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Abstract

Foam drainage is crucial for maintaining foam layer stability and improving the efficiency of aqueous
film-forming foam (AFFF) in extinguishing oil fires. This paper investigates the drainage kinetics of AFFF
to reveal how formulation and temperature regulate drainage, establish a quantitative relationship
between drainage rate and fire-extinguishing performance, and thereby provide a basis for designing
high-efficiency and eco-friendly AFFF. The experimental results show that the hydrocarbon surfactant
K12 and xanthan gum exhibit a nonlinear synergistic effect in retarding foam drainage, while excessive
addition is detrimental. Moreover, temperature exhibits a dual regulatory mechanism on foam drainage:
in high viscosity system, increasing temperature always promotes foam drainage; in the low viscosity
system, the effect of temperature rise on the foam drainage is first delayed and then accelerated,
resulting in a non-monotonic change in the 25% drainage time. Based on the above rules, 25 groups of
formulas were designed for fire extinguishing experiments, and the effectiveness of the formula design
method based on drainage control was verified. For STAR-2157/2470, the optimal range of 25% drainage
time was determined to be 5.9 + 0.2 min, and two groups of AFFF formulas that met the national fire
extinguishing standards were successfully screened.

1. Introduction

Aqueous film-forming foam (AFFF) has emerged as an effective agent for extinguishing flammable liquid
fires, owing to its dual mechanism of forming a water film and a foam layer on the fuel surface[1-7].
However, the water film is not pre-existing; it is continuously supplied by foam drainage after foam
generation. In the actual firefighting scenarios, the foam drainage rate must be coordinated with the
water film evaporation rate at high temperature to maintain the dynamic balance of water film thickness.
Consequently, foam drainage behavior is a key factor to determine foam stability and fire extinguishing
efficiency.

Foam is a ternary two-phase dispersion system composed of gas phase and liquid phase. Surfactants
align in an ordered manner at the gas-liquid interface to form a liquid film that encapsulates gas
bubbles[8-14]. The core mechanism of foam destabilization lies in reducing the system'’s free energy,
primarily through liquid phase separation, bubble coalescence, and gas diffusion (Ostwald ripening).
Macroscopically, these processes manifest as film thinning, bubble rupture, coalescence, and
coarsening, ultimately leading to foam collapse[15-17]. Given the foam structure, the liquid is primarily
distributed at the Plateau boundaries and nodes, with relatively little liquid content in the liquid film;
therefore, liquid phase separation in the foam also occurs mainly through the Plateau boundaries and
nodes. This transport process is synergistically driven by gravity and capillary pressure, while being
constrained by liquid viscous resistance; its kinetic behavior can be described by the fluid flow equations
within the Plateau borders and nodes|[18, 19]. Depending on the driving forces and the mode of foam
supply, foam drainage can be further classified into three types: free drainage, forced drainage, and
pulsed drainage[20-22].
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Foam drainage is a complex process influenced by multi-scale factors and has become a research focus
in the development of AFFF. Previous studies have shown that the foam drainage rate is closely related
to the surfactant type, and that the drainage rate of AFFF foam is generally slower than that of
fluoroprotein foam[23]. Arabadzhieva et al.[24] investigated the relationship between the characteristics
of surfactant adsorption layers and the drainage behavior of foam films using C,,E, aqueous solutions;
their results showed that changes in the adsorption layer properties were synchronized with the variation
of foam drainage kinetic parameters. Desbordes et al.[25] pointed out that xanthan gum molecules can
retard foam drainage by accumulating in the Plateau borders, and that the drainage rate can also be
regulated by adjusting the initial bubble size. Dinesh et al.[26] found a synergistic effect between
nanoparticles and polymers in improving the performance of oil-displacement foams. In summary,
formulation additives such as surfactant type and concentration, foam stabilizers, polymers, and
nanoparticles can retard foam drainage by increasing the elasticity and strength of the liquid films and
by altering the solution viscosity. However, most of these studies were conducted under ambient
conditions and focused on a single variable, without directly correlating foam drainage parameters with
fire-extinguishing efficiency.

