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Abstract:



The purpose of this research is to evaluate the fire-extinguishing performance of a compressed air foam system at different mixing ratios of pressurized air. In this system, compressed air is injected into an aqueous solution of foam and then discharged. The experimental device uses an exclusive fire-extinguishing technology with compressed air foam that is produced based on the Canada National Laboratory and UL (Underwriters Laboratories) 162 standards, with a 20-unit oil fire model (Class B) applied as the fire extinguisher. Compressed air is injected through the air mixture, and results with different air-to-aqueous solution foam ratios of 1:4, 1:7, and 1:10 are studied. In addition, comparison experiments between synthetic surfactant foam and a foam type which forms an aqueous film are carried out at an air-to-aqueous solution foam ratio of 1:4. From the experimental results, at identical discharging flows, it was found that the fire-extinguishing effect of the aqueous film-forming foam is greatest at an air-to-aqueous solution foam ratio of 1:7 and weakest at 1:10. Moreover, the fire-extinguishing effect of the aqueous film-forming foam in the comparison experiments between the aqueous film-forming foam and the synthetic surfactant foam is greatest.
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1. Introduction


The compressed air foam system (CAFS) is a type of fire-extinguishing equipment which generates foam in the form of uniformly sized bubbles of a relatively small size which are injected forcibly with compressed air as an aqueous foam solution. The fixed fire-extinguishing system was initially developed by the National Research Center of Canada (NRCC) in the late 1990s. Currently, this system forms the basis of all foam fire-extinguishing systems. The main action of the foam fire-extinguishing agent is to choke the flame by covering the surface of the combustion product. Foam is created from a mix of an aqueous solution and air. A cooling effect due to the moisture included in the aqueous foam solution is an additional effect. This agent has been used for nearly one hundred years [1]; however, given the disadvantage of secondary damage caused by water, systems which minimize this problem by reducing the use of fire water and through long-distance discharges at high speeds have been developed and commercialized in Canada and the United States. In addition, Korea recently developed such a system, which has reached the stage of commercialization. The Korea Fire Institute (KFI) has developed an approval program to certify the fire-extinguishing performance of the CAFS [2].



Various experimental and analytical studies of CAFSs have been conducted. Magrabi et al. [3] proposed an experimental method to measure the drainage rate of liquid from fire-extinguishing foam for an aqueous film forming foam (AFFF) product and a film-forming fluoroprotein foam product. Lee et al. [4] studied the fire-extinguishing performance for the oil fire between the general air mixture system (GAMS) and the CAFS in accordance with the discharge flow rate. Feng [5] analyzed the contributions of various gas-liquid mixing chambers and gas-liquid mixing procedures with regard to the performance levels of CAFSs. Kim et al. [6] compared the fire-extinguishing performance using the nozzle only for the compressed air foam and the fixed nozzle, respectively. Cheng and Xu [7] carried out experimental research on the extinguishing effects of the nozzle shape, air pressure and mixing ratio as foam-performance parameters for non-aqueous liquid fuel fires.



In this paper, in order to comprehend the relationship between the mixing ratio of the air-to-aqueous foam solution, which is an important performance factor of the CAFS, and the fire-extinguishing performance of the class B type for oil fires in the CAFS, the fire-extinguishing performance with the air-to-aqueous foam solution is evaluated through a fire-extinguishing experiment.




2. Operation Principle of the Compressed Air Foam System


The CAFS is a fire-extinguishing facility which releases foam which is transferred from a mixing chamber into air through a discharge nozzle or through a nozzle of a discharging device which is connected to a pipe network. The role of the mixing chamber is to blend the air and the aqueous foam solution by compulsion. The compressed air foam created from the combination of water and an undiluted solution of foam is itself combined with pressurized air or nitrogen to become stable and homogeneous. The operating principle of the existing foam fire-extinguishing facility (for example, GAMS) is to provide bubbles which are produced by the aqueous foam solution in the foam mixer and then released through the nozzle and sucked into the external air simultaneously. The operating principle of the CAFS is as follows (see Figure 1): First, the system forms bubbles which are sent by pressured air to a mixing chamber. These are then discharged through a nozzle and transferred by a network of pipes. In other words, the compressed air is an important factor to produce stable and homogeneous bubbles [8].


