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SUMMARY AND CONCLUSIONS


The Modified Vented Pipe Test (MVPT) has been applied in accordance with the procedure supplied by the Competent Australian Authority to a series of ammonium nitrate matrices, both emulsions and suspensions. The substances tested have been chosen to cover a wide range of compositions with the aim to assess how discriminating the test actually is.


For each substance several tests with varying vent diameter have been carried out in order to find the greatest diameter at which an explosion occurs (i.e., when the vessel breaks). A possible correlation with the Koenen Test has also been investigated carrying out additional trials of this test on the same substances. For the purpose of obtaining more precise data, vent diameters within the range indicated by the original procedure have also been used. The results obtained in both tests show a good correlation and also suggest a high discriminating ability of the MVPT.


This correlation can be used as a tool that allows the MVPT criteria to be established with better precision when determining the vent diameter. The results obtained seem to suggest that the MVPT shows greater discrimination than the Koenen Test for those substances that are more sensitive to an external fire. On the other hand, the criteria for determining the vent diameter of 87 mm does not seem to be more restrictive than the current Test 8(b): Koenen Test. We recommend that more trials be carried out with other ANE substances that show a higher sensitivity to the Modified Vented Pipe Test in order to be able to present clear criteria.


In addition, the results obtained clearly show that the ammonium nitrate suspensions containing perchlorates and/or water soluble amine nitrate salts have similar or lesser risk than standard emulsions. In many cases explosions have been achieved with markedly smaller vent diameters. This fact was also revealed in the Koenen Test.


Finally, the results suggest that the Modified Vented Pipe Test turns out to be more discriminating than the Koenen Test when dealing with substances that are sensitive to an external fire. However, if this test is meant to be more restrictive than the Koenen Test as a means of evaluating the suitability of a substance for transport in tanks, the currently accepted vent diameter (87 mm) should be reduced.

1. INTRODUCTION

In the December 2002 session, the Committee of Experts on the Transport of Dangerous Goods approved the inclusion of the Series 8 Trials in the Manual of Tests and Criteria. The Tests 8(a), 8(b) and 8(c) must be used to establish whether an ammonium nitrate emulsion, suspension or gel, intermediate product of Type E (ANE) blasting explosives, can be assigned to Class 5.1 (UN 3375). Test 8(d): Vented Pipe Test was included in this series as a method of evaluating the suitability of a substance for its transport in tanks.

Test 8(d) is controversial because, amongst other things, the procedure does not specify the heating rate that the sample must be subjected to. This may be one of the reasons why this test has not been reproducible or discriminatory in the different studies carried out (1, 2).


In an attempt to make this test more reproducible and less difficult, Orica Explosives and Dyno Nobel performed a series of studies in Australia, developing a new Modified Vented Pipe Test (3). Based on this work, the Competent Australian Authority proposed a Modified Vented Pipe Test (4). The ANE Working Group proposed that the future work carried out for the development of Test 8(d) bear in mind the guidelines prepared by the Australian Authority.


With this background, Unión Española de Explosivos (UEE) has applied the Modified Vented Pipe Test to ammonium nitrate suspensions as well as emulsions in accordance with the Australian procedure. The aim of this work is to evaluate the reproducibility of the test as well as its ability to distinguish between different substances. The possible correlation of the MVPT with the Koenen Test has also been investigated. Both tests consist in heating the substance contained in a vessel with a determined vent. The difference between them is the magnitude of the scale and the heating rate. In the Koenen Test the mass of the substance involved is around 40 g whereas it is around 40 kg for the Modified Vented Pipe Test. Regarding the heating range, it is 3.3 K/s with dibutyl phthalate for the Koenen Test versus 3 K/min with water for the MVPT.

2. EXPERIMENTAL

2.1. Substances tested
With the objective of assessing whether this test can distinguish between different substances from the point of view of risk during transport, a series of compositions have been chosen that cover a wide range of emulsions as well as suspensions.


Four emulsions have been considered: a standard emulsion of one salt (EM1), an emulsion with a lower water content than the standard (EM2), an emulsion with perchlorate as a second salt (EM3) and a fourth emulsion with sodium nitrate as a second salt (EM4). The use of similar or the same formulas to those already considered in other reports has been attempted. In this way, the emulsions EM2 and EM3 have been used in the report "The Modified Vented Pipe Test" (3). The emulsion EM1 has 1 % more water than the emulsion also used in this report but it coincides with various examples of Test 8(c), section 18.6.1 of the document ST/SG/AC.10/29/Add.2 (5). Finally, emulsion EM4 coincides with the AN/SN emulsion in the report "Evaluation of proposed USA Vented Pipe Test" (1).