The fire-extinguishing efficiency of aqueous film-forming foam depends not only on the fluorocarbon
surfactant, but also on the synergistic effects of additives such as hydrocarbon surfactants and foam
stabilizers[27-30]. The dynamic behavior of foam drainage is directly related to the formation and
maintenance of water film and the stability of foam layer. However, current research on regulating foam
drainage behavior through formulation and additives to enhance AFFF fire-extinguishing performance
remains insufficient. Furthermore, AFFF is subjected to varying ambient temperatures in practical
applications, and how temperature couples with formulation components to regulate foam drainage
behavior and affect fire-extinguishing performance is an urgent challenge in formulation design.
Therefore, this paper focuses on the drainage kinetics of AFFF, systematically investigating the
regulation of foam drainage behavior by formulation composition and ambient temperature, and
conducting fire-extinguishing experiments to establish a quantitative correlation between drainage rate
and fire-extinguishing performance, aiming to support the design of efficient and environmentally
friendly foam extinguishing agents.

2. Materials and methods
2.1. Materials

The fluorosurfactant used in this study is the commercial product STAR-2157/2470 fluoroether betaine
surfactant, produced by Fujian Sanming Haishifu Chemical Co., Ltd., with a product purity of 27%. The
hydrocarbon surfactants employed include decyl glucoside APG0810 (nonionic, 50% purity),
cocamidopropyl betaine CAB-35 (zwitterionic, 35% purity), sodium dodecyl sulfate K12 (anionic, 99%
purity), and cetyltrimethylammonium bromide CTAB (cationic, 98% purity). Xanthan gum (USP grade) is
used as a foam stabilizer, and the cosolvent is diethylene glycol monobutyl ether (99% purity). The
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detailed composition of the AFFF solution formulations used in the experiments is provided in the
Supplementary Materials.

2.2. Surface and interface tension measurement

The surface tension and interfacial tension of the mixed solution were measured by the bubble pressure
tensiometer BP100 and the rotary drop interfacial tensiometer SDT, respectively (KRUSS, Germany). The
interfacial tension measured in this experiment refers to the interfacial tension between the solution and
n-heptane; the surface tension of n-heptane was 19.8 mN/m. All measurements were carried out at
approximately 25°C, and each formulation was tested two to three times; the reported values are the
averages. The spreading coefficient S of the solution was then calculated according to the formula
S=0,.-0wa-0ow, Where o, is the surface tension of the oil, oy is the surface tension of the aqueous
solution, and o, is the interfacial tension between the oil and the aqueous solution[31].

2.3. Dynamic foam analysis

In this study, a dynamic foam analyzer DFA100 (KRUSS, Germany) was used to perform foam formation
and drainage experiments on AFFF solutions with different formulations. The operating conditions were
as follows: gas flow rate set to 0.3 L/min, foam generation by bubbling for 20 s, with 20 mL of foaming
solution, and a data monitoring period of 0.5 h. The measured parameters included the cumulative
drained liquid volume, the 25% drainage time, and the liquid content of the foam at different heights.
Additionally, the foam structure was captured at 10 s intervals during drainage. Owing to the stochastic
nature of foam formation, experimental data for the same formulation under identical conditions may
exhibit some variation, each formulation was tested two to three times.