Figure 1. Operating principle of the compressed air foam system.
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The CAFS works through a choking effect by expanding the volume of the compressed air-foam mixture and increasing the fire-extinguishing effectiveness by increasing the surface area of the compressed air-foam mixture, as the volume and the surface area of the compressed air-foam mixture can be significantly expanded and broadened according to a discharge of the foam with the forcing of air into the aqueous foam solution. Therefore, when the CAFS is applied to the fire-extinguishing facility, it can utilize the relationship of the aqueous foam solution and the foam to control the amount of air which is included in the compressed air foam. If foam with accumulated intake air is generated, it can considerably reduce the degree of damage by water and lead to a substantial time of more than 10 minutes during which the flow is poor when adhering to the surface of the target object, as the reduction time as well as the viscosity of the foam is increased. Because the aqueous foam solution which is consumed is less than the typical great quantity of water used, as illustrated above, the CAFS is also economically beneficial.




3. Experimental Program


3.1. Experimental Parameters and the Physical and Chemical Performance of the AFFF of 3%


Table 1 summarizes the experimental parameters of the specimens. The commercialized mixing ratio of the air-to-aqueous foam solution in several countries ranges from 1:10 to 1:4. The Korean approved standard for the compressed air foam system [9] also recommends that the mixing ratio of the air-to-aqueous foam solution should range from 1:15 to 1:7. The compressed air foam is divided into wet foam, for which the mixing ratio of the air-to-aqueous foam solution ranges from 1:10 to 1:4, and dry foam, for which it ranges from 1:15 to 1:10. The fire suppression time due to the dry foam increases because dry foam manufactured at less than 1:10 is very light such that the flame stirs up the compressed air foam. For this reason, in this study, the experimental fire-extinguishing performance evaluation of the CAFS was conducted with only wet foam. Three values of the mixing ratio of the air-to-aqueous foam solution (1:10, 1:7, and 1:4) were considered. The foam fire-extinguishing agents were utilized an AFFF of 3% of the type widely used in the Korean fire industry. The generated fuel for the flame used to evaluate the class B fire suppression performance was gasoline of the type used for vehicles to maintain a consistent calorific value.



Table 1. Experimental parameters of the specimens.







	
Specimen

	
Mixing Ratio of the Air-to-Aqueous Foam Solution

	
Foam Fire-Extinguishing Agent

	
Target Fire-Extinguishing Performance






	
Specimen I

	
1:4 (air of 20%)

	
Aqueous film-forming foam of 3%

	
Class B for the oil fire (gasoline)




	
Specimen II

	
1:7 (air of 12.5%)




	
Specimen III

	
1:10 (air of 9.1%)










Table 2 summarizes the physical and chemical material properties for the AFFF of 3% in accordance with the results of the aging test as an important index to determine the performance of the fire-extinguishing agent. In the Korean specification [10], the fire-extinguishing foam agent after the aging test is defined as the fire-extinguishing agent that is able to conduct two drainage tests: first, to convert to room temperature after maintaining a temperature of 65 ± 2 °C during 216 h, second, to convert to room temperature after maintaining a temperature of −18 ± 2 °C during 24 h again. As shown in Table 2, the material properties were all satisfied regarding the performance requirements for the AFFF of 3% (the gravity, the kinematic viscosity, the freezing point, the hydrogen ion concentration, and the surface tension) as per the Korean specification. Also, the discharging performance of the AFFF of 3% by the GAMS appears to be enough. However, it has not been regulated yet by the CAFS, even though it may accepted.



Table 2. Comparison of the physical and chemical performance for the aqueous film forming foam (AFFF) of 3%.







