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Abstract. Aqueous film forming foam (AFFF) is effective in extinguishing oil fires. The
extinguishing effect generally depends on the foam spread process and its coverage area. In
this study, the foam spread process under external thermal radiation is investigated. Firstly,
based on the axisymmetric foam spread model, the relationship of radiation and foam thickness
is discussed. Then foam spreading experiments under pool fire condition were carried out, to
simulate the actual extinguishing process of AFFF. Finally, the foam spread model considering
the external radiation flux is developed which may provide theoretical guidance for fire
suppression using AFFF.

1. Introduction

AFFF is one of the most effective and widely used extinguishant to put out liquid fire [1]. An
important feature of the foam is that, its density is less than general oil. On the one hand, AFFF can
cool down the fuel; on the other hand, the foam cuts off the contact between combustible gas and air.
Therefore, it is very efficient in extinguishing oil fires.

The study of fire extinguishing process of foam has been a top topic in recent years, because it help to
comprehensively evaluate the fire extinguishing efficiency of foam. Williams et al. [2] indicated that
the AFFF agent shows different extinguishing effect on over different burning liquid. Although fire
suppression effect is much related to the flash point of fuel, the foam coverage area is the most critical
factor. Persson et al. [3,4] considered the foam spread process and the foam mass loss due to fire heat
radiation independently. The basic foam spread model over liquid surface was proposed. In our
previous study [5], we continued to develop the axisymmetric spread model and measured the key
parameters by carrying out experiment.

In this study, the model of AFFF spread over liquid surface was investigated, with the condition of
external thermal radiation. Based on the axisymmetric foam spread theory, the foam loss under heat
radiation was considered. Also, the experiment was carried out to simulate the actual extinguishing
process of AFFF, to give reference to the spread model. This study can finally will provide further
understanding of the AFFF foam spread in fire condition and contribute to fire suppression work using
AFFF.

2. Axisymmetric foam spread theory

In the previous studies [5,6], the axisymmetric foam spread theory has been developed. When putting
out the oil fire, AFFF was sprayed from the hose and spread start from a point source over the whole
liquid surface. Therefore the foam spread process can be illustrated as Figure 1, and the AFFF spread
model without external radiation can be expressed by Equation (1).
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Figure 1. Hllustration of foam spread process.
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Where, h, is the foam thickness at the source point; R is the front radius; V is the volume flow rate of
foam; B is the friction parameter; and R, is the initial radius of foam. Therefore, both the thickness
hy and the radius R grow as a power function over time t.

This axisymmetric foam spread model has been validated by a series of experiments in previous study.
It is found that with the foam expansion about 10.0, the value of the parameter SR, was calculated as
2.06 x 107° m/s. With determined foam flow rate V/, the relationship foam coverage area and time
can be expressed as

A =0.0033[107247 x (m/s)?/7|V*/7¢6/7 @)
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Figure 2. The height of AFFF under the condition of different external thermal radiation
fluxes. (S = 13.5, h =100 mm).
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3. Radiation flux and foam thickness

In the case of external fire source radiation, the water in the foam can gradually evaporate after being
heated, and the foam accelerates to collapse, thus reducing the thickness of the foam layer.

Wau et. al. studied the characteristics of typical AFFF under the condition of external thermal radiation.
Figure 2 shows the change rate of AFFF height with initial foam height of 100 mm and the foam
expansion of 13.5. The external thermal radiation flux was set to be 5 kW/m? 10 kW/m?, 20 kW/m-,
and 30 kW/m? respectively. It can be seen from the figure that, the decreasing rate of foam height
varies greatly under different radiant fluxes.

After exposed to the thermal radiation, the foam will expand at first and the foam thickness will
increase slightly. Then, due to the effect of evaporation and defoaming, the foam thickness starts to
decrease rapidly. The maximum decreasing rate of foam height is obtained by differentiating the
change of foam thickness, as shown in Figure 3. It is found by data fitting that, the maximum height
decreasing rate of foam height presents an exponential relationship with thermal radiation flux, which
can be expressed as Equation (3)
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Figure 3. The relationship between decreasing rate of AFFF height and radiation flux (S = 13.5,
h =100 mm).

