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[bookmark: _Toc480225740]1 Introduction

Gymnastic pits used to protect gymnasts from injuries during practice are filled with foam cubes or pit cubes. In the United States the pit cubes typically have fire retardants (FRs) to reduce their propensity to ignite when exposed to a fire source (small flame or cigarette). Unfortunately, some FRs are toxic and gymnasts, especially children, can have high levels of these toxins in their bodies.[footnoteRef:1],[footnoteRef:2] The goal of this project is to determine the difference in flammability of cubes with toxic FRs versus cubes without FRs using two experimental procedures which are based off of standard test methods used in industry. [1:  Carignan, C. C., Fang, M., Stapleton, H. M., Heiger-Bernays, W., McClean, M. D., & Webster, T. F. (2016). Urinary biomarkers of flame retardant exposure among collegiate U.S. gymnasts. Environment International, 94, 362-368. doi:10.1016/j.envint.2016.06.030]  [2:  Courtney C. Carignan, Wendy Heiger-Bernays, Michael D. McClean, Simon C. Roberts, Heather M. Stapleton, Andreas Sjödin, and Thomas F. Webster. (2013). Flame retardant exposure among collegiate united states gymnasts. (). doi:10.1021/es4037868] 

The cubes were tested in three stages and with two types of ignition sources. The first stage was a single cube test to compare the way individual cubes behave. The second stage was scaling up to 20 cubes stacked in a pile. Finally, the third stage was 70 cubes in a small-scale pit. The two ignition sources tested were a smoldering cigarette and a small methane flame from a Bunsen Burner. 

[bookmark: _Toc480225741]2 Foam Pit Cube Specimens

For our tests, we used three foam cube systems. The first system tested, referred to as System 1, includes Firemaster 550 (FM550). FM550 is a standard fire retardant added to foams to increase the fire safety of the product. Unfortunately, FM550 is one of the chemicals found in gymnasts in high levels. The System 1 cubes are gray and six inches in each dimension. The second system is a non-FR, blue cube of the same six inch dimensions, System 2. The third system is the same cube from System 2 with a fabric cover, System 3. The intent of the cover is to improve the cubes resistance to fire. This could possibly be a replacement for FRs.

[bookmark: _Toc480225742]3 Experimental Methods
	The following methods used to test the pit cubes are a combination of a modified standard test method and test set ups we believe to adequately represent possible ignition sources and situations the cubes may be in when in a gymnastics pit. The tests do not include any other materials or components that may be part of a gymnastics pit or other equipment that may be next to the pit cubes. 
[bookmark: _Ref475348829][bookmark: _Ref475348904]The first test method is a small flame test using a Bunsen burner. This test method is modified from the version described in the California Technical Bulletin 117 (TB117, 2000).[footnoteRef:3] The standard is used to test materials typically very thin, fabric and seat framing for example. To see the modifications, refer to Appendix B. The second test method is a smolder test using a cigarette. The test is modified from the ASTM E1353-08 standard.[footnoteRef:4] The only difference from the standard is the cube and cigarette are placed on a calcium silicate board rather than another cube.  [3:  TECHNICAL BULLETIN 117, State of California department of consumer affairs bureau of home furnishings and thermal insulation 3485 orange grove avenue north highlands, ca 95660-5595]  [4:  Standard test methods for cigarette ignition resistance of components of upholstered furniture doi:10.1520/E1353-08A] 


[bookmark: _Toc480225743]3.1 Ignition Sources
[bookmark: _Ref475348913]The small flame ignition source uses a standard Bunsen Burner with a 13 mm (0.5-inch) opening. The fuel is pure methane with a 38 mm (1.5-inch) flame height. Through testing we found a 38 mm, 76 mm, 114 mm and 152 mm (3-inch, 4.5-inch, and 6-inch) flame height was also needed. The smoldering ignition source uses a NIST SRM1196 Standard Cigarette[footnoteRef:5] which is also used in TB117. The cigarette is unfiltered and pure tobacco.  [5:  SRM 1196 - standard cigarette for ignition resistance testing &nbsp; Retrieved from https://www-s.nist.gov/srmors/view_detail.cfm?srm=1196] 

The amount of energy produced by a fire or flame is called heat release rate (HRR). The HRR of the Bunsen Burner was measured for each of the flame sizes. The following standard equation was used to calculate HRR[footnoteRef:6]: [6:  Drysdale, D. (1985). An introduction to fire dynamics. Chichester u.a: Wiley.] 



H = Flame Height (m)
HRR = Heat Release Rate (kW)
D = Hydraulic Diameter (m)

Using this equation, we determined the following heat release rates for the Bunsen Burner.
[bookmark: _Toc475346744]Table 1 - Heat Release Rate of each flame height from Bunsen Burner.
	Flame Height (mm)
	Flame Height (in)
	HRR (W)

	38
	1.5
	23

	76
	3.0
	94

	114
	4.5
	228

	152
	6.0
	438




[bookmark: _Toc480225744]3.2 Single Cube Scale
	The single cube tests were all of individual cubes. Each of the three cube systems was tested with two ignition sources, a smoldering cigarette and a Bunsen Burner. The purpose of the single cube tests is to find the smallest ignition source possible that will cause each system to continue to burn even after the ignition source is taken away from the cube. This will be considered the Super-Critical condition for each system. In comparison, a Sub-Critical condition would be when a system never continues to burn after the ignition source is removed and a Critical condition is when a system continues to burn sometimes but not 100% of the time after the ignition source is removed 

[bookmark: _Toc480225745]3.2.1 Small Flame Testing
	All the small flame tests use methane flowing through a Bunsen Burner as the ignition source. The testing parameters and set up is a modified version of the California Technical Bulletin 117 (TB117)1 which includes standard fire tests for foams. See Appendix B for more detail on the test method, set up, and modifications based on TB117.
	The cubes were place on a piece of calcium silicate board with one edge of the cube hanging 13 mm (0.5 inches) over the front edge of the board as shown in Figure 1. The board was mounted such that the front-bottom edge of each cube was 19 mm (0.75 inches) above the top of the Bunsen Burner. The initial round of tests had a 38 mm (1.5-inch) flame height so that half of the flame was directly applied to the front of the cube from the bottom. The flame was then applied for 12 seconds per TB117. From testing done see Appendix A for more details, if a cube continued to burn after the flame was removed the burning was allowed to continue for 150 seconds after the flame was initially introduced to the cube. After 150 seconds the cube was extinguished with water to get a mass loss rate. Each cube was weighed before and after each the test.
[image: ]
[bookmark: _Toc475373661]Figure 1 – Single cube small flame test set up diagram.
	No Super-Critical condition was found through the initial tests at 1.5-inch flame applied for 12 seconds to all three systems. To find Super-Critical conditions for each system the test was increased in intensity systematically until a super critical condition was found. The increase was achieved by first exposing the cube to the flame for longer periods of time by adding 6 seconds to the exposure time. The second round of tests were 38 mm (1.5-inch) flames for 18 seconds. This turned out to be the Super-Critical condition for both the System 2 cubes (non-FR) and System 3 cubes (non-FR with cover). The System 1 cubes continued to be tested by increasing the time by increments of 6 seconds until the exposure time reached 30 seconds. After 30 seconds of flame exposure the part of the cube directly exposed to the flame or in the immediate area around the flame had burned or melted away and no longer reacted to the flame from the Bunsen Burner. A second increase in the flame intensity was then introduced by increasing the flame height. The following tests used a flame height that was 76 mm (3 inches) tall, twice the original flame height. The flame was then applied to the cube for 6 seconds, 12 seconds, 18, 24, and 30. This pattern was continued through increasing flame heights until a Super-Critical condition was found with a 152 mm (6-inch) flame applied to the cube for 12 seconds.  The above results are presented in Figure 2 which show the trend towards Super-Critical conditions.



[bookmark: _Toc475373662]Figure 2 – Comparing the percentage of cubes that continued to burn after the Bunsen Burner was removed. When the bar indicated 100% that is the Super-Critical condition.
[bookmark: _Toc480225746]3.2.3 Smolder Testing

	A smolder test was also used for each system. The test is modified from the ASTM E1353-08 standard.2 This test involves lighting a standard test cigarette, the NIST SRM1196 Standard Cigarette3, and placing it against the bottom edge of a cube which is placed on a calcium silicate board. A diagram of the cigarette test setup can be seen in Figure 3. The cigarette is then allowed to smolder until it goes out. The only difference from the standard is the cube and cigarette are placed on the calcium silicate board rather than on a second piece of the same material. The board is inert and keeps the results from the tests as the behavior of a single cube. 
	Each system was tested 6 times. There was no difference in burn or char pattern between the 3 systems. Each cube that was tested charred the length of the cigarette and 13 mm (0.5 inch) up from the bottom of the cube. An example of the smoldering results can be seen in Figure 4. There was no flame observed and all tests lasted 20-25 minutes. 
[image: ]
[bookmark: _Toc475373663]Figure 3 – Single cube smolder test set up.
[image: IMG_1231]
[bookmark: _Toc475373664]Figure 4 – Example of smolder test result of System 1. All smolder tests had the same results.
[bookmark: _Toc480225747]3.3 Intermediate Scale
	To get an idea of how the cubes burn when piled up together we created two intermediate scale tests. One was a corner set up which tested 20 cubes and the second was a pit which tested 70 cubes. The ignition sources from the single cube tests were used in the large-scale tests. Each of the Super-Critical conditions for the three systems were used with the Bunsen Burner. We kept the single cube and intermediate scale tests as similar as possible by using the same burner gas, methane, Bunsen burner, and exposure time. We also did smolder tests with the large-scale set ups to see if having piles of cubes and different orientations of cubes yielded different results than from the single cube smolder tests.