	
Contents

	
Results for the Aging Test

	
Specification [10]




	
Before

	
After






	
General material properties

	
Specific gravity

	
1.031

	
1.032

	
≤1.03 ± 0.02 at 20 °C




	
Kinematic viscosity (cSt)

	
6.9

	
6.6

	
≤6.0 ± 1.8 at 30 °C




	
7.2

	
7.0

	
≤7.5 ± 2.25 at 20 °C




	
24.4

	
25.4

	
≤27 ± 8.1 at −10 °C




	
Freezing point (°C)

	
−12.5

	
−12.5

	
Below 2.5 °C than the lower bound of the service temperature of −10 °C




	
Hydrogen ion concentration (pH)

	
8.08

	
7.86

	
≤8.0 ± 0.4




	
Diffusion coefficient

	
6.08

	
6.28

	
≥3.5




	
Discharging performance of the foam by the GAMS

	
Expansion ratio

	
8.8

	
8.4

	
≥5




	
25% drainage time

	
2 min 48 s

	
2 min 42 s

	
≥1 min




	
Extinguishing time

	
1 min 40 s

	
1 min 32 s

	
≤5 min




	
Discharging performance of the CAFS

	
Expansion ratio

	
Ratio of 1:4

	
9.3

	
8.9

	
Not specified




	
Ratio of 1:7

	
10.6

	
10.2




	
Ratio of 1:10

	
11.4

	
10.6




	
25% drainage time

	
Ratio of 1:4

	
1 min 59 s

	
2 min 4 s




	
Ratio of 1:7

	
3 min 41 s

	
3 min 52 s




	
Ratio of 1:10

	
3 min 15 s

	
3 min 27 s










For the expansion ratio of the aqueous solution and air, the CAFS shows a better performance than the general foam by the GAMS. The general foam appeared 8.4 to 8.8 times and the CAFS presented 8.9 to 11.4 times. For the 25% drainage time to convert to the water from 25% of the weight of the discharging foam, the general foam took 2 min 42 s to 2 min 48 s; however, the CAFS took 1 min 59 s to 3 min 52 s. For the CAMS, the 25% drainage time after the aging test was short in comparison with that before the aging test. For the CAFS, that tendency is opposite. The 25% drainage time of the GAFS according to the rate of increase of the compressed air is apt to increase. It had the ratio of 1:4, which is similar to that of the general foam.




3.2. Test Set-Up and Measurement Plan


Figure 2a shows an experimental device used to evaluate the fire-extinguishing performance of the CAFS in this study. The experimental device was manufactured as per UL 162 [11] which is the United States standard, and as per NFPA Code 11 [12]. Four foam heads were installed in a grid pattern of 3730 mm × 3730 mm. The piping network was established as the tournament type, with a height of 4750 mm. For an explicit determination of the fire-extinguishing performance through an experiment with the CAFS, video cameras which could observe the changes in the flame on both sides were installed. Thermocouple thermometers were set up at 0.5 m, 0.8 m, and 1.2 m for the vertical direction in the middle of the combustion plate to collect data for the temperature change of the flame. Devices to measure the heat flux to confirm the short fire suppression time were also placed at 5 m, 6 m, and 7 m in the horizontal direction in the middle of the combustion plate. The thermocouple thermometers measure the erased temperature of the flame such that they investigate the remaining time of the flame. The measured value of the radiation intensity was determined as a reference point in accordance with the experimental error, identifying that the average intensity of the heat flux of the fire-extinguishing model of 20 units is 5.4 kW, 7 m away from the combustion plate. Furthermore, in accordance with the experimental conditions and analysis of fire suppression effectiveness in the fire-fighting field, a difference in the remaining flame time arises. Therefore, the behavior of the flame was analyzed to measure the thermocouple and intensity of the heat flux together.


Figure 2. Prototype fire-extinguishing performance appraisal test equipment and details of the compressed air foam system. (a) Experimental set-up details; (b) Experimental frame; (c) Storage tank of the foam aqueous solution.
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Figure 2b,c respectively displays the experimental frame of the CAFS and the storage tank of the aqueous foam solution to manufacture the compressed air for the test. The storage tank of the aqueous foam solution adopted here could convey the aqueous foam solution using the pressure of the high-pressure gas of an appropriate type to inject a certain amount of fluid at a constant flow rate.