4. AFFF extinguishing experiment

In order to understand the actual process of AFFF extinguishing, the experiment was carried to put out
a pool fire. The experiment simulated the case that foam injection from the central of the oil pan,
which is similar to the real situation. In the experiment, the kerosene was used as fuel and 0.5 L
heptane was used as the ignition agent. After ignition, it is ensured to have a one-minute-long pre-
burning time, to generate a stable pool fire. After the pre-burning, AFFF extinguishing agent was
sprayed on the oil pan.

Figure 4 shows the process of AFFF extinguishing experiment, from the time when the AFFF was
applied on the fire. It can be observed from the image that the foam began to accumulate in the central
of the pan gradually, while the flame shape was not significantly affected. The phenomenon was
similar to the flame aggregation of the ring oil pool fire. As the foam spread over the entire surface of
the pan, the flame went noticeably weaker and gradually died out. It is also found from the results that,
with the external radiation, it took far longer time for the foam spread over the entire liquid surface. It
can be inferred that, the heat radiation reduced the thickness of the foam, so that the volume of foam
decreased, thereby the spread speed of foam was reduced.
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Figure 4. The process of AFFF extinguishing experiment (S=13, V=150 ml/s).

5. AFFF spread model with external radiation

In order to obtain the model of foam weight, the radiation flux should be determined first. As the
relative position of foam and the fire flame has a great impact on the radiation flux, it need to be
discussed in several cases, as shown in Figure 5. When the foam is inside the fire flame, the flame
shape will not will be changed significantly as the experiment indicates. When the foam is outside the
flame, the fire will be weakened as the foam spread and overlaps with oil surface.
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Figure 5. The relative position of fire flame and foam: a) inside; b) outside.

Using the solid flame model to calculate the fire radiation, it is calculated that view factor of fire flame
to the foam surface can be expressed as Equation(4), with the cylinder flame shape assumed.

B-1/s _1 ((B+D(s-1)\/2 A-1/s _1 ((A+D)(s-1)\ /2
Fiven = i (Gien) |~ roeenm @ (Goner) @
Where, = L/Rs ,h = H/R;, A = (h®* +s* + 1)/2s ,and B = (s* 4+ 1)/2s. L is the distance between
the fire flame to foam front, H is the flame height, and Ry is the radius of fire flame.
Therefore, the model of foam loss can be obtained. The spread and the evaporation of the foam
contribute to the increase of the coverage, and their dynamic balance determines the foam coverage
area, as described in Figure 6. The spread model determines the maximum area that the foam is able to
cover. When the foam is exposed to external radiation, the thickness reduction rate can be calculated
by this foam loss model. The actual foam coverage area can be obtained by subtracting the radiation
loss area from the total foam area calculated from the axisymmetric spread model.
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Figure 6. lllustration of foam spread process with external radiation.

It can be inferred from Figure 6 that, the key to solving the foam coverage area under external thermal
radiation is to calculate the foam radius where the foam height is §(¢t). And, this §(t) is directly
related to the reduction rate of foam layer thickness at this location, which can be expressed as

5(t) = (0.0092 - %1557dr 4 0.1458) - ¢ (5)

For the case of both effects from foam spread and external thermal radiation, it is considered that the
thermal effect can be calculated from the actual foam coverage radius R'(t).

R'(®) = RO = 580 6)
Thus, substituting the Equation(1), the actual foam coverage radius R’ (t) can be written as
R'(8) = G BRVAMT 637 — Crp*RyM7 - V=17 - £2/75(t) (7)

If the foam injection is stopped, the only condition will be the thermal radiation. Assuming that
previous foam injection time is t,, similarly, the R'(t) can be described as

R'(8) = R(to) = 5 8(D) ®)

Substituting the Equation(1) into Equation (8), the actual foam coverage radius R’ (t) can be obtained,
thereby the actual foam coverage area can be calculated by A" = R

R'(t) = (3 BROVHY” - t37 — CmB3Ry*Y7 - VY7 - 1,217 5(t) )
6. Conclusion

The model of foam loss under external thermal radiation is focused on in this study. By analysing the
experimental data of foam thickness change under thermal radiation, the relationship between foam
thickness reduction rate and radiant flux is obtained. Finally, the actual AFFF spread process under
external thermal radiation is modeled based on the cylindrical flame radiation theory. Taking into
account both foam spread and foam loss under external thermal radiation, the fire extinguishing effect
of AFFF is determined. It is believed that the results of this study can provide theoretical guidance for
fire suppression using AFFF, .especially in calculating the amount of extinguishing agent in different
fire scenarios.
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