⁄ kT2)0.147 ,

cp5 = ∑ 
j=1

N

cp,jcj ,   λs = ∑ 
i=1

4

λisϕi .

The heat capacity coefficients of the gas phase component cpj = aj + bjT2 + cj
 ⁄ T2

 2 were taken from [19], and the values
of the quantities λis in the condensed phase are given in [1, 14].

The expressions for R1 − R5, Q, R1s − R4s, αc, η1 − η4 in Eqs. (1), (3), (4), (6), (7) have the form [9, 10]

R1 = η1R1s − M1r1 ,   R2 = η2R1s − R2s + 2M2r2 ,   R3 = − η3R3s − M3r1
 ⁄ 2 

− 2M3r2 ,   R4 = M4 (r1 + r2) ,   R5 = η4R1s − M5r2 ,   R1s = k1sρ1sϕ1 exp 
⎛
⎜
⎝
− 

E1s

RT1

⎞
⎟
⎠
 ,

(17)

R3s = 
Mc

M3
 s3k3sϕ5ρ5ϕ3c3 exp 

⎛
⎜
⎝
− 

E3s

RT1

⎞
⎟
⎠
 ,   Q = (1 − αc) R1s + R2s + R3s ,

R4s = α4R3s ,   αc = 
Mc

Min − Mc
 ,   η1 = 

M1

Min
 ,   η2 = 

M2

Min
 ,   η3 = 

M3

Min
 ,   η4 = 

M4

Min
 .

3. Computational Procedure and Input Data. The system of equations (1)–(7) with the boundary conditions

(9)–(14) was solved by the iteration-interpolation method [20]. For the variant ϕ1in = 0.7, ϕ2in = 0.2, c3in = 0.23, Te

= 1100 K, αe = 1.5 W ⁄ (K⋅m2), ∑ 
i=1

4

ρisϕiin = 925 kg ⁄ m3, ρ1s = 750 kg ⁄ m3 and the input data from this section, we

carried out the procedure of testing the numerical method. To solve the mathematical model, we used a sequence of

space thickening meshes: hx3
 = 2.5⋅10−3 m, hx2

 = 10−2 m, hx1
 = 10−2 m and took hi = 2hxi

, hi = hxi
 ⁄ 2, hi = hxi

 ⁄ 4,

hi = hxi
 ⁄ 8, i = 1, 2, 3.

1051



The following parameters were registered: the ignition time t∗ of the peat–water system when the peat (gas)
surface temperature T2w reaches 750 K, the temperature value of the peat (framework, gas) on the surface and in the
depth at various instants of time, as well as the mean value of the smoldering rate of peat depending on the time. In
so doing, the time step was variable and was generated automatically according to the given accuracy equal for all
meshes in the space.

The ignition time t∗ error decreased: ε1 = 16%, ε2 = 8.2%, ε3 = 3.7%. The tendency for a decrease in the
error for the peat (framework, gas) temperature is preserved: ε1 = 7.2%, ε2 = 2.4%, ε3 = 1.1%. The discrepancy be-
tween the results on the means smoldering rate also decreases: ε1 = 19%, ε2 = 10.1%, ε3 = 5.2%.

The linear rate of smoldering of the peat surface was determined by the formula

ω3 = 
(Δx3)∗
(Δt)∗

 = 
x3(k) − x3(k−1)
t∗(k) − t∗(k−1)

 ,   ω1 = 
(Δx1)∗
(Δt)∗

 = 
x1(j) − x1(j−1)
t∗(j) − t∗(j−1)

 . (18)

In (18), t∗(k) and t∗(k−1) denote the time of reaching the smoldering temperature T∗ at x3 = x3(k) and x3 =
x3(k−1), where k is the current bed and (k − 1) — the previous bed on the x3 axis, with ω3 = ω3(x1 = x2 = c) and
ω1 = ω1(x2 = c, x3 = 0). The values of t∗(j) and t∗(j−1) on the x1 axis are determined in much the same manner. For
the thermophysical and thermokinetic parameters of peat, the data of [1–3, 9, 14, 15, 21] were used. The thermophysi-
cal characteristics of water and water vapor were taken from [22]. The results given below were obtained at Tin = 293
K, T∗ = 650 K, ω∗ = 5⋅10−6 m ⁄ s, Pe = Pin = 1.013⋅105 N ⁄ m2, Te = 1000–1200 K, μin = 1.81⋅10−5 kg ⁄ (m⋅s), αai