With the same diversification criteria in the compositions, six suspension formulations have been chosen which cover a wide range. Two formulations without amine nitrate salts have been selected: SP1 with sodium perchlorate as a second oxidizer salt and SP2 with sodium perchlorate and sodium nitrate as second and third oxidizer salts. Suspensions SP3 and SP6 contain methylamine nitrate in different concentrations and suspensions SP4 and SP5 contain hexamine nitrate. Suspension SP4 only contains ammonium nitrate as an oxidizer salt and SP5 also contains sodium perchlorate, although the hexamine nitrate content is less than that of SP4.


The specified compositions of the substances used in this study are shown in Table 2.1. In all cases the viscosity is found to be between 30 and 50 Pa(s.

Table 2.1. Substances tested

	
	EM1
	EM2
	EM3
	EM4
	SP1
	SP2
	SP3
	SP4
	SP5
	SP6

	Ammonium nitrate
	76.0
	82.1
	74.9
	67.7
	62.3
	55.0
	67.4
	71.4
	66.4
	68.4

	Sodium nitrate
	-
	-
	-
	12.2
	-
	8.0
	-
	-
	-
	-

	Sodium perchlorate
	-
	-
	9.7
	-
	11.0
	8.0
	-
	-
	8.0
	-

	Methylamine nitrate
	-
	-
	-
	-
	-
	-
	15.0
	-
	-
	10.0

	Hexamine nitrate
	-
	-
	-
	-
	-
	-
	-
	14.0
	7.0
	-

	Water
	17.0
	12.3
	9.0
	14.1
	13.0
	14.0
	12.0
	14.0
	12.0
	13.0

	Paraffinic oil
	5.6
	4.2
	3.7
	4.8
	-
	-
	-
	-
	-
	-

	Glycol
	-
	-
	-
	-
	13.0
	14.0
	5.0
	-
	6.0
	8.0

	Emulsifier
	1.4
	1.4
	2.7
	1.2
	-
	-
	-
	-
	-
	-

	Thickener
	-
	-
	-
	-
	0.7
	1.0
	0.6
	0.6
	0.6
	0.6


2.2. Modified vented pipe test


The tests have been carried out following the procedure described in Annex 1 of Document UN/SCETDG/21/INF.69. Photographs 2.1-2.5 show the setting of the different elements used to carry out these tests.


The vented vessel was made of a drawn mild steel pipe with an inner diameter of 265 mm, a length of 580 mm and a wall thickness of 5.0 mm. Both the top and the base plates were made from 300 mm square, 6.0 mm thick mild steel plates. The top and base plates were fixed to the pipe by means of a single 10 mm fillet weld. The top plate had a vent with different diameters. Three holes of 2.0 mm were drilled in the top plate to neatly accommodate thermocouple K probes.


The vessel was supported by a metal stand at a height of 150 mm above a 400 mm square and 50 mm thick concrete block.


A 32-nozzle Mongolian Wok gas burner, Austcrown model JB-32LP, rested on the concrete block and under the stand. An aluminium sheet metal shield was placed around the concrete block to protect the gas flame from side winds. The diameter of the windshield was 600 mm and the height was 250 mm. The windshield had four, equidistant, adjustable vents 150 mm wide and 100 mm high.


Three 12 kg propane bottles were connected via a manifold and fed through a pressure regulator that reduced the gas bottle pressure down to 1.5 bar. The gas then flowed through a gas rotameter. A needle valve was placed after the rotameter to regulate the gas flow. The rotameter calibration curve is shown in Figure 2.1.


Four thermocouples K with 1.5 mm diameter stainless steel probes and fibreglass coated lead wires were used. One was placed above the gas flame and three into the vessel at 85 and 218 mm from the base and at 20 mm from the top of the vessel. The thermocouple placed at 218 mm from the base was eliminated in some tests. The output from the thermocouples was recorded in a data-logger which allowed the temperature data to be transferred to the computer for later analysis.