[bookmark: _Toc480225748]3.3.1 Corner Tests
	We constructed a corner out of Type-X gypsum board to create a space to pile 20 cubes and observe the burning patterns of the three systems. The corner was 0.92 m (3 feet) in each dimension. Then we used chicken wire to create a 0.46 m x 0.46 m (1.5 ft x 1.5 ft) space in the corner to hold the cubes up in the corner as a column rather than let the cubes roll down and create a pyramid like shape. The chicken wire helped keep the cubes in a configuration more consistent with what would exist in a larger pile of cubes without influencing the burning of the cubes. In gymnastic pits the cubes are not uniformly oriented. A diagram of the corner set up is shown in Figure 5. To reproduce the randomness of the pit cubes we tossed the cubes into the corner from 0.3 m to 0.92 m (one to three ft) away.
[image: ]
[bookmark: _Toc475373665]Figure 5 – Large-scale corner test set up
3.3.1.1 Small flame ignition tests
	We performed two small flame tests with each system. We wanted to compare different ignition locations, one at the top and one at the bottom. Each system was ignited using its respective Super-Critical condition. The Bunsen Burner was attached to the end of the metal rod to ignite the cubes safely. They were ignited in the same manner as the single cube tests with the burner being held half of the height of the flame below the bottom of a cube. When one cube in each pile was ignited, the fire spread to the rest of the cubes in the pile. This makes each test Super-Critical. Once the pile of cubes was ignited they were allowed to burn until the test reached flame out which is when the fire goes out on its own. See Appendix A for additional results.
	For System 1 both tests started out with the 76 mm (6 inch) flame at 30 seconds of exposure. Bottom and top ignitions developed very slowly. After the first 60 seconds the initial cube is still the only one burning for the top ignition test while the bottom ignition test had 2 cubes burning at that point. 150 seconds into the tests the top ignition test only spread to a few surrounding cubes. The fire quickly developed and then decayed from 3.5 to 6 minutes for both tests but a few smaller flames remained for another 4.5 minutes for the bottom ignition test and 5 minutes for the top ignition test making the time to flame out 10m:34s for the bottom ignition and 11m:21s for the top ignition.
[image: system 1 bottom ignition location]
[bookmark: _Toc475373666]Figure 6 – System 1 corner bottom ignition test ignition location.
[image: system 1 ignition location]
[bookmark: _Toc475373667]Figure 7 - System 1 corner top ignition test ignition location.
	For System 2 both tests used a 38 mm (1.5 inch) flame that was applied for 18 seconds. The bottom ignition test spread much faster than the top ignition. After 60 seconds the bottom ignition pile has spread to most of the cubes while the top ignition pile is still only burning on the cube that was exposed to the Bunsen Burner. At 150 seconds the bottom ignition pile has melted down into a pool fire while the top ignition pile is still not entirely involved. The bottom ignition pile then dies out and only has a few small flames from 5 minutes to 8.5 minutes. During this time the top ignition reaches full involvement of the 20 cubes and then dies out. The bottom ignition test reached flame out after 6m:30s while top ignition lasted 9m:0s minutes. Both tests had nothing remaining after flame out.
[image: system 2 bottom ignition location]
[bookmark: _Toc475373668]Figure 8 - System 2 corner bottom ignition test ignition location.
[image: system 2 top ignition location]
[bookmark: _Toc475373669]Figure 9 - System 2 corner top ignition test ignition location.
	For System 3 both tests used the same super critical condition as System 2. Both tests progressed at the same rate. After a minute the spread of both tests was slow and only had ignited a few cubes. After 150 seconds, most of the cubes have started to burn for both tests and have very similar flame heights. This remains the same throughout the remainder of the tests with the bottom and top ignition having very similar burn patterns. Both tests lasted just over 10.5 minutes leaving only a small amount of residue from the covers.
[image: system 3 bottom ignition location]
[bookmark: _Toc475373670]Figure 10 - System 3 corner bottom ignition test ignition location.
[image: system 3 top ignition location]
[bookmark: _Toc475373671]Figure 11 - System 3 corner top ignition test ignition location.
	Using the same HRR equation used to find the HRR of the Bunsen Burner we estimated the HRR throughout each corner test.  The video record of each test allowed flame heights to be measured.  For each corner test, hydraulic diameter was estimated based on the cube pile footprint or taken as zero. As the fire developed for each test the flame height and hydraulic diameter varies throughout. The known diameters used for the corner test and pit test were 0.46m and 0.91m respectively. These diameters were used to estimate actual hydraulic diameter throughout each test. This range of hydraulic diameters did not significantly affect the HRRs estimated.  The time histories of the flame heights then allowed HRR histories to be estimated using the following equation:

H = Flame Height (m)
HRR = Heat Release Rate (kW)
D = Hydraulic Diameter (m)

Figure 12 shows a comparison of the corner test HRR histories.  The recording of the System 1 top ignition test was lost so no HRR data is available for that test. System 2 bottom ignition started increasing the soonest but had the lowest peak HRR and reached its peak at almost the same time as System 1 bottom ignition did. Both System 3 tests had roughly the same HRR trends most likely due to the way the cover initially impedes the fire spread to cubes above for the bottom test but also drips down onto the lower cubes for the top test. The top ignition test for System 2 also had very similar HRR trends as the System 3 tests. The System 1 bottom test reached the highest HRR and died out the quickest once it reached its peak. System 1 has the shortest duration of a high HRR. System 2 bottom burns for the shortest amount of time. See Appendix C for additional HRR data. 
	

[bookmark: _Toc475373672]Figure 12 - HRR comparison of the five Corner Tests. Reference hydraulic diameter, D=0.46m


3.3.1.2 Smolder tests
	Each system was tested twice with a cigarette using the corner set up to see if the pile of cubes in the corner had a different result than the single cube tests. The cigarette was placed in a corner where 2 cubes met in a possible spot that the cigarette could have land if tossed into the pile. One test was done where the cigarette was placed near the bottom of the pile and the second test had the cigarette placed near the top. None of the cigarettes caused any of the cubes to ignite resulting in the same limited amount of smolder as in the single cube tests as can be seen in Figure 13.

[image: IMG_1428]
[bookmark: _Toc475373673]Figure 13 – Example of smolder test result for System 3 in the corner.
[bookmark: _Toc480225749]3.3.2 Pit Tests
	We constructed a pit in the same fashion as the corner. The pit is a 0.92 m by 0.92 m by 0.92 m (3 foot by 3 foot by 3 foot) tall box of gypsum board with an open top, see Figure 13. This pit is a small-scale representation of a full gymnastics pit to better gauge the burn pattern of a larger number of cubes. One small flame test and one smolder test was done with each system. Each test used 70 cubes to fill the pit to the top. Only one of each test was performed due to limited supply of cubes.

[image: C:\Users\Fritz Brokaw\AppData\Local\Microsoft\Windows\INetCacheContent.Word\pit set up.jpg]
[bookmark: _Toc475373674]Figure 14 – Diagram of the pit set up
3.3.2.1 Small flame ignition tests
	Each test used the same ignition source of the Bunsen Burner with the respective Super-Critical conditions found in the single cube tests. The Bunsen Burner was again attached to a pole to ignite the piles safely. One cube at the top of the pile was ignited in the same manner as the single cube and corner tests. Each test was Super-Critical and was allowed to reach flame out. See Appendix A for additional information about the testing.
For System 1 the flame spreads very slowly for the first 5m:30s and only ignites 3 of the cubes around it. Once one of the cubes below the top layer starts to burn, the fire spreads much more rapidly across the top half of the pit. By 7m:30s the pit is fully involved and continues to burn with an 2.4-36 m (8-12 foot) flame height until 10 minutes into the test. At 10 minutes the fire dies down significantly then continues to burn in the bottom of the pit until flame out at 14m:15s.

[image: system 1 pit location]
[bookmark: _Toc475373675]Figure 15 - System 1 pit test ignition location.
	For System 2, in the first 60 seconds of the test there is very little fire spreading. The second 60 seconds has exponentially greater fire growth until the fire peaks at 3 minutes and continues to burn at this max burning rate until 5m:20s when it quickly dies down. Then there are only a few small flames that linger in the bottom until flame out at 10m:14s. The test results in 100% of the fuel being consumed.

[image: system 2 pit location]
[bookmark: _Toc475373676]Figure 16 – System 2 pit test ignition location.
	For System 3 after the burner was removed the fire spread very slowly at first. Then it quickly escalated to a very large fire, 3.0-3.6 m (10-12 foot) tall, that burned very rapidly. It died down after 5m:30s and then continued to burn the rest of the fuel for another 5 minutes. Effectively 100% of the fuel is consumed during the test. The only remains are likely the Velcro that was on half of the covers which did not completely burn. However, the percentage of remaining mass to the initial fuel load mass is below 1% and can be ignored.

[image: system 3 pit location]
[bookmark: _Toc475373677]Figure 17 – System 3 pit test ignition location.
Using the same HRR equation used for the corner tests we estimated the HRR throughout each pit test.  The video record of each test allowed flame heights to be measured.  For each pit test the hydraulic diameter was estimated based on the pit characteristic length 0.92 m or taken as zero.  This range of hydraulic diameters provides a potential range of HRRs based on the characteristics of the pit cubes as they burn in the open top pit.  The time histories of the flame heights then allowed HRR histories to be estimated using the following equation:


H = Flame Height (m)
HRR = Heat Release Rate (kW)
D = Hydraulic Diameter (m)

The resultant HRR histories are shown on Figure 17, Figure 18 and Figure 19 for each of the three systems.  Figure 20 compares the HRR of each system when hydraulic diameter is taken as 0.92 m See Appendix C for additional HRR information and graphs.
From this we can see the FR’s in System 1 cause the HRR to grow much slower than in the other two systems. Systems 2 and 3 quickly jump up to 1500 kW and stay around that power output before quickly dying out. Once System 1 peaks at 1200 kW it then dies down at roughly the same rate as it grew. The cover on System 3 appears to cause the cubes to take slightly longer to start growing but only by 30-50 seconds. Then the cover causes a higher peak HRR than in System 2. The uncovered cubes in System 2 burn the quickest, followed closely by System 3. System 1 starts to grow as the other two are almost done burning.
	