 =
1.5 W ⁄ (K⋅m2), 1.0 ≤ αe ≤ 2.0 W ⁄ (K⋅m2), Av = 104 W ⁄ (K⋅m3), αin = 1.0 W ⁄ (K⋅m2), M1 = 28 kg ⁄ mole, M2 = 18
kg ⁄ mole, M3 = 32 kg ⁄ mole, M4 = 44 kg ⁄ mole, M5 = 16 kg ⁄ mole, M6 = 28 kg ⁄ mole, Mc = 12 kg ⁄ mole, H1 = 0.5
m, H2 = 0.5 m, L1 = L2 = 0.5 m, ρ1s = 750–1200 kg ⁄ m3, ρ2s = 2⋅103 kg ⁄ m3, ρ3s = 130 kg ⁄ m3, ρ4s = 130 kg ⁄ m3,
ρ = 103 kg ⁄ m3, c1s = 1.29⋅103 J ⁄ (kg⋅K), c2s = 2.09⋅103 J ⁄ (kg⋅K), c3s = 1.02⋅103 J ⁄ (kg⋅K), c4s = 1.02⋅103 J ⁄ (kg⋅K),
cp = 4.19⋅103 J ⁄ (kg⋅K), dp = 10−6 m, R = 8.314 J ⁄ (mole⋅K), λ1s = 1.67 W ⁄ (m⋅K), λ2s = 0.6 W ⁄ (m⋅K), λ3s = 0.041
W ⁄ (m⋅K), λ4s = 0.041 W ⁄ (m⋅K), λ = 0.6 W ⁄ (m⋅K), As = 0.08, k1s = 2⋅104 s−1, E1s = 54.47 kJ ⁄ mole, q1s = −103

J ⁄ kg, k2s = 106 s−1, E2s = 16.76 kJ ⁄ mole, q2s = 1.06⋅106 J ⁄ kg, k3s = 105 m ⁄ s, E3s = 50.28 kJ ⁄ mole, q3s =
2.81⋅105 J ⁄ kg, q4s = 2.85⋅105 J ⁄ kg, a1 = a2 = 0.125 m, b1 = b2 = 0.375 m, c = 0.25 m, c1in = 0.1, c2in = 5⋅10−5,
c3in = 0.05–0.23, c4in = 10−5, c5in = 0.2, cα,e = cα,in, α = 1, 2, 4, 5, c3e = 10−3, ϕ1in = 0.6–0.7, ϕ2in = 0.05–0.2,
ϕ3in = 10−3, ϕ4in = 10−5, s2 = 0.08, s3 = 0.05, α4 = 0.7, η1 = 0.2, η2 = 0.02, η4 = 0.3.

4. Results of the Numerical Solution and Their Analysis. We first investigated the regime of ignition and
smoldering under various external conditions (ignition from the surface place of combustion). Let us call the time at
which a peat fire breaks out the value of t = t∗ at which for T2w ≥ T∗ the smoldering rate ω3 is equal to the charac-
teristic quantity ω∗ or exceeds it, and the surface temperature of the reactant sharply increases to T2w = 750 K. For

TABLE 1. Influence of the Condensed Phase Density, the Heat Transfer Coefficient, and the Ambient Temperature on
the Ignition Time of Peat Samples

ρ1s, kg ⁄ m3 ϕ1in ϕ2in αe, W ⁄ (K⋅m2)
Te, K

1200 1100 1000

Ignition time of peat samples

1.5 5.9 6.48 7.45

1200 0.7 0.05 1.25 6.4 7.1 8.8

1.0 8.5 9.98 —

1.5 6.1 7.96 8.78

1000 0.7 0.1 1.25 7.85 8.94 12.86

1.0 10.6 14.76 —

750 0.7 0.2

1.75 5.07 6.81 9.67

1.5 6.92 10.83 14.17

1.25 10.47 14.83 —

1.0 18.36 — —
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definiteness, it was assumed that the quantities T∗ = 650 K and ω∗ = 5⋅10−6 m ⁄ s were known from the experimental
data of [2]. The intermediate regime when the rate of smoldering is an order of magnitude higher than the rate of py-
rolysis was observed at ω3 < ω∗ in the peat depth. The regime of absence of smoldering of the reactant in which its
rate is comparable to the rate of peat pyrolysis arose at T2w < T∗. In Tables 1 and 2, the time of the smoldering re-
gime at ω3 < ω∗ is marked with an asterisk, and the pyrolysis regime, with a line.