3.3. Experimental Method and Performance Evaluation Criteria


Flammable liquid petroleum was adopted as the target pyrogen for the class B fire-extinguishing performance evaluation. The experimental method per Code 2015-68 [10] and Code 2012-81 [13] is as follows: (i) Water of 200 L and gasoline for vehicles of 200 L are put into a regular steel pan of 2,000 mm × 2,000 mm × 300 mm (longitudinal length * ordinate length * height) (fire-extinguishing model of 20 units); (ii) Next, this is ignited; (iii) Finally, it is determined whether the flame is extinguished or not to release the foam after 60 s. The discharging pressure of the aqueous foam solution for the experiment, which was utilized to prepare in the storage tank to hole the agent, was 0.7 MPa. In order to mix the compressed air, an air mixer was initially installed in the middle of the pipeline to release the pre-manufactured aqueous foam solution. Subsequently, the high-pressure air was produced by a compressor. The high-pressure air was transferred by a control valve. In the final step, the compressed air was injected into the air mixer through the control valve. For a reference, the guideline for class B fire-extinguishing performance [10] stipulates that the fire should be suppressed within five minutes after the discharging of the foam.



Figure 3a–d depicts scenes throughout the experimental process to assess the fire-extinguishing performance of the compressed air foam system from the ignition time of the gasoline until close to the fire-extinguishing time. The pyrogen of the petroleum generated a mushroom flame during the initial ignition stage (see Figure 3a). The flame before the discharging foam, for which outside artificial air is not provided, appeared as typical egg-shaped candlelight. After the compressed air foam spouted and while the width of the flame was reduced by the foam, the flame rose up vertically because the air included in the compressed air foam was supplied from the top of the experimental frame (see Figure 2a and Figure 3c). However, the flame was diminished gradually due to the continuously discharging compressed air foam (see Figure 3d).


Figure 3. Fire-extinguishing process by the compressed air foam system. (a) Ignition scene for the pyrogen; (b) Scene on beginning of the discharging the compressed air foam after 60 s; (c) Scene during operation of the compressed air foam system; (d) Scene on almost diminished fire by the compressed air foam system.
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4. Experimental Fire-Extinguishing Performance Evaluation


4.1. Specimen I


Figure 4 and Figure 5 respectively show the shape of the discharging compressed air foam and the experimental results of the thermocouple and the heat flux at a mixing ratio of the air-to-aqueous foam solution of 1:4, an AFFF of 3%, and a discharge flow rate of 200 L/min. As shown in Figure 4, given that the air (20%) and foam (80%) comprise the compressed air foam of specimen I, the particles of the compressed air foam are relatively coarse-grained and stiff.


Figure 4. Shape of the discharging compressed air foam of specimen I.
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Figure 5. Measured results of specimen I for the flame temperature and heat flux in accordance with the measured distance.



[image: Applsci 06 00191 g005 1024]






The relationship between the flame and time can be classified into the following three phases: (i) a generation zone in which the flame temperature and the heat flux increased continuously and simultaneously after ignition; (ii) a combustion zone which maintained the flux within a particular range; and (iii) an extinction zone in which the flame temperature and the heat flux decreased after the combustion zone, with the flame then being eliminated entirely (see Figure 5).



From the measured results of the thermocouple, the flame lasted for a total time of 60 s to 170 s, from the ignition to when it was completely eliminated. It was found that the flame continued for approximately 50 s, except for the preliminary combustion time of 60 s out of the total combustion time of 110 s (see Figure 6). Meanwhile, the results of measurements of the intensity of the heat flux started at 56 s, and the temperature of the flame suddenly decreased at 136 s. Thus, the measured time of the radiant intensity was 21 s excluding the preliminary combustion time of 60 s. It was determined that the vertical temperature of the thermocouple and the horizontal radiant intensity of the fire model provide evidence of the difference in the measured times due to the different measured locations and the different measured distances.