[bookmark: _Toc475373678]Figure 18 – System 1 Comparison of HRR Equations

[bookmark: _Toc475373679]Figure 19 – System 2 Comparison of HRR Equations

[bookmark: _Toc475373680]Figure 20 – System 3 Comparison of HRR Equations


[bookmark: _Toc475373681]Figure 21 – HRR comparison of the three Pit Tests using HRR equation with diameter


[bookmark: _Toc480225750]4 Conclusions
[bookmark: _Toc480225751]4.1 Single Cube
	From the single cube tests, we found at what point the different cubes will continue to burn after being exposed to a small methane flame. For System 1 no continued burning occurs from the applied flame from 12 to 30 seconds with a 38 mm (1.5 inch) flame height. Additional flame heights of 76 mm, 114 mm and 152 mm (3 inch, 4.5 inch, and 6 inch) flame heights were tested. When the 152 mm (6 inch) flame was applied for 12 seconds a Super-Critical condition was reached. System 2 and 3 are at a Super-Critical point at 18 seconds of flame exposure with the flame at 38 mm (1.5 inches) tall.  The System 1 cubes are the most fire resistant of all of the cubes at the individual cube scale. Systems 2 and 3 have the same super-critical condition which is significantly less than System 1. However, the cover on System 3 causes the initial flame spread to be slowed as the cover needs to burn off first but it does not cause the cube to need a higher super-critical condition. The cigarette tests showed the same results for every test. There was no ignition of the cubes and minimal smoldering. 
[bookmark: _Toc480225752]4.2 Intermediate scale
Corner Tests
The System 1 tests developed very slowly but once the flames started spreading the rest of the cubes burned very quickly. The bottom ignition spread faster than the top ignition test because the flames were able to spread up to the cubes above. The top ignition test had to wait for the cube that was initially on fire to burn down more to the point where it would drip and fall onto the cube below to ignite them. This is also true for System 2. However, System 2 spread much faster for each test than System 1 did initially. System 3 spread slightly slower and took longer to reach its peak than System 1. Unlike Systems 1 and 2, top and bottom ignition for System 3 spread at the same rate. The cover impeded the bottom ignition test from spreading up as fast as System 2 bottom ignition but allowed the System 3 top ignition test to spread as fast as the System 3 bottom ignition test. Once both tests for each system reached full involvement they quickly burned down and used up most of the fuel. For System 1 the time from the peak to decay was about 1m:45s for both tests. For System 2 it was 2m:30s, and for System 3 it was 3m:15s. 
The cover in System 3 has a similar effect as the FR has in delaying the fire growth but the initial flame exposure to System 3 is less intense than in System 1. The cover also does not change the Super-Critical condition of the non-FR cube. However, for the top ignition tests System 2 and 3 were very similar showing no benefit in having a cover.

Pit Tests
System 1 took 5m:30s for the fire to spread across the entire opening at the top of the pit. System 2 took 3 minutes to reach the same point and System 3 only took 2m:30s. At 5m:30s for Systems 2 and 3 the fire began to decay and burn down at the bottom of the pit rather than at the top. System 1 did not start to decay until 10 minutes into the test. After most of the flames died out the remaining flames burned for roughly 5 additional minutes until they burned out on their own. All three systems used up 100% of the fuel load. The only difference between Systems 2 and 3 is a slight delay in the rapid fire growth of System 3. Both Systems 2 and 3 develop much faster and reach a higher HRR than System 1. The main factor is the time it takes the initial cube that is ignited to burn down enough to spread to the cubes around and under it. Once that happens the burning is relatively similar between the three systems. 

[bookmark: _Toc480225753]4.3 Overall Summary and Suggestions

	All three systems are relatively safe to begin with as it requires at least 23 watts of energy to cause any of them to continue to burn after exposure. Lit cigarettes are not enough to cause any of the systems to ignite. The cover on System 3 slightly delays the initial fire growth but not significantly. The cover also causes the HRR to be greater than System 2 without the covers. The cover is not a useful addition to the non-FR cubes. System 1 is better than the other two as it takes around 400 watts of energy to cause the System 1 cubes to continue to burn in comparison to the others. System 1 is significantly more fire resistant but the non-FR cube in Systems 2 and 3 is fire resistant enough to stand up to likely ignition sources like a lit cigarette. 
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[bookmark: _Toc480225755]Appendix A – Testing Data


System 1 at 12 Seconds of Flame Expousre
11 of the 12 tests did not continue to burn after the burner flame was removed. The one test that did continue to burn can be considered anomalous because the test surface that the cube was on had residue from previous tests and caused the cube being tested to continue to burn. The average mass loss was 0.28 grams for the tests that did not continue to burn. Compared to the average initial mass of all of the gray cubes of 76.3 grams, there is hardly any loss of mass. Figure 8 shows test 5 burning freely while the other tests have gone out or nearly gone out. Note in the table below test number 5 is the anomalous test.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 1
	1
	73.52
	73.34
	12
	0.18
	0.01

	
	2
	77.22
	76.96
	12
	0.26
	0.02

	
	3
	80.97
	80.71
	12
	0.26
	0.02

	
	4
	76.19
	75.88
	12
	0.31
	0.03

	
	5
	76.53
	61.39
	150
	15.14
	0.10

	
	6
	74.14
	73.8
	12
	0.34
	0.03

	
	7
	75.14
	74.72
	12
	0.42
	0.04

	
	8
	80.5
	80.12
	12
	0.38
	0.03

	
	9
	74.43
	74.11
	12
	0.32
	0.03

	
	10
	79.74
	79.66
	12
	0.08
	0.01

	
	11
	73.92
	73.64
	12
	0.28
	0.02

	
	12
	73.41
	73.12
	12
	0.29
	0.02


Table 1A - System 1 at 12 Seconds Data



[image: 1-4 at 6s]
Figure 1A - Tests 1 to 4 at 6 seconds into the flame being applied. All cubes have a similar burn pattern with flames only a few inches above the top of the cubes.
[image: C:\Users\Fritz\AppData\Local\Microsoft\Windows\INetCache\Content.Word\5-8 at 6s.jpg]
Figure 2A - Tests 5 to 8 at 6 seconds into the flame being applied. All cubes have a similar burn pattern with flames only a few inches above the top of the cubes.



[image: 9-12 at 6s] 
Figure 3A - Tests 9 to 12 at 6 seconds into the flame being applied. All cubes have a similar burn pattern with flames only a few inches above the top of the cubes.
[image: 1-4 at 10s]
Figure 4A - Tests 1 to 4 at 10 seconds into the test. The burn patterns and flame heights have not changed much from 6 seconds.



[image: 5-8 at 10s]
Figure 5A - Tests 5 to 8 at 10 seconds into the test. The burn patterns and flame heights have not changed much from 6 seconds.
[image: 9-12 at 10s]
Figure 6A - Tests 9 to 12 at 10 seconds into the test. The burn patterns and flame heights have not changed much from 6 seconds.



[image: 1-4 at 13s]
Figure 7A - Tests 1 to 4 at 13 seconds. All tests have stopped or are about to stop burning.
[image: 5-8 at 13s]
Figure 8A - Test 5 at 2:27 and all others at 13 seconds. All but test 5 has stopped or is about to stop burning.



[image: 9-12 at 13s]
Figure 9A - Tests 9 to 12 at 13 seconds. All tests have stopped or are about to stop burning.




System 2 at 12 Seconds of Flame Exposure
	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 2
	1
	103.53
	103.11
	12
	0.42
	0.04

	
	2
	105.62
	105.14
	14
	0.48
	0.03

	
	3
	104.43
	103.93
	15
	0.5
	0.03

	
	4
	104.47
	49.04
	150
	55.43
	0.37

	
	5
	103.7
	57.15
	150
	46.55
	0.31

	
	6
	105.27
	104.88
	16
	0.39
	0.02

	
	7
	106.4
	71.73
	150
	34.67
	0.23

	
	8
	103.91
	103.58
	12
	0.33
	0.03

	
	9
	104.55
	104.15
	12
	0.4
	0.03

	
	10
	103.77
	70.21
	150
	33.56
	0.22

	
	11
	104.51
	67.8
	150
	36.71
	0.24

	
	12
	104.69
	104.41
	12
	0.28
	0.02


7 of the 12 tests did not ignite. There was no noticeable difference between the tests with ignition versus without ignition. Of the ones that continued to burn, the average mass loss was 41.4 grams. The average mass loss of the cubes that did not continue to burn was minimal at 0.4 grams. The reason a cube continues to burn or not appears to be whether or not the flame can cause the top edge of the cube to burn. If this happens then the cube always continues to burn. The inconsistency of the cubes burning is likely a combination of how dynamic and unpredictable fire is and only sometimes burns up the face of the cube enough to get the top edge to burn with the 12 seconds of applied flame. In figures 13-15 the tests that continued to burn have the top of the cube engulfed in flame. Test 4 in figure 13 and test 5 in figure 14 had flame spread down the face sooner than tests 7, 10, and 11 in figures 14 and 15. When the flame spread down the face faster the mass loss was about 40-50% higher than the 3 tests that had slower flame spread. For the tests that did not continue to burn there was still some flame on the surface of the cubes for up to 4 seconds after the burner was removed.


Table 2A - System 2 at 12 Seconds Data

[image: 1-4 at 6s]
Figure 10A - Tests 1 to 4 at 6 seconds. All of these tests appear similar to the System 1 cubes at this point in the test with similar burn patterns and flame heights.
[image: 5-8 at 6s]
Figure 11A - Tests 5 to 8 at 6 seconds. All of these tests appear similar to the System 1 cubes at this point in the test with similar burn patterns and flame heights.


[image: 9-12 at 6s]
Figure 12A - Tests 9 to 12 at 6 seconds. All of these tests appear similar to the System 1 cubes at this point in the test with similar burn patterns and flame heights.
[image: 1-4 at 13_90s]
Figure 13A - Tests 1 to 4 that continued to burn are at 1m:30s. Those tests have greatly increased flame height and burn area. The remaining tests have the same small burn area and flame height as System 1 tests.