During these trials two video cameras connected to two monitors were used. One of them was used to observe and record the vessel and the second to observe the pressure and flow of gas and the temperature probe readings. Personnel could watch the test on the monitors in a concrete bunker at a safe distance.
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	2.1. Vented pipe
	2.2. Gas control system
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	2.3. Propane bottles and 

temperature data logger
	2.4. Recording video camera
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	2.5. Gas burner and stand



The tests were carried out filling the vessel to 75 % of its volume (to a height of 435 mm) with the substance under test. To determine the propane flow to be used, prior calibration using water was carried out every day and with every new burner. Gas flow was adjusted for each test to achieve a water heating rate between 3.0 and 3.5 K/min. A calibration curve is shown in Figure 2.2 as an example.


The gas flow was kept constant for each test and in the different tests it was found to be between 18 and 30 rotameter arbitrary units. Considering the calibration curve, the gas flow used for the different tests was found to be between 35 and 54 g/min.


As the area where the tests were carried out is windy, a windshield made of empty drums was put in place for the purpose of protecting the test from the effect of the wind.
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Figure 2.1. Rotameter calibration.
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Figure 2.2. Heating of the water during calibration.

2.3. Koenen Test

The tests have been carried out following the procedure described in sections 11.5.1 and 12.5.1 of Manual of Tests and Criteria, ST/SG/AC.10/11/Rev.3. Photographs 2.6 and 2.7 show the equipment used to carry out this test.
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	2.6. Device
	2.7. Tube



Reichelt and Partern GmbH, official supplier of this equipment, supplied the tools and materials.


According to the test procedure, three trials have to be performed without getting any type "F", "G" or "H" effects which would indicate an "explosion". The moment when such a result is achieved, the next largest diameter hole has to be used. The largest diameter at which at least one "explosion" is obtained is called the "limiting diameter". For a substance to have a "-" result in this test, the limiting diameter has to be smaller than 1.0 mm for Series 1, or smaller than 2.0 mm for Series 2 and 8.

Plates with vents of diameters between those specified in the procedure have also been used for the purpose of obtaining more precise values.

3. RESULTS

3.1. Modified Vented Pipe test

The data and the results of the different tests are shown in Tables 3.1-3.2, Figures 3.1-3.32 and Photographs 3.1-3.33. Various tests have been carried out for the different substances varying the vent diameter for the purpose of finding the greatest diameter at which an explosion occurs, understanding this to be when the vessel breaks. This value has been named "limiting vent diameter", LVD.


The results obtained in the different tests have been diverse regarding the exit manner of the decomposition gases, as well as the final state of the vessel. From lesser to greater effect, the following can be obtained: light venting, venting, vigorous venting, bulging of the endplates of the vessel, failure of the welds or breakage of endplates of the vessel, breakage of the vessel into large pieces and breakage of the vessel into small fragments. As is logical, the more serious effects are found, for the same substance, as the vent diameter is reduced. For the purpose of comparing the different substances, and in accordance with the procedure, a “+“ result has been considered when an explosion has occurred understanding this to be when the vessel breaks, regardless of the magnitude of the breakage.


Figures 3.1-3.32 show the temperature curves registered with the different thermocouples. The forms of these curves are similar for the different tests carried out for the same type of product. However, significant differences are found between emulsions and suspensions. While in the case of emulsions the final mass decomposition is produced at times between 68 and 116 min, for the suspensions the times are found to be between 48 and 69 min. On the other hand, the temperature of the product at which this final mass decomposition occurs is also slightly higher in the emulsions. Also it can be observed how in the first stage of the test (T<150 ºC) the temperature of the product shows many more brusque changes in the emulsions than in the suspensions. This difference could be due to the breakdown of the emulsion. With the suspensions, the only physical change that is produced is the dissolution of the salts in solid state as the temperature of the product is raised. In general total dissolution is reached at temperatures nearing 70 ºC.

In both cases it can be frequently observed that the temperature of the product in the middle of the vessel is greater than that at the bottom. The convection currents of the product within the vessel explain this phenomenon. As the product is heated from the base, this tends to rise, being substituted by cold product. After half an hour the product is homogenized, the same temperature being observed throughout the whole product.