Table 1 presents the ignition time of the reactant at various values of Te, αe, ρ1s, ϕ1in, and ϕ2in for c3in =

0.23, the density values of the condensed phase ∑ 
i=1

4

ρisϕiin = 925 kg ⁄ m3, and the input data from Section 3. As is seen

from Table 1, with increasing quantity of moisture and decreasing peat density ρ1s (with increasing looseness of the

sample) the ignition time increases. This is due to both the excess of the quantity of heat removed by moisture evapo-
ration over the quantity of heat supplied by the exothermal oxidation reaction of carbon oxide and the presence in of
air pores that decreases the effective heat conductivity coefficient and increases the heating time of samples. As a

reuslt, at 1000 K ≤ Te ≤ 1100 K, αe ≤ 1.0 W ⁄ (K⋅m2), 0.05 ≤ ϕ2in ≤ 0.2 ignition does not occur, and the smoldering

rates of samples are comparable in the order of magnitude ω3 � (1–5)⋅10−7 m ⁄ s with the pyrolysis rate of peat. This

is due to the decrease in the intensity of action of the external place of combustion and the increase in the quantity
of removed heat connected with increase in the quantity of thermal energy expended in water evaporation.

Table 2 presents the ignition time for ϕ1in = 0.7, ϕ2in = 0.2, ρ1s = 750 kg ⁄ m3 and other quantities from the
data base (see Section 3), but it is absent (the regime of peat pyrolysis) for a different height of the reactant layer, the
thickness of the water stratum under it, and the intensity of surface combustion. At a large height of the reactant H1 =
0.5 m (see Table 2) and a thickness of the water column of 0.25 ≤ H2 ≤ 0.5, ignition of peat is observed, except for
the variant with a low intensity of external action when Te ≤ 1100 K, αe ≤ 1.0 W ⁄ (K⋅m2), and Te ≤ 1000 K, αe ≤ 1.25
W ⁄ (K⋅m2). With decreasing thickness of the peat bed H1 = 0.25 m for 0.25 ≤ H1 ≤ 0.5, reactant smoldering at a rate
ω3 < ω∗ occurs. With decreasing action of the external place of combustion for Te ≤ 1100 K and  αe ≤ 1.75 W ⁄ (K⋅m2)
(see Table 2) peat smoldering does not occur. Finally, at a small thickness of the reactant H1 = 0.25 m the regime of
peat smoldering is noted only at a high intensity of external action: 1.5 ≤ αe ≤ 1.75 W ⁄ (K⋅m2), Te = 1200 K.

Thus, the fact that a thin peat bed in the bog does not smolder, as a rule, has been confirmed. This result
permits proposing a method for fighting peat fires based on the isolation of smoldering places by pumping water under
a small-height reactant layer.

Figure 2 gives the dependence of the ignition time of the reactant on the heat transfer coefficient at ϕ1in =
0.7, ϕ2in = 0.2, ρ1s = 750 kg ⁄ m3, c3in = 0.23 and the input data from Section 3. From the analysis of the numerical
solution of the problem it follows that with increasing intensity of external action (Te, αe) the ignition time decreases.
As the heat transfer coefficient decreases to αe ≤ 1.0 W ⁄ (K⋅m2) for 1000 K ≤ Te ≤ 1100 K, the smoldering rate does

TABLE 2. Height of the Peat Bed, Thickness of the Water Column, and Heat Transfer Coefficient Depending on the
External Place of Combustion and the Reactant Ignition Time