2.4. Temperature effects on foam drainage

Four typical AFFF formulations were selected to study temperature effects on foam drainage by varying
the surface temperature of the drainage apparatus, as illustrated in Fig. 1(a). The glass funnel served as
the foam container. A fiberglass heating tape with a power of 100 W/m was wound around the outside of
the funnel, allowing controlled heating to achieve different wall temperatures of the glass funnel, thereby
simulating the thermal effect of a hot oil surface on the foam. Additionally, a layer of thermal insulation
cotton was wrapped around the funnel and the heating tape to minimize heat loss. The foam generator
was an electric foam-producing device that generated bubbles of uniform size. The arrangement of
thermocouples is shown in Fig. 1(a). Thermocouples #1 ~ 10 were placed symmetrically on the inner
side of the glass funnel. Among them, #1 ~ 6 recorded the temperature variations at different heights
along the funnel wall; #1 ~ 2 and #7 ~ 10 monitored the temperature changes at the same height but at
different distances from the funnel wall. Thermocouple #11 recorded the ambient temperature, and
thermocouple #12 monitored the temperature change at the middle position between the glass funnel
and the heating tape.

Four formulated solutions (C-1 to C-4) with xanthan gum concentrations ranging from 0.03% to 0% were
chosen, their compositions are detailed in Table S3. Before each test, the heating tape was adjusted to

Page 5/22



the target temperature, and the experiment started once the thermocouples indicated that the set
temperature had been reached. An electric foam generator was used to produce an appropriate amount
of foam, which was discharged into the funnel. The mass of foam introduced was recorded, and timing
began immediately. A container placed under the funnel collected the drained liquid. The test was
terminated when foam drainage essentially ceased. After each experiment, the thermocouple
temperature data and the drained liquid mass data from the electronic balance were exported. Each
formulation was tested at least three times under each temperature condition.

2.5. Fire-extinguishing experimental setup

The schematic diagram of the fire-extinguishing experimental setup is shown in Fig. 1(b). The main
equipment includes foam generation and supply system, such as foam solution storage tank,
compressed air cylinder, gas-liquid mixer, foam gun, flow meter, valve and pipeline system, as well as
standard combustion plate with an area of 0.25 m?, anti-burning tank and image acquisition
equipment[32]. The experimental procedure was as follows: The foam concentrate was first diluted,
added to the foam solution storage tank, and allowed to stand for a period. Subsequently, a pressure of
0.7 MPa was applied to the tank, and the foam flow rate was adjusted to 750 + 25 g/min. The foam gun
was positioned horizontally, 150 mm above the standard fire pan, to ensure forced-application of foam
directly onto the center of the pan. The standard fire pan was charged with 9 L of 120# industrial solvent
oil, and the burnback cup was filled with 1 L of fuel and placed in a safe location. The oil pan was then
ignited. After a 1 min pre-burn, foam application was started, timing began, and the extinguishing time t,
was recorded. After 3 min of forced foam application, regardless of whether the fire was successfully
extinguished, foam supply was stopped. One minute later, the burnback cup was placed in the center of
the pan and ignited, and the 100% burnback time t, was recorded. Meanwhile, the expansion ratio and
25% drainage time of the foam solution were measured.

3. Results and discussion

3.1. Regulation of foam drainage by additive systems

The formulation of aqueous film-forming foam must meet a variety of requirements, such as foaming
performance, spreading performance, and foam stability. Therefore, AFFF solutions typically require the
synergistic effects of multiple additives, like fluorocarbon and hydrocarbon surfactants, to meet fire
extinguishing standards. Based on existing experimental results (see Supplementary Materials), among
the four types of hydrocarbon surfactants, K12 was most effective at delaying foam liquid separation
and maintaining foam stability, followed by CAB-35 and APG0810, while the CTAB solution performed
the worst. Furthermore, xanthan gum, as a foam stabilizer, can also delay foam liquid separation,
however, its optimal dosage in blended solutions containing STAR-2157/2470 has not been studied.
Therefore, this study designed 16 formulations to investigate the effects of various hydrocarbon
surfactant blending systems on foam liquid separation behavior. The formulation compositions are
detailed in Table S2.
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3.1.1. Solution characterization parameters