[image: 5-8 at 10_90s]
Figure 14A - Tests 5 to 8 that continued to burn are at 1m:30s. Those tests have greatly increased flame height and burn area. The remaining tests have the same small burn area and flame height as System 1 tests.
[image: 9-12 at 10_90s]
Figure 15A - Tests 9 to 12 that continued to burn are at 1:30. Those tests have greatly increased flame height and burn area. The remaining tests have the same small burn area and flame height as System 1 tests.


[image: 1-4 at 16s]
Figure 16A - Tests 1 to 4  that did not continue to burn are at 15 or 16 seconds and tests that did are at 2m:25s. All cubes that continued to burn have reached a similar shape and burn pattern. The tests that did not continue to burn have all gone out. Several did have some burning after the Bunsen burner was removed but not for more than 4 seconds.
[image: 5-8 at 16_145s]
Figure 17A - Tests 5 to 8  that did not continue to burn are at 15 or 16 seconds and tests that did are at 2m:25s. All cubes that continued to burn have reached a similar shape and burn pattern. The tests that did not continue to burn have all gone out. Several did have some burning after the Bunsen burner was removed but not for more than 4 seconds.



[image: 9-12 at 15_145s]
Figure 18A - Tests 9 to 12 that did not continue to burn are at 15 or 16 seconds and tests that did are at 2:25. All cubes that continued to burn have reached a similar shape and burn pattern. The tests that did not continue to burn have all gone out. Several did have some burning after the Bunsen burner was removed but not for more than 4 seconds.



System 3 at 12 Seconds of Flame Exposure
4 of the 6 tests continued to burn. The other 2 tests did not continue to burn. This is most likely because the flaming cover fell off of the cube. Of the ones that continued to burn the average mass loss was 36.9 grams which is slightly less than for System 2. Compared to the System 2 cubes the addition of the covers increases the likelihood of the cube to continue to burn. For tests 1 and 2 in figure 21 the cubes continued to burn on one side while tests 3 and 4 in figures 21 and 22 burned from the front face towards the back.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 3
	1
	121.29
	108.44
	150
	12.85
	0.09

	
	2
	115.55
	85.43
	150
	30.12
	0.20

	
	3
	115.51
	55.2
	150
	60.31
	0.40

	
	4
	124.85
	80.56
	150
	44.29
	0.30

	
	5
	123.09
	120.83
	24
	2.26
	0.09

	
	6
	122.86
	122.08
	20
	0.78
	0.04


Table 3A - System 3 at 12 Seconds Data

[image: 1-3 at 6s]
Figure 19A - Tests 1 to 3 at 6 seconds. The cover quickly burns up the middle exposing the blue cube.


[image: 4-6 at 6s]
Figure 20A - Tests 4 to 6 at 6 seconds. The cover quickly burns up the middle exposing the blue cube.
[image: 1-3 at 90s]
Figure 21A - Tests 1 to 3 at 1m:30s. The fabric continued to burn on only the left side and the spread while both sides of the fabric continued to burn for test 3. Unlike the other cubes that burned, the covers cause the cube to burn on the entire face rather than start at the top.


[image: 4-6 at 10_90s]
Figure 22A - Tests 4 at 1m:30s, and test 5 and 6 at 10 seconds. The fabric continued to burn on only the left side and the spread while both sides of the fabric continued to burn for test 4. Unlike the other cubes that burned, the covers cause the cube to burn on the entire face rather than start at the top.
[image: 1-3 at 140s]
Figure 23A - Tests 1 to 3 at 2m:20s just after the last burning part of the cover fell off. Flames on tests 1 and 2 spread across the face more, and test 3 continued to burn straight back.

[image: 4-6 at 19_24_140]
Figure 24A - Test 4 at 2m:20s, and tests 5 and 6 just after the last burning part of the cover fell off. Flames on test 4 continued to burn straight back.



System 1 at 18 Seconds of Flame Exposure
With a 50% increase in time that the Bunsen burner flame was applied to the cube, none of the cubes continued to burn. The mass loss increased due to the longer application of the burner but the mass loss rate did not change. All of the cubes stopped burning as soon as the Bunsen Burner flame is removed compared to the System 2 cubes that do not continue to burn but still have flame for a few seconds after the burner is removed.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 1
	1
	86.67
	86.13
	18
	0.54
	0.03

	
	2
	82.83
	82.17
	18
	0.66
	0.04

	
	3
	83.36
	82.95
	18
	0.41
	0.02

	
	4
	80.92
	80.44
	18
	0.48
	0.03

	
	5
	73.96
	73.39
	18
	0.57
	0.03

	
	6
	81.87
	81.37
	18
	0.5
	0.03


Table 4A - System 1 at 18 Seconds Data

[image: 1-3 at 6s]
Figure 25A - Tests 1 to 3 at 6 seconds. Consistent burning compared to the 12 second tests.



[image: 1-3 at 14s]
Figure 26A - Tests 1 to 3 at 14 seconds. The width of the burnt part of the cube is similar to that of the 12 second tests.
[image: 1-3 at 19s]
Figure 27A - Tests 1 to 3 at 19 seconds. All of the flames have gone out as soon as the burner is removed.



System 2 at 18 Seconds of Flame Exposure
All cubes continue to burn after the burner flame was removed. The first test has twice the mass loss as the second and third because it burned on the entire front face rather than the typical burn pattern of burning from the top down so the cube burned faster. Figure 29 shows the difference between the burn patterns. Compared to the 12 second tests these cubes consistently continue to burn after 18 seconds of flame. This indicates a super-critical condition for this system. If the burner was applied for any time longer than 18 seconds would result in the cube continuing to burn as well.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 2
	1
	103.34
	51.69
	150
	51.65
	0.34

	
	2
	104.14
	78.89
	150
	25.25
	0.17

	
	3
	104.87
	79.77
	150
	25.1
	0.17

	
	4
	103.62
	56.73
	150
	46.89
	0.31

	
	5
	103.9
	66.21
	150
	37.69
	0.25

	
	6
	103.41
	73.29
	150
	30.12
	0.20


Table 5A - System 2 at 18 Seconds Data

[image: 1-3 at 6s]
Figure 28A - Tests 1 to 3 at 6 seconds with similar burn patterns to the 12 second tests.



[image: 1-3 at 90s]
Figure 29A - Tests 1 to 3 at 1m:30s. Test 1 burned around the front rather than from the top down and had twice as much mass loss as tests 2 and 3 but overall consistent to tests that continued to burn after 12 seconds of applied flame.
[image: 1-3 at 145s]
Figure 30A - Tests 1 to 3 at 2m:25s with similar flame height and the entire height of the cube is engulfed in flame.



System 3 at 18 Seconds of Flame Exposure
Every test continued to burn after the burner flame was removed. This system continued to burn in a similar manner as at 12 seconds. This is a super-critical condition for this system. The burn pattern continues to be unique compared to System 1 and 2 where it burns around the front rather than down from the top.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 3
	1
	117.73
	76.83
	150
	40.9
	0.27

	
	2
	118.06
	55.5
	150
	62.56
	0.42

	
	3
	114.54
	70.04
	150
	44.5
	0.30

	
	4
	107.3
	60.65
	150
	46.65
	0.31

	
	5
	119.35
	72.73
	150
	46.62
	0.31

	
	6
	119.58
	66.71
	150
	52.87
	0.35


Table 6A - System 3 at 18 Seconds Data

[image: 1-3 at 6s]
Figure 31A - Tests 1 to 3 at 6 seconds. Burn pattern is the same as the 12 second tests.


[image: 1-3 at 55s]
Figure 32A - Tests 1 to 3 at 55 seconds. Tests 1 and 2 burned on both sides while test 3 only continued to burn on the right side.	
[image: 1-3 at 140s]
Figure 33A - Tests 1 to 3 at 2m:20s. All tests became covered in flames on all sides.



System 1 at 24 Seconds of Flame Exposure
Adding an additional 6 seconds to the tests had the same results as the previous tests where the cubes self-extinguished as soon as the burner was removed. The mass loss continued to be very minimal.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 1
	1
	76.01
	75.61
	24
	0.4
	0.02

	 
	2
	82.3
	82.14
	24
	0.16
	0.01

	 
	3
	80.18
	79.74
	24
	0.44
	0.02

	 
	4
	73.19
	72.92
	24
	0.27
	0.01

	 
	5
	74.96
	74.3
	24
	0.66
	0.03

	 
	6
	73.53
	73.12
	24
	0.41
	0.02


Table 7A - System 1 at 24 Seconds Data

System 1 at 30 Seconds of Flame Exposure
With a 150% increase in time from the original 12 seconds that the referenced standards use the cubes continue to behave as they were designed to and do not continue to burn. The mass loss continues to be very minimal.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 1
	1
	83.11
	82.55
	30
	0.56
	0.02

	
	2
	79.71
	79.17
	30
	0.54
	0.02

	
	3
	74.19
	73.71
	30
	0.48
	0.02

	
	4
	77
	76.6
	30
	0.4
	0.01

	
	5
	86.36
	85.92
	30
	0.44
	0.01

	
	6
	73.85
	73.42
	30
	0.43
	0.01


Table 8A - System 1 at 30 Seconds Data

System 2 at 6 Seconds of Flame Exposure
At 50% of the initial length of exposure none of the cubes continued to burn. This gives a subcritical condition for this system. There is a 12 second window when this system goes from subcritical to supercritical.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 2
	1
	104.57
	104.46
	6
	0.11
	0.018

	
	2
	104.86
	104.74
	6
	0.12
	0.020

	
	3
	103.31
	103.2
	6
	0.11
	0.018

	
	4
	103.58
	103.46
	6
	0.12
	0.020

	
	5
	104.1
	103.96
	6
	0.14
	0.023

	
	6
	103.71
	103.6
	6
	0.11
	0.018


Table 9A - System 2 at 6 Seconds Exposure

System 3 at 6 Seconds of Flame Exposure
At 50% of the initial length of exposure all of the cubes continued to burn after the burner was removed but then 66.7% stop burning within 30 seconds when the burning cover falls off. The remaining cubes continued to burn for the entire 150 seconds before being extinguished. This is 50% fewer cubes burning for the entire 150 seconds from the 12 second tests. 