Although the tests have not been repeated, this test can be considered reproducible due to the coherence of the results obtained from all of them. All of the tests carried out, except three, are shown in Tables 3.1 and 3.2. In total 36 tests have been carried out although three of them had to be repeated due to incidents that occurred during them. In test VPT01 suspension SP1 was tested with a vent diameter of 87 mm. This test was rejected because the water heating rate was 2.37 K/min. This lower heat flow meant that the brusque temperature increase occurred after 82.44 min. This test was repeated (VPT02) with an appropriate heating rate (3.32 K/min), producing the brusque temperature increase after 68.17 min. In the two tests the same result was obtained. Test VPT09 was not completed because a gust of wind blew some of the drum windshield onto the vessel, knocking it over. The test was carried out again (VPT10). On the other hand, test VPT14 has not been considered because the drum windshield used to protect the vessel from the wind was positioned incorrectly, so the test was affected by the wind and therefore, the brusque temperature increase occurred after 170.00 min. This test was repeated (VPT15) obtaining a markedly lower time (108.55 min) although the results of both tests were the same. The fact that heating the sample at a lower speed increases the duration of the test but seems not to influence the final result was already set out in the Orica and Dyno Nobel report (3).


From the tests carried out it can be concluded that this test distinguishes between different substances, obtaining results that are coherent with their composition. With the emulsions of one salt it is observed that a decrease in the water content raises the vent diameter at which an explosion is obtained. Emulsion EM1 with 17.0 % water shows an LVD of 60 mm and, yet, emulsion EM2 with 12.3 % has shown a LVD of 80 mm.

On the other hand, the addition of sodium perchlorate to the emulsion also considerably raises the vent diameter at which an explosion occurs. The addition of 9.7 % sodium perchlorate raises the LVD by values equal or greater than 100 mm (EM3). The fact that the substitution of part of the ammonium nitrate for sodium nitrate decreases the vent diameter at which an explosion occurs must be highlighted. Emulsion EM4 with 12.2 % sodium nitrate shows a LVD of 30 mm.


With the suspensions results have also been obtained that are coherent with their composition. The greatest LVD found (70 mm) corresponds to suspension SP4 which contains 14.0 % hexamine nitrate. The reduction of this percentage substituting part with sodium perchlorate significantly reduces the LVD. Suspension SP5 with 7.0 % hexamine nitrate and 8.0 % sodium perchlorate shows a LVD of 45 mm. This result is not surprising because suspension SP1, which does not contain hexamine nitrate and instead contains 11.0 % sodium perchlorate shows a LVD of 30 mm. On the other hand, suspension SP3 with 15.0 % methylamine nitrate shows a LVD or 45 mm. If this percentage is reduced to 10.0 % (SP6), the LVD becomes less than 30 mm.


It must also be highlighted how suspension SP1, with 11.0 % sodium perchlorate, shows a LVD of 30 mm. If we compare this behaviour with emulsions such as EM3 with 9.7 % sodium perchlorate, it shows a LVD ( 100 mm. All of the suspensions tested, except SP4, (SP5, SP3, SP1 and SP6) show a LVD smaller than that of the standard emulsion EM1 (60 mm).


Comparing the results obtained with those shown in the Orica and Dyno report (3), it is observed that while emulsion EM1 with 17.0 % water has a LVD of 60 mm, Orica and Dyno obtained an explosion with a vent diameter of 75 mm and for an emulsion with 16.1 % water. It would have to be confirmed that this disparity is due to the difference in the composition of both emulsions. The data that was obtained (DVL = 60 mm) would be confirmed since explosions had not been obtained at vent diameters of 75, 70 and 65 mm. On the other hand, in the same report (3), an emulsion the same as EM2 showed an explosion with 75 mm and did not explode with a diameter of 81 mm. In our study, this same emulsion showed an explosion with a vent diameter of 80 mm and did not explode when the diameter was increased to 87 mm. In this case, the results of both studies were quite similar.


In the document provided by the Competent Australian Authority (4) an example is given of an emulsion the same as EM3 indicating that an explosion is obtained with a vent diameter of 87 mm. In our case, explosions have been obtained with this same emulsion using vent diameters of 87 and 100 mm, although the LVD could be even greater as the diameter has not continued to be increased until obtaining a “no explosion” result.


If we compare the results obtained in the MVPT with the Scandinavian VPT trials (1,2), a great difference can be observed. While in the VPT trials no differences are detected between the emulsion of one salt and that of two AN/SN salts, in our study a significant difference can be seen. While the emulsion of one salt (EM1) shows a LVD of 60 mm, the emulsion that also contains sodium nitrate (EM4) shows a LVD of 30 mm. This difference agrees with the results obtained in the Koenen Test. In this test the emulsion EM1 shows a limiting diameter of 1.5 mm, while emulsion EM4 shows a limiting diameter < 0.75 mm. This results suggest that the Modified Vented Pipe Test according to the procedure proposed by the Competent Australian Authority is much more discriminatory than current Test 8(d). 