The characterization parameters of formulations B-1 to B-16, including surface tension, interfacial
tension, spreading coefficient S, and the 25% drainage time measured by DFA100, are presented in Fig. 2.
Figure 2(a) indicates that as the proportion of K12 in the hydrocarbon surfactant increases, the surface
tension of the solution gradually increases. When the APG0810:CAB-35 ratio is 2.5:2.5, the surface
tension of the solution is lowest, at approximately 16.8 mN/m, and xanthan gum has a relatively minor
effect on the surface tension of the blended solutions. Figure 2(b) shows the interfacial tension between
the solution and n-heptane. Overall, the interfacial tension of the solution was lowest at an
APGO0810:CAB-35 ratio of 2.5:2.5, at approximately 1.8 mN/m. Furthermore, when the total amount of
hydrocarbon surfactants remains constant, at the same xanthan gum concentration, increasing the
proportion of K12 causes the interfacial tension with n-heptane to first increase and then decrease. The
interfacial tension of the blended solution with an APG0810:CAB-35:K12 ratio of 1:1:3 is actually lower
than that of solutions with ratios of 2:2:1 and 1.5:1.5:2. As shown in Fig. 2(c), for the same xanthan gum
concentration, increasing the proportion of K12 increases the surface tension of the solution, while the
change in interfacial tension is relatively small; therefore, the corresponding spreading coefficient S also
decreases. Overall, without the addition of K12, the spreading coefficient of the solution is positive and
consistently greater than 1 mN/m, whereas the spreading coefficient S of the other solutions are all
negative. It can thus be seen that, compared to other hydrocarbon surfactants, while K12 can maintain
the stability of the foam structure, it also has a significant inhibitory effect on the solution’s spreading
performance.

Figure 2(d) shows the 25% drainage time of the formulated solutions measured by DFA100. Under the
same operating conditions, the expansion ratios of the solutions were essentially identical, and a longer
25% drainage time indicates better foam stability. As can be seen, increasing the xanthan gum
concentration generally prolongs the 25% drainage time under otherwise identical conditions. However,
when the proportion of K12 is too high, the 25% drainage time of the solution containing 0.03% xanthan
gum becomes shorter than that of the solution with 0.02% xanthan gum. Furthermore, at a fixed xanthan
gum concentration, increasing the K12 proportion leads to a gradual increase in the 25% drainage time
for two groups of formulations, while for the remaining two groups, the 25% drainage time first increases
and then decreases with increasing K12 proportion.

3.1.2. Investigation of foam drainage behavior

Figure 3 illustrates the drainage behavior of formulated solutions with different xanthan gum
concentrations and varying APG0810:CAB-35:K12 ratios. The data in Fig. 3(a) and (b) show that when
the xanthan gum concentration is low and the total hydrocarbon surfactant content is kept constant, the
foam drainage rate initially decreases with increasing K12 proportion. However, when the APG0810:CAB-
35:K12 ratio reaches 1:1:3, the drainage rate unexpectedly increases, leading to a larger amount of
drained liquid. This confirms that although K12 can prolong the foam drainage time, the effect is not
monotonic with respect to K12 content. With a fixed total hydrocarbon surfactant content, increasing the
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K12 proportion first reduces and then increases the drainage rate, and this trend is less pronounced at
higher xanthan gum concentrations. Therefore, based on the data in Fig. 2(d), the hydrocarbon
surfactant K12 and the foam stabilizer xanthan gum exhibit a synergistic effect in delaying foam liquid
release. That is, the effect of increasing the K12 content on the foam liquid release speed varies
depending on the xanthan gum concentration in the formulation solution. At lower xanthan gum
concentrations, increasing the K12 content can delay foam liquid release; however, at higher xanthan
gum concentrations, such as 0.03%, the effect of increasing the K12 content on delaying foam liquid
release may gradually diminish. In summary, both K12 and xanthan gum can prolong the foam liquid
separation time, but this effect is not simply additive, and continuing to increase the content of either
component may actually have the opposite effect on prolonging the liquid separation time.

