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Results of numerical modeling of natural-convection turbulent diffusion flames above the surface of liquid fuel
have been presented. The rate of burning (evaporation) of the fuel was determined as a function of the inci-
dent radiation heat flux, which in turn depended on the amount of fuel entering the flame zone. In so doing,
feedback in which thermal radiation is of primary importance was closed. Radiation transfer was modeled by
the statistical method.

Introduction. Reservoirs of hydrocarbon fuels, transportation facilities, cisterns, tankers, oil-extraction plat-
forms, and oil-refinement and chemical enterprises provide examples of objects where fires caused by the combustion
of readily inflammable fluids are possible. In emergency spillage on such objects there form natural-convection turbu-
lent diffusion flames above the surface of a liquid fuel. As a result of their investigation, a great body of experimental
data in a wide range of fuel-surface sizes has been accumulated. It has been found that the evaporation rate of a liquid
fuel is determined by convective heat supply in the case of small surfaces D (diameter of a reservoir, a burner, or
spillage), and by the radiation flux from the flame zone at large D (D > 0.2 m). Of considerable practical interest is
the latter case where the radiation flux predominates in the thermal balance on the fuel surface.

With increase in the size of the fuel surface D and corresponding growth of the height and width of the
flame, an increasingly larger portion of the intrinsic radiation of the flame is absorbed by combustion products, i.e.,
transition from the optically transparent flame to an optically dense flame occurs. As is shown by experiments, at the
same time, the dependence of the mass rate of burning m

.
fuel on D reaches saturation. A great many results of meas-

urement of the mass rate of burning of condensed fuels from unit area of the surface for different size of the fuel sur-
face are generalized in [2]. The obtained empirical relations have the form

m
.

fuel = m
.

fuel∞ [1 − exp (− kβD)] . (1)

However, natural-convection turbulent diffusion flames above the surface of a liquid fuel are still a difficult object for
numerical modeling. Despite the abundance of works devoted to simplified approaches, only in some of them was an
attempt to calculate the mass rate of combustion made (see, e.g., [5]). We note that the model must be applicable to
burning liquids with a surface size from tens of centimeters to several meters. This range, which is of practical impor-
tance, involves both optically transparent and dense flames. Solution of the indicated problem requires an efficient al-
gorithm of calculation of thermal-radiation transfer from combustion products to the fuel surface.

In the present work, for calculation of radiation transfer we use the statistical method presented in [6] together
with description of the turbulence and combustion models. We note that the model of [6] was tested in calculations of
flames above a gas burner with a specified constant flow rate of the fuel m

.
fuel [7]. In contrast to [7], in the present

work the rate of burning (gasification) of the fuel was determined as a function of the incident radiation heat flux,
which in turn depends on m

.
fuel. This means the closing of a positive feedback in the system fuel flow–flame–thermal

radiation–fuel gasification which provides a rise and propagation of fire. It should be noted that the indicated feedback
is disregarded in most modern works.
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In what follows, we consider combustion in motionless air and in the presence of a side wind. Calculations
are made depending on the size of the fuel surface and the wind velocity.

Problem Formulation and Boundary Conditions. It is assumed that the liquid fuel (acetone with a standard
enthalpy of formation of −218.5 kJ/mole) is in a round reservoir of diameter D; the fuel surface is kept at the floor
level. It is known that under the conditions of fully developed combustion the temperature of the liquid surface is
close to the boiling temperature Tb [1]. In this case, the partial pressure of the fuel vapor is equal to atmospheric pres-
sure and the mass fraction is equal to unity. The heat (convection and radiation) flux qfuel(x, y) received by the fuel
surface is expended in heating the liquid from the initial temperature T0 to the boiling temperature Tb and in evapo-
rating the liquid at Tb. In this case, the enthalpy of the unit mass of the liquid changes by a value ∆hvap(T0) (enthalpy
of evaporation of the fuel at the initial temperature T0). The balances of heat and mass take the form

qfuel (x, y) = m
.

fuel (x, y) ∆hvap (T0) , (2)

m
.

fuel (x, y) = ρfuel (Tb) wfuel (x, y) . (3)

Thus, in the case considered where the liquid surface has a boiling temperature, the evaporation rate is determined by
the received heat flux and is independent of mass exchange near the surface. Correspondingly, the relations

wfuel (x, y) = 
qfuel (x, y)