Figure 6. Shape of the discharging compressed air foam of specimen II.
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4.2. Specimen II


Figure 6 and Figure 7 show the shape of the discharging compressed air foam and the experimental results of the thermocouple and the heat flux under a mixing ratio of the air-to-aqueous foam solution of 1:7, with the AFFF of 3%, and at a discharge flow rate of 200 L/min, respectively. Particles of the compressed air foam with the air-to-aqueous foam solution of 1:7 with air of 12.5% are small and disordered since the air to be included to the compressed air foam is relatively smaller in comparison with that of the air-to-aqueous foam solution of 1:4 (see Figure 4 and Figure 6). The measured results of the vertical thermocouple for the fire model are shown in Figure 7. The flame was measured from 70 s and was cleared in 160 s. In other words, the flame duration is 90 s. Eventually, the net fire suppression time excluding the preliminary combustion time of 60 s was about 30 s. The average temperature of the flame was 989 °C.


Figure 7. Measured results of specimen II for the flame temperature and heat flux in accordance with the measured distance.
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As shown, the results of the intensity of the heat flux of the flame in Figure 7 was observed for 70 s, from 148 s to 218 s. Its net measured time to the exclusion of the preliminary combustion time was 18 s. The measured values of the radiant intensity for which the horizontal distances were 5 m, 6 m, and 7 m away from the center of the flame were recorded as 5.09 kW, 6.19 kW, and 8.7 kW, respectively.




4.3. Specimen III


Figure 8 and Figure 9 respectively illustrate the shape of the discharging compressed air foam and the experimental results of the thermocouple and the heat flux at a mixing ratio of the air-to-aqueous foam solution of 1:10, with the AFFF of 3%, and at a discharge flow rate of 200 L/min. The compressed air foam of this specimen includes the given air of 9.1% and foam of 90.9%. As the amount of given air is the smallest throughout the specimens of this study, the particles of the compressed air foam are too sloppy. The ignition time of the flame started at 75 s, and the flame was eliminated in 180 s. The net fire suppression time, which excludes the preliminary combustion time of 60 s, by the discharged compressed air foam was 45 s.


Figure 8. Shape of the discharging compressed air foam of specimen III.
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Figure 9. Measured results of specimen III for the flame temperature and the heat flux in accordance with the measured distance.
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The intensity of the heat flux obtained from the experimental results was observed from 75 s to 160 s. Its total measured time was therefore 85 s. This includes the preliminary combustion time of 60 s and the net fire suppression time of 25 s.



Table 3 summarizes the experimental results of the specimens. Taking the experimental results together, the fire suppression time for the fire model with the mixing ratio of the air-to-aqueous foam solution of 1:4 is short compared to the fire suppression time with the mixing ratio of the air-to-aqueous foam solution of 1:7, while the fire suppression time for the fire model with the mixing ratio of the air-to-aqueous foam solution of 1:10 was increased. It was considered that the fire-extinguishing agent cannot penetrate into the flame, because the discharged foam that is manufactured to increase the mixed amount of compressed air in the compressed air foam becomes light.



Table 3. Comparison of the fire-extinguishing performances.







	
Specimen

	
Generation Zone (sec)

	
Combustion Zone (sec)

	
Flame Temperature

	
Heat Flux




	
Suppression Zone (sec)

	
Extinction Zone (sec)

	
Suppression Zone (sec)

	
Extinction Zone (sec)






	
Specimen I

	
6

	
66

	
50

	
38

	
20

	
8




	
Specimen II

	
9

	
59

	
33

	
25

	
16

	
8




	
Specimen III

	
7

	
60

	
53

	
36

	
23

	
6












5. Discussion


In this section, in order to examine the relative performance of the compressed air foam compared to the other fire-extinguishing agents, a synthetic surfactant type of foam developed and applied in Korea was assessed. Table 4 summarizes the general material properties for the synthetic surfactant foam of 3%. These contents satisfied limited conditions regulated in the Korean specification [10]. In this study, the discharging performance was not investigated because the fire-extinguishing agent through the Korean approved process was used. A specimen for which the mixing ratio of the synthetic surfactant foam of 3% and compressed air was 1:4 was used in the experiment. The discharged foam was released at a speed of 200 L/min. The experimental results are shown in Figure 10.