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 3
	1
	119.69
	119.35
	32
	0.34
	0.011

	
	2
	119.64
	119.2
	24
	0.44
	0.018

	
	3
	116.59
	116.29
	17
	0.3
	0.018

	
	4
	116.91
	56.22
	150
	60.69
	0.40

	
	5
	118.87
	44.34
	150
	74.53
	0.50

	
	6
	107.39
	107.3
	24
	0.09
	0.0038


Table 10A - System 3 at 6 Seconds Data

System 1 Alternate Geometry
In the Modified Bunsen Burner test method the cube being tested is placed on a flat surface with an overhang of ½” and the Bunsen Burner is positioned such that the majority of the flame is only affecting one of the faces. Since the system 1 cubes did not continue to burn for any of the tests up to 30 seconds other ways the small flame could be introduced to the cube to increase the likely hood that it would continue to burn after the burner was removed were considered. 

For this test the cube was suspended from the top such that one corner was directed straight down. It was placed at such a height that the tip of the cube was ¾” above the top of the Bunsen Burner to keep the test as similar as possible to the other single cube tests. The goal is to allow more surface area and edges for the flame to burn hopefully creating a condition where the cube continues to burn with the same conditions of the flame exposure as the previous tests.

System 1 at 30 Seconds of Flame in Alternate Orientation
None of the 6 cubes tested with this alternate orientation continued to burn after the burner was applied for 30 seconds. 

 
System 1 with Increased Flame Height
In order to find a super-critical condition for the system 1 cubes the Modified Bunsen Burner test had to be further modified. The standards cited use a 1.5 inch methane flame which was used for the initial round of Bunsen Burner testing. For the following tests the flame height was increased to 3 inches, 4.5 inches, and 6 inches. For each test half of the flame height was in contact with the cube as with the initial tests at 1.5 inches which had 0.75 inches of the flame on the cube. The 3 inch tests had 1.5 inches on the cube, 4.5 inch tests had 2.25 inches on the cube, and the 6 inch tests had 3 inches on the cube. Each test height had tests starting at 12 seconds of exposure and going up to 30 seconds until a super-critical condition was found. 

3 Inch Flame Height
All of the tests at 3 inches extinguished after the Bunsen Burner was removed

	3 in. flame @ 12 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	75.72
	75.4
	12
	0.32
	0.027

	2
	75.4
	75.06
	12
	0.34
	0.028

	3
	76.67
	76.2
	12
	0.47
	0.039

	
	
	
	
	
	

	3 in. flame @ 18 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	76.2
	75.82
	18
	0.38
	0.021

	2
	72.73
	72.38
	18
	0.35
	0.019

	3
	72.38
	71.92
	18
	0.46
	0.026

	
	
	
	
	
	

	3 in. flame @ 24 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	85.94
	85.12
	24
	0.82
	0.034

	2
	85.12
	84.12
	24
	1
	0.042

	3
	73.47
	72.43
	24
	1.04
	0.043

	
	
	
	
	
	

	3 in. flame @ 30 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	72.43
	71.34
	30
	1.09
	0.036

	2
	79.83
	78.56
	30
	1.27
	0.042

	3
	78.56
	77.43
	30
	1.13
	0.038


Table 11A - System 1 3 Inch Flame Height Data




4.5 Inch Flame Height
For 12 seconds 33% of the cubes continued to burn. There were 6 cubes tested because one of the initial 3 tested at 12 seconds. 6 cubes were tested  at 18 seconds and 67% continued to burn after the burner was removed. None of the cubes burned for the 24 and 30 second tests. 

	4.5 in. flame @ 12 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	73.77
	72.71
	12
	1.06
	0.088

	2
	72.71
	68.57
	150
	4.14
	0.028

	3
	82.17
	80.93
	12
	1.24
	0.103

	4
	80.93
	80.01
	12
	0.92
	0.077

	5
	73.21
	60.64
	150
	12.57
	0.084

	6
	82.66
	81.84
	12
	0.82
	0.068

	
	
	
	
	
	

	4.5 in. flame @ 18 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	81.84
	80.47
	18
	1.37
	0.076

	2
	80.51
	71.26
	150
	9.25
	0.062

	3
	81.49
	71.65
	150
	9.84
	0.066

	4
	79.25
	77.74
	18
	1.51
	0.084

	5
	77.74
	70.25
	150
	7.49
	0.050

	6
	73.48
	66.59
	150
	6.89
	0.046

	
	
	
	
	
	

	4.5 in. flame @ 24 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	81.05
	79.92
	24
	1.13
	0.047

	2
	79.92
	78.28
	24
	1.64
	0.068

	3
	78.28
	76.72
	24
	1.56
	0.065

	4
	85.6
	83.9
	24
	1.7
	0.071

	5
	83.9
	82.15
	24
	1.75
	0.073

	6
	86.15
	84.45
	24
	1.7
	0.071

	
	
	
	
	
	

	4.5 in. flame @ 30 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	84.45
	82.77
	30
	1.68
	0.056

	2
	87.47
	85.54
	30
	1.93
	0.064

	3
	85.54
	83.41
	30
	2.13
	0.071


Table 12A - System 1 4.5 Inch Flame Height Data

6 Inch Flame Height
All of the 6 cubes tested at 12 seconds continued to burn after the burner was removed. To check the super-critical condition six cubes were tested at 6 seconds of exposure and none of the cubes continued to burn after the burner was removed.

	6 in. flame @ 12 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	89.37
	78.31
	150
	11.06
	0.074

	2
	81.68
	72.79
	150
	8.89
	0.059

	3
	81.94
	79.29
	150
	2.65
	0.018

	4
	84.92
	77.48
	150
	7.44
	0.050

	5
	88.14
	82.81
	150
	5.33
	0.036

	6
	86.61
	75.97
	150
	10.64
	0.071

	
	
	
	
	
	

	6 in. flame @ 6 seconds
	
	
	
	

	Test #
	Mass Before
	Mass After
	Time
	Mass Loss
	Mass Loss Rate

	1
	83.81
	82.94
	6
	0.87
	0.145

	2
	82.94
	82.22
	6
	0.72
	0.120

	3
	89.53
	88.75
	6
	0.78
	0.130

	4
	88.75
	88.12
	6
	0.63
	0.105

	5
	83.72
	83.03
	6
	0.69
	0.115

	6
	83.03
	82.24
	6
	0.79
	0.132


Table 13A - System 1 6 Inch Flame Height Data

Cigarette Tests

None of the cubes went to flaming ignition. Every cube had some charring but none of them had more than ½” of it. The cigarettes burned out completely in 20-25 minutes for each test. 

System 1
There was no flame at any point during the time the cigarette was in proximity of the cube. The cube charred right around the cigarette and there was slightly more charring at the end of the test when the cigarette was almost burnt out but nothing significant. Mass loss was almost none. All of the tests had less than a tenth of a gram in mass loss.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 1
	1
	80.86
	80.77
	1420
	0.09
	0.000063

	
	2
	81.97
	81.88
	1305
	0.09
	0.000069

	
	3
	83.74
	83.7
	1400
	0.04
	0.000029

	
	4
	91.88
	91.83
	1315
	0.05
	0.000038

	
	5
	79.32
	79.28
	1385
	0.04
	0.000029

	
	6
	88.07
	87.99
	1405
	0.08
	0.000057


Table 14A - System 1 Cigarette Data
[image: IMG_1230]
Figure 34A - System 1 with ½” of char. All tests turned out the same. The actual charring is the black at the bottom of the cube. The brown above it is just smoke residue from the cigarette.


System 2
The results are the same as System 1. No flames occurred during the test and charring was under ½”. The only difference was slightly more mass loss but still insignificant.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 2
	1
	104.5
	104.02
	1375
	0.48
	0.000349

	
	2
	104.68
	104.59
	1290
	0.09
	0.000070

	
	3
	104.42
	104.3
	1330
	0.12
	0.000090

	
	4
	103.78
	103.67
	1340
	0.11
	0.000082

	
	5
	105.69
	105.62
	1365
	0.07
	0.000051

	
	6
	106.06
	105.94
	1305
	0.12
	0.000092


Table 15A - System 2 Cigarette Data
[image: IMG_1233]
Figure 35A - System 2 with ½” of char. All tests turned out the same.



System 3
As with System 1 and 2 there was no flame and the char height was consistently ½”. Mass loss was closer to that of System 1.

	Cube System
	Test Number
	Initial Mass (g)
	Final Mass (g)
	Time (s)
	Mass Loss (g)
	Mass Loss Rate (g/s)

	System 3
	1
	118.14
	118.05
	1580
	0.09
	0.000057

	
	2
	122.85
	122.73
	1575
	0.12
	0.000076

	
	3
	119.85
	119.76
	1550
	0.09
	0.000058

	
	4
	123.3
	123.21
	1235
	0.09
	0.000073

	
	5
	119.9
	119.8
	1570
	0.1
	0.000064

	
	 
	123.53
	123.34
	1575
	0.19
	0.000121


Table 16A - System 3 Cigarette Data

[image: IMG_1246]
Figure 36A - System 3 with ½” of char. All tests turned out the same.













Intermediate scale Corner Tests
To simulate a small version of the conditions the pit cubes are in when piled in a gymnastics pit 20 cubes were used as a step up from the single cube tests in a 3’x3’x3’ corner made of gypsum board. Chicken wire was attached on the two walls of the corner 1.5 feet along each wall to create a space for the cubes to be thrown into and have them stack up rather than fall away. This allowed the cubes to fall randomly into place as well as observe the cubes at the fire progressed in case there was a drastic change in behavior from the single cube tests. The corner test was done six times. Each system was tested twice. The same super-critical condition found in the single cube tests was used. Each system was tested with the ignition at the top of the pile and at the bottom of the pile. Refer to Appendix B for more a detailed description of the set of and test procedure as well as the corner tests used to test the effectiveness of the set up.