ρfuel (Tb) ∆hvap (T0)
 ,   Tfuel = Tb ,   Yfuel = 1 .

are used as the boundary conditions for the normal velocity, the temperature, and the mass fraction of the fuel on the
liquid surface. The following dependence of the enthalpy of evaporation on the temperature was used in calculations:

∆hvap (T) = 
A

Mfuel
 exp 


− α 

T
Tc




 

1 − 

T
Tc





β
 ,

where A = 46.95 kJ/mole, α = β = 0.2826, Tc = 508.2 K [8], and Mfuel = 0.05808 kg/mole for acetone. The differ-
ence ∆hvap(T0) − ∆hvap(Tb) corresponds to the heat expended in warming-up the liquid from the initial temperature to
the boiling temperature. At the temperature of boiling of acetone Tb = 329.3 K [8], we have ∆hvap(Tb) = 501 kJ/kg.

A detailed description of the model, the boundary conditions, and the numerical method is given in [6, 7].
Calculation Results. Combustion in the absence of a side wind. Calculation of a stationary flame above the

fuel surface in motionless air was made for reservoirs with diameters D = 0.15, 0.3, 0.6, and 1.2 m. For D = 0.15
and 0.3 m, the computational region had horizontal dimensions 1.2 m and height 1.5 m. For D = 0.6 and 1.2 m, the
dimensions of the regions were 2.4 × 2.4 × 3.0 m and 4.8 × 4.8 × 6.0 m respectively. The grid consisted of 102,400
meshes (40 × 40 × 64).

As for flames above a gas burner [7], the effective absorptivity of the flame εf was determined by the statis-
tical method. The effective optical thickness of the flame τf was obtained from the relation εf = 1 − exp (−τf). For the
above-indicated diameters of the reservoir the values of τf were 0.37, 0.7, 1.1, and 1.6 respectively. Thus, both opti-
cally transparent and optically dense flames were considered. Stationary fields of temperature, velocity, and divergence
of the radiation heat flux ∂qj

r ⁄ ∂xj for the flame above the reservoir of diameter D = 0.3 m are given in Fig. 1. Figure
2 shows the profiles of the heat flux at the floor level (coincides with the fuel surface) for D = 0.15 and 0.3 m.

We note that the result of calculation of m
.

fuel is very sensitive to the emissivity of the fuel surface (it was
assumed that the absorptivity and the radiating capacity of the surface are the same). By virtue of the lack of experi-
mental data, the numerical value of the emissivity (0.4) was selected so as to obtain the best agreement of the calcu-
lated and measured rates of burning. Comparison for the results for acetone depending on the size of the fuel surface
is given in Fig. 3. The range of variation of m

.
fuel is shown in the figure in accordance with the generalized formula

(1), where m
.

fuel = 0.04 % 0.003 kg/(m2⋅sec) and kβ = 1.9 % 0.3 1/m for acetone [2]. It should be noted that we suc-
ceeded in obtaining good agreement of the calculated and experimental values of the burning rate. This indicates the
adequacy of the model used and, first of all, of the method of calculation of thermal-radiation transfer.
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Combustion under the conditions of a side wind. A side wind considerably changes the shape of the flame
and its temperature and radiated power. This was shown, in particular, in [9, 10], where in modeling the torch formed
by a fuel jet with a constant flow rate the radiation fluxes from the torch were calculated. In a more recent work [11],
inclination of the flame by wind was studied numerically in a two-dimensional plane flow. In this case, the radiation
fluxes were calculated after the calculation of the nonradiating flame. Thus, in [9–11], the fuel flow rate was not re-
lated to the incident radiation flux and the feedback indicated above was not considered. It was found in the experi-
ments on combustion of fluids [1] that not only does the side wind change the shape and temperature of the flame but
it can also cause an increase in the rate of burning from a unit area of the fuel surface due to intensification of ra-
diation. The same conclusion was drawn in [12] on the basis of two-dimensional modeling of a linear site of combus-
tion where the rate of burning depended on the incident radiation flux (which was determined by the method of

Fig. 1. Stationary torch of a turbulent flame above the surface of acetone in air
(D = 0.3 m). Fields in the symmetry plane of the torch: a) temperature and ve-
locity at a height of 1.12 m (length of the horizontal arrow corresponds to 2
m/sec); b) divergence of the radiation heat flux ∂qj

r ⁄ ∂xj. y, z, m; T, K (a);
∂qj

r ⁄ ∂xj, MW/m3 (b).