3.1.3. Foam structure-drainage rate correlation

As liquid is released from the foam, the foam structure gradually evolves through processes such as
bubble collapse, coalescence, and coarsening. As shown in Fig. 4(a), when foaming ceases at 20 s, the
bubbles are small and elliptical. Over time, the bubble size gradually increases, their number begins to
decrease, and their shape evolves from the original elliptical form to a polygonal structure. Reference[25]
demonstrates that xanthan gum has the effect of delaying liquid separation in foam; however, chemical
additives such as xanthan gum ultimately delay liquid separation by influencing the viscosity of the
solution or the physical structure of the foam. Therefore, in this study, the initial foam dimensions of a
series of formulations with varying xanthan gum concentrations, measured by the instrument DFA100,
were correlated with the 25% drainage time and the maximum liquid content S1, aiming to elucidate the
influence of foam microstructure on foam drainage.

Figure 4(b) presents the relationship between the initial bubble radius and the 25% drainage time
measured by DFA100 in experiments involving blended solutions of various hydrocarbon surfactant
systems (B-1 to B-16). At a given xanthan gum concentration, a smaller initial bubble radius corresponds
to a longer 25% drainage time, indicating an approximately negative correlation between the initial
bubble size and the 25% drainage time. Comparing formulations with different xanthan gum
concentrations, higher xanthan gum concentration generally leads to both a larger initial bubble size and
a longer 25% drainage time. Figure 4(c) shows the relationship between the maximum liquid content S1
(i.e., the liquid content at the bottom S1 position of the foam column immediately after foam generation,
measured by DFA100) and the initial bubble radius for the same set of formulations. It can be seen that a
larger maximum liquid content S1 and a smaller initial bubble radius result in better retardation of foam
drainage.

3.2. Analysis of temperature effects on foam drainage

In addition to the effects of additive types and concentrations in the formulation, ambient temperature is
also a key factor affecting foam stability. Typical AFFF formulations with different xanthan gum
concentrations (C-1 to C-4) were selected to investigate the influence of temperature on foam drainage
behavior. And the temperature of the drainage apparatus surface was controlled at 26°C, 40°C, 50°C, and
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60°C, respectively. The variations in cumulative drained liquid mass and 25% drainage time for each
formulation at different temperatures are shown in Fig. 5(a)~(d). As seen in Fig. 5(a) and (b), overall,
increasing the ambient temperature leads to a larger drained liquid mass. For formulation C-3 in Fig. 5(c),
temperature changes have little effect on the drainage rate. Figure 5(d) shows that at 40°C and 50°C, the
drained liquid mass is lower than that at room temperature, whereas at 60°C, it becomes higher than at
room temperature.

Figure 5(e) presents the 25% drainage time of formulations C-1 to C-4 at different temperatures, showing
that the drainage behavior varies with formulation composition. For Formulations C-1 and C-2, with
xanthan gum concentrations of 0.03% and 0.02% respectively, increasing temperature leads to a
progressive shortening of the 25% drainage time. For formulation C-3 (0.01% xanthan gum), when the
temperature is raised from room temperature to 40°C, the 25% drainage time decreases; further
increasing the temperature continues to reduce the 25% drainage time, albeit with a weaker decreasing
trend. For formulation C-4 (0% xanthan gum), increasing the temperature from room temperature to 40°C
and to 50°C causes the 25% drainage time to increase, contrary to the previous trends. However, when
the temperature is further raised to 60°C, the drainage rate accelerates, and the 25% drainage time drops
sharply.