H2, m αe, W ⁄ (K⋅m2)
H1 = 0.5 m H1 = 0.25 m

Te, K

1200 1100 1000 1200 1100

Times of different regimes of peat smoldering, t∗, h

0.5

1.75 5.07 6.81 9.67 8.44 14.44*

1.5 6.92 10.83 14.17 13.82* —

1.25 10.47 14.84 — — —

1.0 18.36 — — — —

0.25

1.75 5.13 6.73 9.75 8.21 14.35*

1.5 7.01 10.89 14.23 13.69* —

1.25 10.53 14.91 — — —

1.0 19.42 — — — —
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not exceed the pyrolysis rate and the sample does not ignite. This is due to both the decrease in the intensity of mass
exchange with the environment (insufficient quantity of oxygen in reactant pores) and the increase in the quantity of
heat removed into the environment that becomes large and exceeds the quantity of heat supplied by the exothermal
oxidation reaction of carbon oxide. A similar effect of the absence of peat smoldering is observed under the conditions
of an insignificant initial concentration of oxygen in reactant pores (c3in < 0.05) at  Te ≤ 1100 K and αe ≤ 1.5
W ⁄ (K⋅m2).

Figure 3 shows the temperature distribution of the gas phase in the layer depth x3 at x1 = x2 = c (see Fig. 1)
at different instants of time for ϕ1in = 0.7, ϕ2in = 0.2, c3in = 0.23, ρ1s = 750 kg ⁄ m3, Te = 1100 K, αe = 1.5
W ⁄ (K⋅m2) and the input data from Section 3. Note that up to the instant (t < 10.42 h) of time of ignition (to the regime
of ignition t = t∗ there correspond the convex upwards curves in Fig. 3) the temperatures of the gas and the peat frame-
work practically coincide. Then at t ≥ t∗, as a result of the heat release from the exothermal oxidation reaction of carbon
oxide (15) the gas phase temperature T2w exceeds the framework temperature T1w [10].

From the results obtained in [9] and analysis of the numerical solution of the problem, it follows that with
increasing temperature of the permeable fragment of the medium, first heating and then evaporation of bound water
are observed and, thus, the volume fraction of bound water at t > 8.99 h disappears, transforming into the concentra-
tion of H2O vapors [9]. In the high-temperature (T1 > 380 K) region, the process of pyrolysis of the original reactant
with the appearance of the great bulk of water vapors and coke begins [9]. Then the pyrolysis product — coke —
begins to burn out (smolder) into the depth of the fragment of the porous medium with the formation of ash [9] as a
result of the exothermal oxidation reaction.

Figure 4 shows the time dependence of the smoldering rate of peat ω3 for 0.25 m ≤ Hi ≤ 0.5 m, i = 1, 2
from Table 2. The variant H1 = 0.5 m and H2 = 0.25 m at Te = 1200 K for αe = 1.75, 1.5, and 1.25 W ⁄ (K⋅m2) is
marked with numbers 1, 2, and 3, respectively. It is seen that with decreasing mass exchange intensity αe (of curves
3 and 4, 6 and 7) and temperature of the external combustion site the ignition time of the reactant increases. In so
doing, the water layer thickness practically does not influence the ignition time of peat (Table 2). As would be ex-
pected, in a thin peat bed with increasing water layer thickness the ignition time of the reactant increases.

It should be noted that the smoldering rate of peat in the near-surface layers 0 ≤ x3 < z1 (see Fig. 1) along the
sample ω1 on the left and right of the center of the place of combustion x1 = x2 = c is an order of magnitude higher
than into the depth ω3. This is due to the fact that the spread of smoldering over the near-surface layers proceeds on
a preheated porous sample of peat from the side of the surface place of combustion. At the same time the process of
smoldering into the depth with the rate ω3 proceeds in contact with cold underlying layers of the permeable medium.
Therefore, one way of fighting peat fires is timely removal of the near-surface layer of smoldering peat.

As a result of the decrease in the oxygen concentration c3in from 0.23 to 0.11 and 0.05, the ignition time of
the reactant increases to t∗1 = 10.83 h, t∗2 = 11.21 h, and t∗3 = 11.84 h, which is due to the decrease in the smolder-
ing rate of the reactant as a result of the decrease in the oxidizer content in the peat pores. This result agrees quali-

Fig. 2. Ignition time of peat versus the heat transfer coefficient for the external
source with a temperature Te = 1200 K (1), 1100 (2), and 1000 (3).

Fig. 3. Temperature distribution of the gas versus the depth of the bed at vari-
ous instants of time: 1) 4.41 h; 2) 6.41; 3) 8.99; 4) 10.42; 5) 10.83.
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tatively with the experimental data of [4] where a method based on the isolation of places of combustion from the am-
bient air was proposed as a way to fight soil fires.