Fig. 2. Radiation heat flux from the flame, which is incident on the surface of
the fuel (acetone): a) D = 0.15; b) 0.3 m. x, y, m; qr, kW/m2.
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discrete coordinates). In the present work, the combustion of an evaporating fluid under the conditions of a side wind
was considered in a three-dimensional formulation and with account for relation (2)–(3) between the rate of burning
and the radiation flux. Radiation transfer was modeled by the statistical method [6].

Calculations of flames above the surface of liquid acetone were made for three reservoirs with diameters D =
0.3, 0.6, and 1.2. The computational region used above for the flame in motionless air was extended by 1/3 in the
leeward direction and the number of control volumes increased to 122,880 (40 × 48 × 64). The side wind was mod-
eled by the velocity profile v(z) = Vwind[1 − exp (−z ⁄ zb.l], u = w = 0 being used as the boundary condition at y = 0.
The height of the "boundary layer" above the floor level was taken to be equal to zb.l = 1 m. Stationary flames were
calculated for the velocity of the oncoming flow Vwind from 0 to 6 m/sec. Figure 4 shows stationary fields of the
mean velocity and temperature in the flame above the reservoir of diameter D = 1.2 m which were obtained in the

Fig. 3. Dependence of the mass rate of burning of acetone m
.

fuel on the size of
the fuel surface D: 1) calculation by the present model; 2) range of results of
measurements from the data of [2]. m

.
fuel, g/(m2⋅sec); D, m.

Fig. 4. Stationary fields of the mean velocity and the temperature in the torch
of a turbulent flame above the acetone surface (D = 1.2 m) in air: a) motion-
less air; b) side wind 2 m/sec (length of the horizontal arrow in the upper
right-hand corner corresponds to 2 m/sec). T, K; x, y, z, m.
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absence of wind (Vwind = 0) and under the conditions of a side wind (Vwind = 2 m/sec). We note that for the wind-
inclined flame the model predicts separation of the torch into two vortex flows with opposite twisting. A similar struc-
ture of the torch was observed in the experiments with jets in a cross flow and in numerical modeling (see, e.g., [10]).

The results of the effect of a side wind on the flame depends on the size of the reservoir and the wind ve-
locity. In particular, cold air, penetrating to the combustion zone, can decrease its temperature and, consequently, the
radiated power. This takes place if additional oxygen is not used in the reaction, i.e., if the concentration of oxygen
in most of the flame zone is higher than the stoichiometric concentration. Such is the case for well-ventilated flames
of small size. However, a vast fuel-rich and oxygen-depleted region exists in flames above large reservoirs. In this
case, wind-caused intensification of the capture of air by the flame approximates the concentration of oxygen in the
flame zone to the stoichiometric concentration. This increases the flame temperature and the radiated power.

Another factor which affects the rate of gasification of the fuel is the amount of emitted energy which reaches
the fuel surface. It depends on the shape of the flame and the angle of its inclination, i.e., on the wind velocity. The
more the flame is deflected from the vertical, the larger the portion of emitted energy incident on the surface beyond

Fig. 6. Radiation heat flux qr from the flame, which is incident on the surface
of the fuel (acetone, D = 1.2 m) under the conditions of a side wind: a)
Vwind = 1; b) 2; c) 4 m/sec. qr = kW/m2; Vwind, m/sec.

Fig. 5. Calculated dependences of the rate of burning of acetone m
.

fuel on the
velocity of side wind Vwind: 1) D = 0.3; 2) 0.6; 3) 1.2 m. m

.
fuel, g/(m2⋅sec);

Vwind, m/sec.
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the fuel material. As a result of the effect of the indicated factors, the dependence of the burning rate and, conse-
quently, the thermal power of the flame on the velocity of a side wind can be nonmonotonic.