Figure 10. Measured results of the specimen with an air-to-aqueous foam solution of 1:4 and the synthetic surfactant foam of 3% for the flame temperature and the heat flux in accordance with the measured distance.
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Table 4. Comparison of the general material properties for the synthetic surfactant foam of 3%.







	
Contents

	
Results for the Aging Test

	
Specification [10]




	
Before

	
After






	
General material properties

	
Specific gravity

	
1.04

	
1.04

	
≤1.03 ± 0.02 at 20 °C




	
Kinematic viscosity (cSt)

	
7

	
7

	
≤200

	
at 50 °C




	
23

	
21

	
at 20 °C




	
83

	
76

	
at −10 °C




	
Freezing point (°C)

	
−12.5

	
−12.5

	
Below 2.5 °C than the lower bound of the service temperature of −10 °C




	
Hydrogen ion concentration (pH)

	
7.8

	
7.8

	
More than 6.0 or less than 8.5










In the measured result of the thermocouple, the flame is ignited in 106 s and is maintained to 207 s such that the total fire suppression time is 101 s. If the preliminary combustion time of 60 s is excluded from the total fire suppression time, the net fire suppression time is 41 s. On the other hand, from the results of the intensity of the heat flux, the flame is first caught at 106 s and is eliminated at 191 s. It was concluded that the net fire suppression time is 25 s.



Therefore, as the measured result of the heat flux of the flame is shorter than that of the AFFF, it was confirmed that the synthetic surfactant foam is better for subduing an actual fire. However, the measured result for the thermocouple under the same discharge condition showed that the fire suppression time of the AFFF of 3% is seven s faster. It was determined that flowing and aqueous film phenomena arise when the manufactured foam covers the surface of the oil, affecting the fire-extinguishing performance.




6. Summary and Conclusions


In this experimental study, a fire-extinguishing performance evaluation of a compressed air foam system was conducted with different mixing ratios of the air-to-aqueous foam solution with the AFFF of 3% and while discharging the foam at a speed of 200 L/min. A summary of the findings and a conclusion are given below.

	(1)

	
The expansion ratio and the 25% drainage time by the CAFS showed excellent performance compared to the GAMS. From these characteristics of the foam by the fire-extinguishing system, it can be found that the fire-extinguishing performance by the CAFS is better than the GAMS on oil fires. Moreover, an economic effect can be expected because there is an advantage to maximizing efficiency by minimizing water usage.




	(2)

	
The compressed air foam system with the air-to-aqueous foam solution of 1:4 showed a net fire suppression time of 34 s in the results measured by the thermocouple and a net fire suppression time of 21 s in the measured results obtained from the heat flux.




	(3)

	
The compressed air foam system with the air-to-aqueous foam solution of 1:7 showed a net fire suppression time of 30 s in the results measured by the thermocouple and a net fire suppression time of 18 s in the measured results obtained from the heat flux.




	(4)

	
The compressed air foam system with the air-to-aqueous foam solution of 1:10 showed a net fire suppression time of 45 s in the results measured by the thermocouple and the net fire suppression time of 25 s in the measured results obtained from the heat flux.




	(5)

	
In conclusion, it was found that the fire-extinguishing performance of the compressed air foam system with the air-to-aqueous foam solution of 1:7 and with aqueous film-forming foam of 3% at an identical flow rate of the discharging foam at a speed of 200 L/min is most effective.




	(6)

	
It was confirmed that the net fire suppression time by the compressed air foam system with the air-to-aqueous foam solution of 1:4 with the synthetic surfactant foam of 3% and at a flow rate of the discharging foam at a speed of 200 L/min as obtained from both the thermocouple and the heat flux is shorter than that with the AFFF of 3%.
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