Table 3.1. Modified Vented Pipe Test: Emulsion compositions

	Substances
	Vent size

(mm)
	Water calibration

(ºC/min)
	Rotameter reading
	Time1
(min)
	Result
	Outcome
	Vessel
	Figure

Photograph
	Video

	EM1 Ammonium nitrate 76.0%, Water 17.0%, 

Paraffinic oil 5.6%, Emulsifier 1.4%
	75
	3.08
	26
	104.70
	-
	Vigorous venting
	Unchanged
	F3.1, P3.1
	VPT10

	
	70
	3.39
	26
	108.55
	-
	Vigorous venting
	Unchanged
	F3.2, P3.2
	VPT15

	
	65
	3.21
	22
	102.66
	-
	Vigorous venting
	Unchanged
	F3.3, P3.3
	VPT17

	
	60
	3.21
	22
	106.8
	+
	Explosion
	Top weld failed
	F3.4, P3.4
	VPT18

	EM2 Ammonium nitrate 82.1%, Water 12.3%, 

Paraffinic oil 4.2%, Emulsifier 1.4%
	87
	3.41
	18
	67.62
	-
	Vigorous venting
	Unchanged
	F3.5, P3.5
	VPT29

	
	80
	3.25
	22
	100.70
	+
	Explosion
	Plates and tube split
	F3.6, P3.6
	VPT26

	
	70
	3.39
	20
	84.94
	+
	Explosion
	Base weld failed

Top plated domed
	F3.7, P3.7
	VPT25

	EM3 Ammonium nitrate 74.9%, Sodium perchlorate 9.7%, 

Water 9.0%, Paraffinic oil 3.7%, Emulsifier 2.7%
	100
	3.37
	22
	79.24
	+
	Violent explosion
	Fragmented in small pieces
	F3.8, P3.8
	VPT31

	
	87
	3.32
	30
	81.15
	+
	Violent explosion
	Fragmented in small pieces
	F3.9, P3.9
	VPT03

	EM4 Ammonium nitrate 67.7%, Sodium nitrate 12.2%, 

Water 14.1%, Paraffinic oil 4.8%, Emulsifier 1.2%
	40
	3.11
	24
	107.18
	-
	Venting
	Unchanged
	F3.10, P3.10
	VPT32

	
	35
	3.26
	24
	103.50
	-
	Venting
	Unchanged
	F3.11, P3.11
	VPT36

	
	30
	3.22
	24
	115.81
	+
	Explosion
	Both welds failed

Tube split
	F3.12, P3.12
	VPT34


1) time at which a sharp increment is observed in the temperature curves.

Table 3.2. Modified Vented Pipe Test: Suspension compositions

	Substances
	Vent size

(mm)
	Water calibration

(ºC/min)
	Rotameter reading
	Time1
(min)
	Result
	Outcome
	Vessel
	Figure

Photograph
	Video

	SP1 Ammonium nitrate 62.3%, Sodium perchlorate 11.0%, 

Water 13.0%, Glycol 13.0%, Thickener 0.7%
	87
	3.32
	30
	68.17
	-
	Slight venting
	Unchanged
	F3.13, P3.13
	VPT02

	
	75
	3.19
	20
	66.17
	-
	Venting
	Unchanged
	F3.14, P3.14
	VPT05

	
	40
	3.39
	20
	57.05
	-
	Venting
	Unchanged
	F3.15, P3.15
	VPT23

	
	35
	3.44
	24
	55.75
	-
	Venting
	Unchanged
	F3.16, P3.16
	VPT35

	
	30
	3.20
	24
	62.91
	+
	Explosion
	Top weld failed

Base plate split
	F3.17, P3.17
	VPT22

	SP2 Ammonium nitrate 55.0%, Sodium nitrate 8.0%, Sodium perchlorate 8.0%, Water 14.0%, Glycol 14.0%, Thickener 1.0%
	75
	3.16
	20
	56.77
	-
	Venting
	Unchanged
	F3.18, P3.18
	VPT06