Of interest is also the investigation of the influence of the content of initial volume fractions of the original
reactant and moisture (ϕiin, i = 1, 2) on the smoldering rate of peat. As the volume fraction of moisture decrease from
ϕ2in = 0.1 to ϕ2in = 0.05 for the value of ϕ1in = 0.7, there is also a decrease in the ignition time from t∗1 = 7.96 h
to t∗2 = 6.48 h. This is mainly due to the decrease in the quantity of heat expended in the evaporation of bound water
in peat. As the initial value of the original permeable reactant decreases from ϕ1in = 0.7, ϕ1in = 0.65 to ϕ1in = 0.6
(with increasing initial permeability of peat ξin: 1⋅10−17, 3.9⋅10−17, and 1.04⋅10−16 m2) for the moisture value ϕ2in =
0.2, the ignition time increases: t∗3 = 10.83, t∗4 = 11.48, and t∗5 = 11.96 h, which is due to the increase in the peat
porosity — the presence of air that decreases the effective heat conductivity coefficient and increases the heating time
of samples. These results agree qualitatively with the experimental data of [11].

CONCLUSIONS

1. We have presented a three-dimensional formulation of the problem on ignition of a peat bed situated over
a water stratum taking into account the processes of drying, pyrolysis, and oxidation of gaseous and condensed com-
bustion products and a concrete database.

2. It has been established that as Te and αe vary over the ranges 1000 K ≤ Te ≤ 1200 K and 1.0 ≤ αe ≤ 2.0
W ⁄ (K⋅m2), the time of ignition and smoldering of peat is determined by the intensity of external combustion, the in-
itial oxidizer content in the reactant pores, the drying and pyrolysis process, the exothermal oxidation reaction of carb-
on oxide, as well as by the height of the peat–water stratum.

3. It has been shown that the results of calculations for the peat moldering rate agree with the experimental
data of [2, 4, 11].

4. It has been established that for a high peat bed the ignition time increases with decreasing thickness of the
bed while the depth of water under it and the density of the heat flow from the external place of combustion remain
unaltered, and for a thin peat layer the ignition time increases with increasing thickness of the water stratum under it.

This work was supported by the Russian Foundation for basic Research (No. 08-01-99019, 11-01-00673-a, 10-
01-91054-NTsNI_a).

NOTATION

a1, distance from the origin of coordinates on the x1 axis to the beginning of the place of surface combus-
tion, m; a2, distance to the origin of coordinates on the x2 axis to the beginning of the place of surface combustion,
m; As, accommodation coefficient; Av, volume heat transfer coefficient between the gas and condensed phases,

Fig. 4. Time dependence of the linear smoldering rate in the sample depth: 1–
3) (H1 = 0.5 m, H2 = 0.25 m, Te = 1200 K, αe = 1.75, 1.5, 1.25 W ⁄ (K⋅m2));
4–6) obtained at Te = 1100 K and the input data of variants 1–3, 7–8 (H2 =
0.5 m, Te = 1000 K, αe = 1.75, 1.5 W ⁄ (K⋅m2)); 9) (H1 = 0.25 m and 0.25 m
≤ H2 ≤ 0.5 m (see Table 2)).
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W ⁄ (m3⋅K); b1, distance from the origin of coordinates on the x1 axis to the end of the place of surface combustion,
m; b2, distance from the origin of coordinate on the x2 axis to the end of the place of ground combustion, m; c∗,
distance from the origin of coordinates on x1, x2 to the center of the place of surface combustion, m; cp, heat capac-
ity coefficient, J ⁄ (kg⋅K); c, mass concentration of components; dp, diameter of cylindrical pores, m; D, diffusion coef-
ficient, m2 ⁄ s; Ei, i = 1, 2, activation energy of homogeneous oxidation reactions (15), J ⁄ mole; Eis, i = 1, 2, 3,
activation energy of reactions R1s, R2s, R3s, R4s from (7), (16), (17), J ⁄ mole; hxi

, i = 1, 2, 3, reference steps of the
difference scheme on the spatial coordinates, m; H1, H2, thickness of the permeable peat bed and water stratum, m; k,
Boltzmann constant, J ⁄ K; ki, i = 1, 2, pre-exponential factors of oxidation reactions, s−1; kis, i = 1, 4