System 1
The video for the top ignition test was unrecoverable.
Both tests started out with the 6 inch flame at 30 seconds of exposure. Bottom and top ignitions developed very slowly. After the first 60 seconds the initial cube is still the only one burning for the top ignition test while the bottom ignition test had 2 cubes burning at that point, Figure 38. 150 seconds into the tests top ignition test only spread to a few surrounding cubes, Figure 39. The fire quickly developed and then decayed from 3.5 to 6 minutes for both tests but a few smaller flames remained for another 4.5 minutes for the bottom ignition test and 5 minutes for the top ignition test making the time to flame out 10:34 for the bottom ignition and 11:21 for the top ignition.

The height indicator gives heights above the floor. The base of the cube pile is 1’ above the floor.
[image: ]
Figure 37A - The flame from the Bunsen Burner spreads upwards over 2 cubes due to the 6 inch flame height.

[image: ]
Figure 38A - The flame burns on the top edge of the cube initially exposed to the burner. The cube above it also continued to bur and drips onto the cube below that is already burning.

[image: ]
Figure 39A - At the same time that the single cube tests were extinguish, all of the cubes have started burning and producing a 6-7 foot flame height from the base of the pile.
[image: ]
Figure 40A - The pile of cubes quickly melts into a pool and continues to burn with a 6-7 foot flame height.

[image: ]
Figure 41A - The fire burns down as the fuel is used up. The flame height is now about 18 inches.
[image: ]
Figure 42A - The last of the fuel continues to burn out slowly until finally extinguishing after 10:34.

System 2
Both tests used a 1.5 inch flame that was applied for 18 seconds. The bottom ignition test spread much faster than the top ignition. In Figure 44 after 60 seconds the bottom ignition pile has spread to most of the cubes while the top ignition pile is still only burning on the cube that was exposed to the Bunsen Burner. At 150 seconds the bottom ignition pile has melted down into a pool fire while the top ignition pile is still not entirely involved, see Figure 45. The bottom ignition pile then dies out and only has a few small flames from 5 minutes to 8.5 minutes. During this time the top ignition reaches full involvement of the 20 cubes and then dies out, Figures 46-48. The bottom ignition test reached flame out after 6:30 while top ignition lasted 9 minutes. Both tests had nothing remaining after flame out.













Bottom						Top
[image: ][image: ]
Figure 43A - As the Bunsen Burner is applied both cubes burn in a consistent manner to the single cube tests.

[image: ][image: ]
Figure 44A - The bottom ignition test quickly grows while the top ignition still has only the initial cube burning.


Bottom						Top
[image: ][image: ]
Figure 45A - The bottom ignition test has almost entirely melted into a pool while the top ignition test is still growing.

[image: ][image: ]
Figure 46A - The bottom ignition test has almost died out while the top ignition test has just reached its peak.

Bottom						Top
[image: ][image: ]
Figure 47A - The bottom ignition test has reached flame out and the top ignition test is running out of fuel.

[image: ][image: ]
Figure 48A - The top ignition test has reached flame out.


System 3
These tests used the same super critical condition as system 2. Both tests progressed at the same rate. After a minute the spread of both tests was slow and only had ignited a few cubes, Figure 50. After 150 seconds most of the cubes have started and burn for both tests as well as very similar flame heights, Figure 51. This remains the same throughout the reminder if the test with the bottom and top ignition having very similar burn patterns, Figures 52-54. Both tests lasted just over 10.5 minutes leaving only a small amount of residue from the covers.















Bottom						Top
[image: ][image: ]
Figure 49A - Both tests are half way through the exposure time of the Bunsen Burner.

Bottom						Top
[image: ][image: ]
Figure 50A - The bottom ignition test has grown but is still only burning the initial cube while the top ignition test is dripping on to the lower cubes.

[image: ][image: ]
Figure 51A - Both tests have now spread but the top ignition test has more cubes involved and a flame height 2 feet taller than the bottom ignition test.
Bottom						Top
[image: ][image: ]
Figure 52A - The bottom ignition test has reached its peak while the top ignition test is decaying.

[image: ][image: ]
Figure 53A - Both tests have died down and are using up the remaining fuel.


Bottom						Top
[image: ][image: ]
Figure 54A - The last of the flames for both tests.




















Intermediate Scale Pit Tests
To further increase the scale of the tests a 3’x3’x2’ tall “mini-pit” was constructed out of gypsum board. The pit was filled with 70 cubes which were all tossed into the pit similarly to the corner. Each system was tested once with the ignition being at the top using the same super-critical conditions from the single cube and corner tests.

System 1
A cube at the top of the pile near the center was exposed to the super-critical condition for System 1, a 6 inch flame applied for 12 seconds. The flame spreads very slowly for the first 5:30 and only ignites 3 of the cubes around it, Figures 55-57. Once one of the cubes below the top layer starts to burn, the fire spreads much more rapidly across the top half of the pit. By 7:30 the pit is fully involved and continues to burn with an 8-12 foot flame height until 10 minutes into the test, Figures 58-61. At 10 minutes the fire dies down significantly then continues to burn in the bottom of the pit until flame out at 14:15, Figure 62-63.





[image: ]
Figure 55A - 6 seconds after the burner is removed the flame remains just along the top of the initial cube.
[image: ]
Figure 56A - The initial cube is still the only one burning.
[image: ]
Figure 57A - The fire has just started burning a few cubes around the initial cube that was exposed.
[image: ]
Figure 58A - The fire quickly spread to most of the cubes on the top creating a 2 foot flame height.
[image: ]
Figure 59A - The pit is fully involved and now limited by the amount of oxygen that can get into the pit.
[image: ]
Figure 60A - The fire continues to burn for several minutes at consistent 10-12 foot flame height.
[image: ]
Figure 61A - The fire dies down and starts to have flame inside of the pit.
[image: ]
Figure 62A - The last of the fuel has pooled in the corner and produces the last of the flames that reach out of the pit.
[image: ]
Figure 63A - The remaining flames are around the bottom of the pit and barely an inch in height until finally reaching flame out at 14:13.




System 2
A cube at the top of the pile near the center was exposed to the super-critical condition for System 2, a 1.5 inch flame applied for 18 seconds. In the first 60 seconds of the test there is very little fire spreading, Figure 64-65. The second 60 seconds has exponentially greater fire growth until the fire peaks at 3 minutes and continues to burn at this max burning rate until 5:20 when it quickly dies down, Figures 66-69. Then there are only a few small flames that linger in the bottom until flame out at 10:14. The test results in 100% of the fuel being consumed.












[image: ]
Figure 64A - The top of the initial cube has continued to burn for 7 seconds after the Bunsen Burner was removed.

[image: ]
Figure 65A - The fire spreads slowly to the cubes under the initial one.
[image: ]
Figure 66A - The fire develops more rapidly and spreads across most of the pit.
[image: ]
Figure 67A - The pit has reached full involvement with a 12-14 foot flame height.
[image: ]
Figure 68A - The fire starts to burn down into the pit as the fuel starts to run out.

[image: ]
Figure 69A - The last of the fuel burns out as the flame is mostly contained inside of the pit.
[image: ]
Figure 70A - A few remaining flickers of flame remain until flame out at 10:14.





System 3
A cube at the top of the pile near the center was exposed to the super-critical condition for System 3, a 1.5 inch flame applied for 18 seconds. After the burner was removed the fire spread very slowly at first, Figures 71-72. Then it quickly escalated to a very large fire, 10-12 feet tall, that burned very rapidly, Figures 73-75. It died down after 5:30 and then continued to burn the rest of the fuel for another 5 minutes, Figures 76-77. Effectively 100% of the fuel is consumed during the test. The only remains are likely the Velcro that was on half of the covers which did not completely burn. However, the percentage of remaining mass to the initial fuel load mass is below 1% and can be ignored.









[image: ]
Figure 71A - 7 seconds after the burner was removed the flames are still small but have dripped down on to the cubes directly below the cube initially exposed to the burner.
[image: ]
Figure 72A - The fire has spread minimally after a minute.
[image: ]
Figure 73A - Very quickly the top layer of cubes ignites producing a 5 foot flame height.
[image: ]
Figure 74A - The fire has reached its peak involvement with a flame height of 10-12 feet.
[image: ]
Figure 75A - The fire starts to burn down in the pit as it dies down.
[image: ]
Figure 76A - The majority of remaining fuel is around the bottom edges with the flame only getting about a foot above the top of the pit.
[image: ]
Figure 77A - The last of the flames flicker at the bottom until flame out at 10:25.
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Modified Bunsen Burner Test for Foam Cubes

Using a modified Bunsen burner test based on the California Technical Bulletin 117 (TB117) from 2000, individual cubes were subjected to a one and a half inch methane flame for twelve seconds. The cube was placed on a sheet of calcium silicate board three quarters of an inch above the top of the Bunsen burner. The cubed was placed such that half of an inch of the bottom face was off of the edge of the board. The flame height was set to a consistent one and a half inches using a flame height indicator made of rigid aluminum. Once the flame was set the burner was placed under the cube for exactly twelve seconds and then removed. 

Burner Location Tests: For the test foam three locations of the Bunsen Burner were tested, (1) having the burner tangent to the face of the foam, (2) having the burner centered under the edge of the foam cube, and (3) having the burner centered under the ½”overhang of the cube. Each location was tested three times and filmed. The flame was 1 ½” tall with ¾” of the flame applied to the foam. The flame was applied for 12 seconds every time. Every one of the nine tests resulted in the same burn pattern. Initially the flame burned up the face of the cube in the center until the flame was removed. Then the flame burned along the top edge of the cube. Image A1 shows the burn path and flame at the top of each cube. The flame then burns down the face that initially received the flame and across the top of the cube. Image A2 shows the cube being burned down. Cubes were extinguished once the flame was an inch or two away from the bottom front edge. Image A3 shows all of the extinguished tests lined up for comparison (The order of the tests in this image is test 1-9 from right to left).