	SP3 Ammonium nitrate 67.4%, Methylamine nitrate 15.0%, 

Water 12.0%, Glycol 5.0%, Thickener 0.6%
	75
	3.19
	20
	57.82
	-
	Venting
	Unchanged
	F3.19, P3.19
	VPT04

	
	70
	3.07
	28
	58.04
	-
	Venting
	Unchanged
	F3.20, P3.20
	VPT11

	
	65
	3.07
	28
	58.05
	-
	Venting
	Unchanged
	F3.21, P3.21
	VPT12

	
	60
	3.27
	28
	-
	-
	Venting
	Unchanged
	         , P3.22
	VPT13

	
	50
	3.14
	24
	55.30
	-
	Venting
	Unchanged
	F3.22, P3.23
	VPT19

	
	45
	3.41
	18
	61.73
	+
	Explosion
	Base plate split

Top base domed
	F3.23, P3.24
	VPT30

	
	40
	3.26
	24
	57.71
	+
	Explosion
	Base weld failed

Top base domed
	F3.24, P3.25
	VPT21


1) time at which a sharp increment is observed in the temperature curves.

Table 3.2 (cont.). Modified Vented Pipe Test: Suspension compositions

	Substances
	Vent size

(mm)
	Water calibration

(ºC/min)
	Rotameter reading
	Time1
(min)
	Result
	Outcome
	Vessel
	Figure

Photograph
	Video

	SP4 Ammonium nitrate 71.4%, Hexamine nitrate 14.0%, 

Water 14.0%, Thickener 0.6%
	75
	3.16
	20
	67.78
	-
	Vigorous venting
	Unchanged
	F3.25, P3.26
	VPT08

	
	70
	3.14
	24
	48.10
	+
	Explosion
	Base weld failed

Top plate domed
	F3.26, P3.27
	VPT20

	
	60
	3.39
	26
	52.05
	+
	Violent explosion
	Fragmented in small pieces
	F3.27, P3.28
	VPT16

	SP5 Ammonium nitrate 66.4%, Sodium perchlorate 8.0%, Hexamine nitrate 7.0%, Water 12.0%, Glycol 6.0%, Thickener 0.6%
	75
	3.16
	20
	61.97
	-
	Venting
	Unchanged
	F3.28, P3.29
	VPT07

	
	50
	3.39
	20
	59.35
	-
	Vigorous venting
	Top plate domed
	F3.29, P3.30
	VPT24

	
	45
	3.14
	22
	68.64
	+
	Explosion
	Base plate split

Top plate domed
	F3.30, P3.31
	VPT28

	SP6 Ammonium nitrate 68.4%, Methylamine nitrate 10.0%, 

Water 13.0%, Glycol 8.0%, Thickener 0.6%
	35
	3.14
	22
	61.84
	-
	Venting
	Top plate slightly domed
	F3.31, P3.32
	VPT27

	
	30
	3.11
	24
	56.35
	-
	Venting
	Top and base plate domed
	F3.32, P3.33
	VPT33


1) time at which a sharp increment is observed in the temperature curves.

3.2. Koenen test


The results of the Koenen Test are shown in Table 3.3. The state of the tube after the test for the different vent diameters is described with letters:

"O": tube unchanged;

"B": bottom and wall of the tube bulged out;

"D": wall of tube split; and

"F": tube fragmented into three or more mainly large pieces, which in some cases may be connected with each other by a narrow strip. In this case the result is regarded as "explosion".


As has been previously indicated, the limiting diameter corresponds to the greatest plate vent diameter at which an “explosion” is obtained. In the last three columns of the Table the result is indicated ("-" or "+") obtained in accordance with the criteria corresponding to each series of tests depending on the limiting diameter obtained.


The results obtained seem coherent and therefore, a decrease in the water content of the emulsion of one salt from 17.0 (EM1) to 12.3 % (EM2), raises the limiting diameter from 1.50 to 1.75 mm. And on the other hand, with the suspensions, the decrease in the methylamine nitrate content from 15.0 (SP3) to 10.0 % (SP6) decreases the limiting diameter from 1.00 mm to a value smaller than 0.75 mm.


It must also be highlighted how the addition of sodium nitrate to the emulsion of one salt makes the limiting diameter decrease to values smaller than 0.75 mm for the emulsion studied (EM4). On the other hand, the addition of sodium perchlorate to the emulsion of one salt raises the limiting diameter to 2.0 mm (EM3).