___
, pre-exponential

factors of reactions R1s, R2s, R3s, R4s, s−1, kg ⁄ (s⋅m2), m ⁄ s, m ⁄ s; Li, i = 1, 2, 3, lengths of the parallelepiped sides in
Fig. 1, m; M, molecular weight, kg ⁄ kmole; P, gas pressure in pores, N ⁄ m2; Q, mass rate of formation (disappear-
ance) of the gas phase as a reuslt of homogeneous chemical reactions in peat; qi, i = 1, 2, thermal effects of oxida-
tion reactions (15), J ⁄ kg; qis, i = 1, 4

___
, thermal effects of reactions R1s, R2s, R3s, R4s, J ⁄ kg; r1, r2, molar-volume

oxidation rates of carbon oxide and methane; R, universal gas constant, J ⁄ (mole⋅K); R1s, mass decomposition rate of
dry reactant (peat), kg ⁄ (s⋅m3); R2s, mass evaporation rate of bound water in peat, kg ⁄ (s⋅m3); R3s, mass rate of com-
bustion of coke breeze, kg ⁄ (s⋅m3); R4s, mass rate of formation of ash, kg ⁄ (s⋅m3); Rα, α = 1, 5

___
, mass rate of forma-

tion and disappearance of gas phase components in the diffusion equation (6), kg ⁄ (s⋅m3); s2, specific evaporation
surface of water, m−1; s3, specific reaction surface of carbon, m−1; t, time, h; T1, temperature of the peat framework,
K; T2, temperature of the gas phase in peat pores, K; T, temperature of water under the peat bed, K; T∗, smoldering
temperature of peat, K;W, speed vector of filtration, m ⁄ s; xj = cjM

 ⁄ Mj, j = 1, ..., 5, molar concentration; yi = ρci
 ⁄ M, i

= 1, 2, molar-volume concentration, mole ⁄ cm3; z1, distance from the sample surface to the depth of the porous reac-
tant, m; α, heat transfer coefficient, W ⁄ (K⋅m2); α4 = ν4M4s

 ⁄ (ν3M3s), reduced stoichiometric coefficient [10], and the
right-hand side of the third equation of (7) characterizes the mass rate of formation and disappearance of coke breeze;
Γ, peat–water conjugate plane; Γm, m = 1, 6

___
, faces of the parallelepiped in Fig. 1; βe, mass transfer coeffi-

cient, kg ⁄ (m2⋅s); εj,α, potential interaction enegry of molecules, J; ηi, i = 1, 4
___

, dimensionless parameters; λ, heat con-
ductivity coefficient, W ⁄ (m⋅K); μ = μin(T2

 ⁄ Tin)0.5, dynamic viscosity coefficient of the mixture of gases, kg ⁄ (m⋅s);
ν3, ν4, stoichiometric coefficients [10]; ξ = ξ∗ϕ5

3 ⁄ (1 − ϕ5)2, function describing the influence of the volume fraction of
the gas on the resistance; ξ∗ = dp

2 ⁄ 120, characteristic permeability, m2; ρ, density, kg ⁄ m3; ρ5, gas phase density,
kg ⁄ m3; σj,α, interaction cross-section of molecules, A° ; ϕi, i = 1, 4

___
, dimensionless volume fractions; ϕ5, volume frac-

tion of the gas phase defined by the second formula from (8); ω3, linear smoldering rate into the depth of peat at
x1 = x2 = c∗, m ⁄ s; ω1, linear smoldering rate on the peat surface at x3 = 0, x2 = c∗, m ⁄ s. Subscripts: ai, i = 1, 2,
lengths given in Fig. 1; w, heated side of the peat surface at x3 = 0; 1, peat framework; 2, gas phase in the porous
reactant; s, condensed phase; e, external place of combustion; *, characteristic quantity; c, fraction of coke in the
course of the pyrolysis reaction of peat; in, initial value; α = 1, ..., 6, correspond in the gas phase to carbon oxide,
water vapors, carbon dioxide, methane, and nitrogen; 1s, ..., 4s, in the condensed phase — peat, bound water, coke,
ash; p, pore; v, volume.
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