The only variation in the tests was the width of the flame burning up the face in the beginning. This width difference does not seem to be dependent on the location of the burner and the magnitude of the width difference is quite small. It did not change the way the way the cubes burned overall. Also all cubes burned at approximately the same rate. 

Overall, the location of the Bunsen Burner seems to be negligible.

Tests
T1 – Burner set up tangent to the face of the cube #1.
T2 – Burner set up tangent to the face of the cube #2.
T3 – Burner set up tangent to the face of the cube #3.
T4 – Burner set up centered under the edge of the cube #1.
T5 – Burner set up centered under the edge of the cube #2.
T6 – Burner set up centered under the edge of the cube #3.
T7 – Burner set up centered under the half inch overhang of the cube #1.
T8 – Burner set up centered under the half inch overhang of the cube #2.
T9 – Burner set up centered under the half inch overhang of the cube #3.


Test Images and Diagrams
[image: IMG_1030]
Figure 1B - Image of the test apparatus.

[image: ]
Figure 2B - Diagrams of the three burner locations. Measurements are in inches.












In all images the top row is Tangent (T1, T2, T3), the middle row is Centered Under Edge (T4, T5, T6), and the bottom row is Centered Under Overhang (T7, T8, T9).

[image: ]
Figure 3B - Each cube about half way through the initial 12 second flame application.
[image: ]
Figure 4B - After the flame is removed the fire only burns on the top edge.





[image: ]
Figure 5B - The fire burns down the face and across the top.
[image: ]
Figure 6B - The fire burns into the cube more.







[image: ]
Figure 7B - After the cubes were extinguished. The cubes are in order from T1 on the left to T9 on the right.
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H = Flame Height (m)
HRR = Heat Release Rate (kW)
D = Hydraulic Diameter (m)

Using the above equation, we got the HRR data shown below which includes the data reported above in the report. The flame height was taken from the videos of the tests in 20 second averages. In addition to this we also calculated the HRR without using the hydraulic diameter, D. These two calculations give us a range of HRRs for each test. When the hydraulic diameter is used the HRR is greater. This is only true for the pit tests. When calculating HRR with both equations for the corner tests the curves were almost identical. 

HRR of Corner Tests 


Figure 1C - System 1 Bottom Ignition 

Figure 2C - System 2 Bottom Ignition


Figure 3C - System 2 Top Ignition 

Figure 4C - System 3 Bottom Ignition


Figure 5C - System 3 Top Ignition














HRR of Pit Tests 


Figure 6C - System 1 using Diameter


Figure 7C - System 1 without using Diameter


Figure 8C - System 2 using Diameter


Figure 9C - System 2 without using Diameter


Figure 10C - System 3 using Diameter


Figure 11C - System 3 without using Diameter
System 1	1.5/6	1.5/12	1.5/18	1.5/24	1.5/30	3/12	3/18	3/24	3/30	4.5/12	4.5/18	4.5/24	4.5/30	6/6	6/12	0	0	0	0	0	0	0	0	0	33	66	0	0	0	100	System 2	1.5/6	1.5/12	1.5/18	1.5/24	1.5/30	3/12	3/18	3/24	3/30	4.5/12	4.5/18	4.5/24	4.5/30	6/6	6/12	0	42	100	System 3	1.5/6	1.5/12	1.5/18	1.5/24	1.5/30	3/12	3/18	3/24	3/30	4.5/12	4.5/18	4.5/24	4.5/30	6/6	6/12	33	66	100	Tests in Flame Height/Time Exposed (Inches/Seconds)

% of Cubes that Continued to Burn



System 1 Bottom Ignition
S1 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.28228859074991064	0.58267150811934132	6.6692566064548675	26.899639524436402	65.498290743214326	195.36141578447607	644.04641412793922	429.57343038998818	727.33713572538136	1493.0783683650145	1016.7894965370796	265.82540354596114	20.58098409003269	9.0332349039971405	4.0161003613684194	1.5881058856895482	0.57313532984192883	0.10131696956720417	0.10131696956720417	0.10131696956720417	0.10131696956720417	0.10131696956720417	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


System 2 Bottom Ignition
S2 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	8.2481706180769336	50.122668913891161	179.7446870101561	522.35176885420515	495.31811304504396	566.75725159993567	429.57343038998818	772.17405912777792	874.60997678708873	974.26527862593844	605.43414293915805	145.37096127645029	11.723121270877543	4.0161003613684194	1.5968654141668475	0.70188843073274065	0.20970956856124739	0.10300274364884465	3.7071764502340808E-2	3.7071764502340808E-2	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


System 2 Top Ignition
S2 Top	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	2.0417337888093412	4.7552293798006628	5.6637907806636445	5.6637907806636445	7.7295660027305093	32.039238945832899	126.08770927444571	288.56744097581867	551.71370031898505	566.75725159993567	644.04641412793922	531.03066930555724	469.14176994195714	781.33508252831348	1080.4402027927383	1312.8913924997257	781.33508252831348	138.7600448236432	20.378217158421077	5.6637907806636445	1.0012262170572783	1.0012262170572783	0.28074011025333689	0.20970956856124739	3.7071764502340808E-2	3.7071764502340808E-2	0	0	0	0	Time (s)

HRR (kW)


System 3 Bottom Ignition
S3 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.84061373513863735	1.3664071340399351	2.0468215857254477	4.7552293798006628	5.6637907806636445	11.578571385163729	55.600319260178068	114.13638859339713	398.18494901240803	566.75725159993567	566.75725159993567	727.33713572538136	727.33713572538136	816.77721691758165	1238.870390544889	1014.6795376457546	727.33713572538136	288.56744097581867	87.803316634698774	20.378217158421077	5.7580284166950308	1.0178852349274738	0.85863918827807928	0.28228859074991064	0.10300274364884465	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	Time (s)

HRR (kW)


System 3 Top Ignition
S3 Top	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.84061373513863735	2.0468215857254477	3.5667621435436603	3.5667621435436603	20.17665358863351	46.658699011406704	100.18947397324116	368.21438810003752	566.75725159993567	644.04641412793922	582.04427086456224	855.06845108060247	1058.2445107125825	1181.4535861932347	963.80417033687377	763.07778670433493	429.57343038998818	199.38806531341243	87.803316634698774	32.039238945832899	11.723121270877543	2.0723746368274423	1.0178852349274738	0.28228859074991064	0.20970956856124739	0.10131696956720417	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	Time (s)

HRR (kW)


System 1 using Diameter
S1 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.10132515563998018	0.10132515563998018	0.20972223441814261	0.20972223441814261	1.001307112791854	1.001307112791854	1.001307112791854	3.5671088827244422	5.1625707267518637	5.1625707267518637	10.166054020746508	11.579625582396408	11.579625582396408	13.105006739383654	6.6697613631420607	25.70046594800883	32.041827609339329	43.856429043584278	115.28497578928723	291.57348191987819	499.48266048065057	648.92820794997397	822.41491033628301	822.41491033628301	1021.1102672165894	1246.1299816939836	1246.1299816939836	822.41491033628301	822.41491033628301	648.92820794997397	648.92820794997397	370.54801863668524	265.848437311765	145.383790011928	88.29689407774147	32.041827609339329	32.041827609339329	25.70046594800883	20.178615041641777	3.5671088827244422	3.2156965298862046	2.5773114253240266	0	0	0	0	0	0	Time (s)

HRR (kW)


System 1 without using Diameter
S1 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	0.35739035464761304	0.35739035464761304	0.35739035464761304	2.0217051464159383	3.1891205183509266	3.1891205183509266	5.5711642714625311	5.5711642714625311	5.5711642714625311	5.5711642714625311	2.0217051464159383	11.436491348723614	11.436491348723614	14.51357891546089	31.515264283642932	86.84585617936996	178.277256686801	262.09752304408374	365.96772315915547	365.96772315915547	491.27435057907275	639.31930199585622	639.31930199585622	365.96772315915547	365.96772315915547	262.09752304408374	262.09752304408374	178.277256686801	113.01675344618003	64.694564685310027	31.515264283642932	11.436491348723614	11.436491348723614	11.436491348723614	11.436491348723614	2.0217051464159383	2.0217051464159383	2.0217051464159383	0	0	0	0	0	0	Time (s)

HRR (kW)


System 2 using Diameter
S2 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	2.5773114253240266	2.5773114253240266	14.579475088609486	31.777891557312884	65.504254183309826	569.78642573207878	1246.1299816939836	1368.8475545043584	1498.544304792202	1246.1299816939836	1246.1299816939836	1246.1299816939836	1368.8475545043584	1246.1299816939836	1246.1299816939836	1498.544304792202	499.48266048065057	267.73589811072526	89.272277593694497	20.581976547100879	5.7582594982490942	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	0.10300687736135046	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


System 2 without using Diameter
S2 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	2.0217051464159383	2.0217051464159383	11.436491348723614	19.978728187370507	31.515264283642932	262.09752304408374	639.31930199585622	722.25584359353161	811.33372629445478	639.31930199585622	639.31930199585622	639.31930199585622	722.25584359353161	639.31930199585622	639.31930199585622	811.33372629445478	178.277256686801	64.694564685310027	11.436491348723614	2.0217051464159383	0.35739035464761304	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


System 3 using Diameter
S3 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.83474321709718091	0.10132515563998018	8.2490307106359317	20.178615041641777	46.995808197748914	88.29689407774147	496.73748802848291	967.98851859367016	1246.1299816939836	1021.1102672165894	1498.544304792202	1779.3831804505874	1635.3477554082647	1498.544304792202	1246.1299816939836	1246.1299816939836	1021.1102672165894	822.41491033628301	571.27548635286325	372.85099504218272	222.81924632929511	102.31053777203965	66.319993674108844	20.581976547100879	5.7582594982490942	0.85866869674595858	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