The above differences arise from the dual regulatory mechanism of temperature on foam stability. In
formulations containing a foam stabilizer such as xanthan gum, foam stability primarily relies on the
significant increase in solution viscosity caused by xanthan gum to retard drainage. As temperature
rises, the solution viscosity decreases, weakening the thickening and stabilizing effect of xanthan gum.
In this case, the temperature-induced reduction in viscosity dominates, thereby accelerating drainage.
When no foam stabilizer is added or its concentration is low, temperature predominantly affects the
gas-liquid interface of the foam. A moderate increase in ambient temperature enhances the mobility of
active molecules, strengthens the Marangoni effect, and accelerates the adsorption and movement of
surfactants at the film interface, leading to a tighter surfactant arrangement and the formation of a
stronger and better interfacial film. This retards foam drainage and rupture, temporarily improving foam
stability. However, further temperature increase reduces the solution surface tension, which through the
Marangoni effect, makes the foam films thinner and more prone to rupture. Consequently, foam stability
decreases and the drainage rate accelerates. Therefore, for low-viscosity or stabilizer-free formulations,
the 25% drainage time exhibits a non-monotonic behavior, first increasing and then decreasing with
rising temperature.

Figure 6 shows the temperature variation at different positions of the foam layer for formulation C-4
under various ambient temperatures. As seen in Fig. 6(a), (c), and (e), the temperatures measured by
thermocouples #1(2), #3(4), and #5(6) initially show a slight increase followed by a decrease, due to the
delayed heat conduction from the glass funnel to the foam layer. According to the thermocouple
arrangement, during free drainage of the foam in the temperature field, the temperature decrease rate at
the bottom of the foam layer is lower than that at the top. Foam acts as a special porous medium
composed of numerous gas-encapsulating liquid films. The thermal conductivity of air is much lower
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than that of water, so the foam layer can be considered an insulating material. As the top foam drains,
the expelled liquid flows downward through the nodes and Plateau borders of the foam structure under
gravity and capillary forces, carrying heat from the upper to the lower foam layer. Meanwhile, the top
foam is in contact with the environment, losing heat through convective heat transfer with cold air and
radiative heat dissipation to the surroundings. Consequently, the temperature decrease rate at the
bottom is slower than that at the top, resulting from the combined effect of the thermal insulation of the
foam layer and the heat redistribution caused by foam drainage.

As shown in Fig. 6(b), (d), and (f), the closer the foam is to the wall of the glass funnel, the higher its
temperature. Furthermore, the temperature measured by thermocouples #1(2) located at the funnel wall
gradually decreases during free drainage and heat loss via convection and radiation to the environment,
with the decreasing trend being initially fast and then slow. In contrast, the temperatures measured by
thermocouples #7(8) and #9(10) both rise initially and then decrease, with the peak temperature
recorded by #7(8) occurring much earlier than that of #9(10). This phenomenon is closely related to the
thermal insulation properties of the foam layer and the liquid separation within the foam. Due to the low
thermal conductivity of air, the further away from the glass funnel wall, the slower the heat transfer to
that location. Therefore, the temperatures measured by thermocouples #7(8) and #9(10) rise first and
then decrease slowly.

3.3. Analysis of fire-extinguishing experimental results

Xanthan gum maintains foam structure stability by increasing the viscosity of the AFFF solution, thereby
slowing down the foam drainage rate and maintaining foam structural stability. Theoretically, a higher
xanthan gum concentration leads to better prolongation of the foam drainage time. However, in actual
fire-extinguishing practice, the drainage rate is not necessarily better when it is slower, an excessively
slow drainage rate is detrimental to fire suppression. Therefore, an appropriate xanthan gum
concentration should be selected when designing AFFF formulations. The actual fire-extinguishing
experimental data for the four formulations C-1 to C-4 are shown in Table 1.