The above considerations explain the dependence of the burning rate on the wind strength that was obtained
in calculations (see Fig. 5). Indeed, for reservoirs of large diameter (0.6 m or larger), an increase in the wind velocity
from 0 to 2 m/sec leads to an increase in the concentration of oxygen in the fuel-rich flame zone, which results in an
increase in the flame temperature and the power of thermal radiation. The thus-caused intensification of the radiation
flux incident on the fuel surface leads to a considerable increase in the burning rate m

.
fuel (up to 60% for D = 1.2 m).

The profiles of the incident radiation fluxes for three velocities of side wind are given in Fig. 6. It is well seen that
as the wind velocity increases, the indicated flux increases and its maximum shifts in the leeward direction. However,
at a large wind velocity, an increase in the inclination of the flame results in a decrease in the burning rate due to the
fact that, despite the temperature growth, an increasingly larger portion of the emitted energy is redistributed beyond
the fuel surface.

In the case of reservoirs with a diameter 0.3 m or smaller, a side wind at a small velocity does not cause an
appreciable increase in the burning rate and decreases it substantially if the wind velocity is large (Fig. 5). This is as-
sociated with the fact that the additional amount of air brought by the wind serves as an inert diluent, decreasing the
flame temperature.

We note that stalling of the flame takes place at a large wind velocity [1]. In considering this effect, one
should allow for the effect of extinguishing in the combustion model. Moreover, participation of the reservoir walls in
the heat-exchange process should be taken into account. In the present work, where prominence is given to modeling
of thermal-radiation transfer, the indicated effects were not analyzed.

CONCLUSIONS

Calculation of flames above the surface of liquid acetone in motionless air gave a burning rate which is in
good agreement with experimental data obtained at different diameters of the reservoir, i.e., for both optically thin and
thick flames. This indicates the adequacy of the model applied and of the method of calculation of thermal-radiation
transfer used in it.

Calculation of flames above the surface of liquid acetone under the conditions of a side wind showed a non-
monotonic dependence of the burning rate on the wind velocity (the character of this dependence was strongly related
to the size of the flame, i.e., the reservoir diameter). Substantial increase in the burning rate with increase in the wind
velocity to a certain value at which the burning rate reached a maximum was observed for flames above rather large
reservoirs. This occurred due to the increase in the concentration of oxygen in the fuel-rich flame zone, which resulted
in an increase in the temperature and the radiated power. Further increase in the velocity of the side wind led to a
decrease in the burning rate, despite the radiation enhancement. This is associated with the redistribution of the heat
flux, emitted by the inclined flame, beyond the fuel surface. In flames above small reservoirs, a side wind decreased
the flame temperature and the burning rate, since the additional oxidizer brought by the wind was not used in the re-
action but served as an inert diluent.

The experience gained in modeling of thermal-radiation transfer in natural-convection turbulent diffusion
flames has shown that the statistical method successfully combines reliability of the results and computational effi-
ciency.

NOTATION

D, characteristic dimension (diameter) of the reservoir, the burner, or the spillage, m; m
.

fuel, rate of removal of
the fuel mass from a unit area of the surface (burning rate), kg/(m2⋅sec); m

.
fuel∞, mass rate of burning when D → ∞,

kg/(m2⋅sec); Mfuel, molar mass of the fuel, kg/mole; kβ, effective coefficient of absorption, 1/m; qfuel, total heat flux
received by the fuel surface, W/m2; qr, radiation heat flux, W/m2; Tb, temperature of boiling of the fuel, K; Tc, critical
temperature of the fuel, K; T0, initial temperature of the fuel and temperature of the surrounding air, K; u, v, and w,
projections of velocity on the axes x, y, and z; Vwind, wind velocity, m/sec; wfuel, vapor velocity near the fuel surface,
m/sec; xj, coordinate corresponding to the axis j, m; x, y, z, space coordinates, m; Yfuel, mass fraction of the fuel;
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zb.l, height of the boundary layer in the velocity profile of a side wind, m; α and β, parameters for the temperature
dependence of the evaporation heat; εf, radiating capacity of the flame; ∆hvap, enthalpy of evaporation of unit mass,
J/kg; ρfuel, partial density of the fuel vapor, kg/m3; τf, optical density of the flame. Sub- and superscripts: b, boiling;
b.l, boundary layer in the velocity of side wind; c, critical; fuel, fuel; f, flame zone; vap, evaporation; wind, side wind;
0, surrounding air; r, radiation.
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