System 3 without using Diameter
S3 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.56376218613677442	3.6165361102777634E-2	5.5711642714625311	11.436491348723614	19.978728187370507	31.515264283642932	262.09752304408374	491.27435057907275	639.31930199585622	491.27435057907275	811.33372629445478	1008.4884570765743	906.69749841292878	811.33372629445478	639.31930199585622	639.31930199585622	491.27435057907275	365.96772315915547	217.77158308746064	113.01675344618003	46.332733969167286	11.436491348723614	11.436491348723614	2.0217051464159383	0.35739035464761304	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)


HRRs of Corner Tests
System 1 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.28228859074991064	0.58267150811934132	6.6692566064548675	26.899639524436402	65.498290743214326	195.36141578447607	644.04641412793922	429.57343038998818	727.33713572538136	1493.0783683650145	1016.7894965370796	265.82540354596114	20.58098409003269	9.0332349039971405	4.0161003613684194	1.5881058856895482	0.57313532984192883	0.10131696956720417	0.10131696956720417	0.10131696956720417	0.10131696956720417	0.10131696956720417	0	0	0	0	0	0	0	0	System 2 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	8.2481706180769336	50.122668913891161	179.7446870101561	522.35176885420515	495.31811304504396	566.75725159993567	429.57343038998818	772.17405912777792	874.60997678708873	974.26527862593844	605.43414293915805	145.37096127645029	11.723121270877543	4.0161003613684194	1.5968654141668475	0.70188843073274065	0.20970956856124739	0.10300274364884465	3.7071764502340808E-2	3.7071764502340808E-2	0	0	0	0	0	0	0	0	0	0	System 2 Top	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	2.0417337888093412	4.7552293798006628	5.6637907806636445	5.6637907806636445	7.7295660027305093	32.039238945832899	126.08770927444571	288.56744097581867	551.71370031898505	566.75725159993567	644.04641412793922	531.03066930555724	469.14176994195714	781.33508252831348	1080.4402027927383	1312.8913924997257	781.33508252831348	138.7600448236432	20.378217158421077	5.6637907806636445	1.0012262170572783	1.0012262170572783	0.28074011025333689	0.20970956856124739	3.7071764502340808E-2	3.7071764502340808E-2	0	0	0	0	System 3 Bottom	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.84061373513863735	1.3664071340399351	2.0468215857254477	4.7552293798006628	5.6637907806636445	11.578571385163729	55.600319260178068	114.13638859339713	398.18494901240803	566.75725159993567	566.75725159993567	727.33713572538136	727.33713572538136	816.77721691758165	1238.870390544889	1014.6795376457546	727.33713572538136	288.56744097581867	87.803316634698774	20.378217158421077	5.7580284166950308	1.0178852349274738	0.85863918827807928	0.28228859074991064	0.10300274364884465	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	System 3 Top	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	0	0.84061373513863735	2.0468215857254477	3.5667621435436603	3.5667621435436603	20.17665358863351	46.658699011406704	100.18947397324116	368.21438810003752	566.75725159993567	644.04641412793922	582.04427086456224	855.06845108060247	1058.2445107125825	1181.4535861932347	963.80417033687377	763.07778670433493	429.57343038998818	199.38806531341243	87.803316634698774	32.039238945832899	11.723121270877543	2.0723746368274423	1.0178852349274738	0.28228859074991064	0.20970956856124739	0.10131696956720417	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	3.7071764502340808E-2	Time (s)

HRR (kW)



System 1 HRR Equation Comparison - Pit
S1 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.10132515563998018	0.10132515563998018	0.20972223441814261	0.20972223441814261	1.001307112791854	1.001307112791854	1.001307112791854	3.5671088827244422	5.1625707267518637	5.1625707267518637	10.166054020746508	11.579625582396408	11.579625582396408	13.105006739383654	6.6697613631420607	25.70046594800883	32.041827609339329	43.856429043584278	115.28497578928723	291.57348191987819	499.48266048065057	648.92820794997397	822.41491033628301	822.41491033628301	1021.1102672165894	1246.1299816939836	1246.1299816939836	822.41491033628301	822.41491033628301	648.92820794997397	648.92820794997397	370.54801863668524	265.848437311765	145.383790011928	88.29689407774147	32.041827609339329	32.041827609339329	25.70046594800883	20.178615041641777	3.5671088827244422	3.2156965298862046	2.5773114253240266	0	0	0	0	0	0	S1 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	0.35739035464761304	0.35739035464761304	0.35739035464761304	2.0217051464159383	3.1891205183509266	3.1891205183509266	5.5711642714625311	5.5711642714625311	5.5711642714625311	5.5711642714625311	2.0217051464159383	11.436491348723614	11.436491348723614	14.51357891546089	31.515264283642932	86.84585617936996	178.277256686801	262.09752304408374	365.96772315915547	365.96772315915547	491.27435057907275	639.31930199585622	639.31930199585622	365.96772315915547	365.96772315915547	262.09752304408374	262.09752304408374	178.277256686801	113.01675344618003	64.694564685310027	31.515264283642932	11.436491348723614	11.436491348723614	11.436491348723614	11.436491348723614	2.0217051464159383	2.0217051464159383	2.0217051464159383	0	0	0	0	0	0	Time (s)

HRR (kW)



System 2 HRR Equation Comparison - Pit
S2 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	2.5773114253240266	2.5773114253240266	14.579475088609486	31.777891557312884	65.504254183309826	569.78642573207878	1246.1299816939836	1368.8475545043584	1498.544304792202	1246.1299816939836	1246.1299816939836	1246.1299816939836	1368.8475545043584	1246.1299816939836	1246.1299816939836	1498.544304792202	499.48266048065057	267.73589811072526	89.272277593694497	20.581976547100879	5.7582594982490942	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	0.10300687736135046	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	0	0	0	0	0	0	0	0	0	0	0	0	S2 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	2.0217051464159383	2.0217051464159383	11.436491348723614	19.978728187370507	31.515264283642932	262.09752304408374	639.31930199585622	722.25584359353161	811.33372629445478	639.31930199585622	639.31930199585622	639.31930199585622	722.25584359353161	639.31930199585622	639.31930199585622	811.33372629445478	178.277256686801	64.694564685310027	11.436491348723614	2.0217051464159383	0.35739035464761304	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)



System 3 HRR Equation Comparison - Pit
S3 with D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.83474321709718091	0.10132515563998018	8.2490307106359317	20.178615041641777	46.995808197748914	88.29689407774147	496.73748802848291	967.98851859367016	1246.1299816939836	1021.1102672165894	1498.544304792202	1779.3831804505874	1635.3477554082647	1498.544304792202	1246.1299816939836	1246.1299816939836	1021.1102672165894	822.41491033628301	571.27548635286325	372.85099504218272	222.81924632929511	102.31053777203965	66.319993674108844	20.581976547100879	5.7582594982490942	0.85866869674595858	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	S3 w/o D	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.56376218613677442	3.6165361102777634E-2	5.5711642714625311	11.436491348723614	19.978728187370507	31.515264283642932	262.09752304408374	491.27435057907275	639.31930199585622	491.27435057907275	811.33372629445478	1008.4884570765743	906.69749841292878	811.33372629445478	639.31930199585622	639.31930199585622	491.27435057907275	365.96772315915547	217.77158308746064	113.01675344618003	46.332733969167286	11.436491348723614	11.436491348723614	2.0217051464159383	0.35739035464761304	3.6165361102777634E-2	3.6165361102777634E-2	3.6165361102777634E-2	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	



HRRs for Pit Tests
System 1	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.10132515563998018	0.10132515563998018	0.20972223441814261	0.20972223441814261	1.001307112791854	1.001307112791854	1.001307112791854	3.5671088827244422	5.1625707267518637	5.1625707267518637	10.166054020746508	11.579625582396408	11.579625582396408	13.105006739383654	6.6697613631420607	25.70046594800883	32.041827609339329	43.856429043584278	115.28497578928723	291.57348191987819	499.48266048065057	648.92820794997397	822.41491033628301	822.41491033628301	1021.1102672165894	1246.1299816939836	1246.1299816939836	822.41491033628301	822.41491033628301	648.92820794997397	648.92820794997397	370.54801863668524	265.848437311765	145.383790011928	88.29689407774147	32.041827609339329	32.041827609339329	25.70046594800883	20.178615041641777	3.5671088827244422	3.2156965298862046	2.5773114253240266	0	0	0	0	0	0	System 2	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	2.5773114253240266	2.5773114253240266	14.579475088609486	31.777891557312884	65.504254183309826	569.78642573207878	1246.1299816939836	1368.8475545043584	1498.544304792202	1246.1299816939836	1246.1299816939836	1246.1299816939836	1368.8475545043584	1246.1299816939836	1246.1299816939836	1498.544304792202	499.48266048065057	267.73589811072526	89.272277593694497	20.581976547100879	5.7582594982490942	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	0.10300687736135046	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	3.7074003530665853E-2	0	0	0	0	0	0	0	0	0	0	0	0	System 3	0	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	340	360	380	400	420	440	460	480	500	520	540	560	580	600	620	640	660	680	700	720	740	760	780	800	820	840	860	880	900	920	940	960	0	0.83474321709718091	0.10132515563998018	8.2490307106359317	20.178615041641777	46.995808197748914	88.29689407774147	496.73748802848291	967.98851859367016	1246.1299816939836	1021.1102672165894	1498.544304792202	1779.3831804505874	1635.3477554082647	1498.544304792202	1246.1299816939836	1246.1299816939836	1021.1102672165894	822.41491033628301	571.27548635286325	372.85099504218272	222.81924632929511	102.31053777203965	66.319993674108844	20.581976547100879	5.7582594982490942	0.85866869674595858	0.20972223441814261	0.20972223441814261	0.10300687736135046	0.10300687736135046	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	6.3931930199585671E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	Time (s)

HRR (kW)
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