The data in Table 1 show that the spreading coefficients S of formulations C-1 to C-4 are all positive,
being 1.0, 1.0, 0.8, and 0.6 mN/m, respectively, while the xanthan gum concentration decreases from
0.03% to 0%. This indicates that for the STAR-2157/2470 series formulations, increasing the xanthan
gum concentration gradually increases the spreading coefficient S under otherwise identical conditions,
and the increasing trend weakens at higher xanthan gum concentrations. Regarding the expansion ratio,
all values exceed 10. The xanthan gum concentration significantly regulates the foam drainage rate; as
shown in Table 1, the 25% drainage times of formulations C-1 to C-4 are 9.0, 7.1, 4.9, and 3.7 min,
respectively. In terms of fire-extinguishing performance, none of the four foam formulations extinguished
the fire within 3 min. In the fire-extinguishing tests, after 3 min of foam application, formulation C-1 still
had edge flames, which self-extinguished 1 min after foam supply was stopped; formulation C-4
exhibited large edge flames after 3 min. Furthermore, when the xanthan gum concentration decreased
from 0.03% to 0.01%, the burnback time t, reduced from 11.5 min to 6.6 min. Based on the above

analysis, increasing the xanthan gum concentration gradually increases the spreading coefficient S and
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prolongs the 25% drainage time as well as the burnback time, but the fire-extinguishing efficiency is not
improved. According to the fire-extinguishing results of formulations C-1 to C-4, the xanthan gum
concentration must be controlled within an appropriate range; either too high or too low is detrimental to
fire suppression. Therefore, it can be concluded that the foam drainage rate plays a dominant role in the
fire-extinguishing performance of AFFF, and an optimal drainage rate range is necessary to satisfactorily
meet fire-extinguishing requirements.

Table 1
Fire-extinguishing experimental data of formulations C-1 to C-4.

Formulation Spreading Expansion 25% Extinguishing Burnback Qualified

coefficient ratio drainage time t; / min timet,/ (Yes/No)

S/ mN/m time / min

min

C-1 1.0 10.0 9.0 >3 11.5 No
C-2 1.0 11.0 7.1 >3 8.3 No
C-3 0.8 10.3 4.9 >3 6.6 No
C-4 0.6 10.6 3.7 >3 - No

To verify the effectiveness of regulating the liquid-phase separation rate in enhancing fire-extinguishing
performance, 25 formulations were designed for small-pan fire extinguishing experiments; the
composition and characterization parameters of these formulations are shown in Table S5 and S6,
respectively. For each AFFF formulation, the 25% drainage time, extinguishing time t;, and burnback time
t, were measured, and the relationship between fire-extinguishing performance parameters and drainage
performance parameters is shown in Fig. 7. According to the Chinese National Standard GB 15308 -
2006 for small-oil-pan fire-extinguishing tests of conventional AFFF solutions, the extinguishing time t,
should be < 1.2 min, and the burnback time t, should be = 10 min[33]. Figure 7(a) and (b) present the
correlations between the extinguishing time and the 25% drainage time, and between the burnback time
and the 25% drainage time, respectively, for the 25 formulations. The data indicate that only two
formulations meet the extinguishing time requirement, and both also satisfy the burnback time standard.
The actual fire-extinguishing processes of these two AFFF formulations are shown in Fig. 8. Upon
contact of the foam with the burning oil surface, the fire intensity gradually decreased. Although
intermittent edge flames persisted after 30 s, formulations ZY-14 and ZY-17 eventually extinguished the
small-oil-pan fire at 1.2 min and 1.0 min, respectively.
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Table 2
Fire-extinguishing experimental data of selected formulated solutions.

Formulation 25% drainage time  Extinguishing time t, Burnback time t, Qualified
/ min / min / min (Yes/No)
ZY-14 5.7 1.2 11.0 Yes
ZY-15 5.5 >3.0 - No
ZY-16 5.5 1.5 94 No
ZY-17 59 1.0 10.7 Yes
ZY-18 6.2 1.3 12.6 No
ZY-19 6.3 >3.0 9.2 No

The data in Table 2 show that the 25% drainage times of formulations ZY-14 and ZY-17 are 5.7 min and
5.9 min, respectively. Furthermore, analysis of the data reveals that modifying the formulation
composition to reduce the 25% drainage time of the foam also shortens the burnback time, ultimately
slowing down the fire-extinguishing efficiency. Conversely, increasing the xanthan gum concentration to
retard foam drainage improves the burnback time, but the amount of drained liquid becomes too low to
form a closed water film on the oil surface, which also reduces the fire-extinguishing efficiency.

The experimental results described above confirm the effectiveness of regulating foam drainage rate in
improving fire-extinguishing efficiency. If the foam drains too quickly, although a closed water film can
form rapidly, the foam layer rapidly loses water, bubbles coarsen and rupture, and persistent coverage
cannot be maintained, leading to a significant shortening of the burnback time and easy re-ignition. If the
foam drains too slowly, the foam mobility becomes poor, making it difficult to spread quickly on the oil
surface; meanwhile, the water film is insufficiently replenished and rapidly thins under high-temperature
evaporation, resulting in extinguishing failure. Therefore, the foam drainage rate must be controlled
within an appropriate range to maintain a dynamic balance with the water film evaporation rate, ensuring
both sufficient spreading speed and persistent foam coverage, thereby achieving rapid fire
extinguishment. The results of this fire-extinguishing study indicate that for AFFF solutions containing
STAR-2157/2470, a 25% drainage time measured according to the national standard in the range of 5.9
+ 0.2 min can meet the extinguishing requirements.

4. Conclusions

In this work, focusing on AFFF solutions containing the fluorinated ether betaine surfactant STAR-
2157/2470, we systematically investigated the effects of formulation composition, additives, and
ambient temperature on foam drainage behavior, and designed multiple formulations for fire-
extinguishing validation. Based on these studies, the main conclusions are as follows:
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(1) The concentration of the foam stabilizer xanthan gum is the primary factor retarding foam drainage,
followed by the content of the hydrocarbon surfactant K12. These two additives exhibit a nonlinear
synergistic effect on retarding drainage, and excessive addition of K12 may be detrimental. Moreover,
the foam microstructure is correlated with the drainage rate: the smaller the initial bubble size and the
higher the liquid content, the more pronounced the retardation of foam drainage.

(2) Temperature exerts a dual regulatory mechanism on foam drainage. For high-viscosity systems
containing xanthan gum, increasing temperature accelerates foam drainage by reducing the solution
viscosity, thereby making the foam structure more stable. For low-viscosity or stabilizer-free systems,
moderate heating initially enhances the Marangoni effect by promoting surfactant adsorption and
arrangement at the interface, thus retarding drainage. However, further heating reduces the surface
tension, accelerates film rupture, and leads to a non-monotonic change in the 25% drainage time, which
first increases and then decreases with rising temperature.

(3) The results of fire extinguishing experiment validated the effectiveness of the drainage-regulation-
based formulation design approach: either too fast or too slow foam drainage is detrimental to fire
suppression. For the STAR-2157/2470 series AFFF solutions, a 25% drainage time measured according
to the national standard in the range of 5.9 £ 0.2 min satisfies the extinguishing requirements, and two
AFFF formulations meeting the fire-extinguishing standards were successfully screened out.
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(a) Drainage experimental setup, (b) Schematic diagram of the fire-extinguishing experimental setup.
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(a) Surface tension, (b) Interfacial tension, (c) Spreading coefficient S, (d) 25% drainage time measured

by DFA100.
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(a) Foam structure evolution (B-4), (b) 25% drainage time vs. initial bubble radius, (c) Maximum liquid
content S1 vs. initial bubble radius.
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Temperature variation of the foam layer at different positions at (a-b) 40°C, (c-d) 50°C, (e-f) 60°C
(Formulation C-4; “1(2)" denotes the average temperature measured by thermocouples #1 and #2).
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(a) Relationship between extinguishing time and 25% drainage time, (b) Relationship between burnback
time and 25% drainage time.
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Figure 8

Fire-extinguishing process of ZY-14 and ZY-17 in small oil-pan tests.
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