With suspensions it is observed that the presence of hexamine nitrate involves greater limiting diameters. Therefore, suspensions with methylamine nitrate or perchlorate show limiting diameters equal to or less than 1.00 mm, while suspensions with hexamine nitrate show limiting diameters of between 1.25 and 1.50 mm.

Table 3.3. Koenen Test

	Substances
	Hole diameter (mm)
	Limiting diameter

(mm)
	
	Result
	

	
	0.75
	1.00
	1.25
	1.50
	1.75
	2.00
	2.25
	
	Series 1
	Series 2
	Series 8

	EM1 Ammonium nitrate 76.0%, Water 17.0%, Paraffinic oil 5.6%, 

Emulsifier 1.4%
	
	F
	
	F
	O,O,O
	O,O,O
	
	1.50
	+
	-
	-

	EM2 Ammonium nitrate 82.1%, Water 12.3%, Paraffinic oil 4.2%, 

Emulsifier 1.4%
	
	
	
	F
	F
	O,O,O
	
	1.75
	+
	-
	-

	EM3 Ammonium nitrate 74.9%, Sodium perchlorate 9.7%, 

Water 9.0%, Paraffinic oil 3.7%, Emulsifier 2.7%
	
	
	
	
	
	O,O,F
	O,O,O
	2.00
	+
	+
	+

	EM4 Ammonium nitrate 67.7%, Sodium nitrate 12.2%, 

Water 14.1%, Paraffinic oil 4.8%, Emulsifier 1.2%
	D,B,B
	B
	O
	O,B,O
	O,O,O
	
	
	<0.75
	-
	-
	-

	SP1 Ammonium nitrate 62.3%, Sodium perchlorate 11.0%, 

Water 13.0%, Glycol 13.0%, Thickener 0.7%
	F
	O,O,O
	
	O
	
	
	
	0.75
	-
	-
	-

	SP2 Ammonium nitrate 55.0%, Sodium nitrate 8.0%, Sodium perchlorate 8.0%, Water 14.0%, Glycol 14.0%, Thickener 1.0%
	
	F
	O,O,O
	O,O,O
	
	
	
	1.00
	+
	-
	-

	SP3 Ammonium nitrate 67.4%, Methylamine nitrate 15.0%, 

Water 12.0%, Glycol 5.0%, Thickener 0.6%
	
	O,F
	O,O,O
	O,O,O
	
	
	
	1.00
	+
	-
	-

	SP4 Ammonium nitrate 71.4%, Hexamine nitrate 14.0%, 

Water 14.0%, Thickener 0.6%
	
	
	
	F
	O,O,O
	O,O,O
	
	1.50
	+
	-
	-

	SP5 Ammonium nitrate 66.4%, Sodium perchlorate 8.0%, Hexamine nitrate 7.0%, Water 12.0%, Glycol 6.0%, Thickener 0.6%
	
	F
	O,O,F
	O,O,O
	
	
	
	1.25
	+
	-
	-

	SP6 Ammonium nitrate 68.4%, Methylamine nitrate 10.0%, 

Water 13.0%, Glycol 8.0%, Thickener 0.6%
	O,O,O
	O,O,O
	
	O
	
	
	
	<0.75
	-
	-
	-


4. CORRELATION BETWEEN MODIFIED VENTED PIPE TEST AND KOENEN TEST RESULTS


In Table 4.1 the results obtained in the different vented pipe tests and Koenen Tests can be found. The letter "V" means that in the Modified Vented Pipe Test a more or less violent gas escape has been produced but the vessel has not broken although the lid or base may have bulged out. "VV" means that the gas venting has been vigorous and "LV" that the venting has been light. The letter "E" indicates that an "explosion" has been produced, when the vessel has broken. This breakage may have been produced in diverse forms: a falling of one or both welds, one or both plates or the pipe break. "EV" means a violent explosion that is characterized because the vessel has fragmented into small pieces and produces a crater in the ground. These effects suggest that a deflagration-detonation transition has been produced.


To show the correlation between the MVPT and the Koenen Tests, the greatest vent diameter at which an explosion is obtained versus the limiting diameter of the Koenen Test has been plotted in Figure 4.1. The points corresponding to emulsions have been represented with triangles and those corresponding to suspensions with circles. The hollow symbols indicate that these points are not definite. Therefore, in the case of the emulsion with perchlorate (EM3), a limiting diameter in the Koenen Test of 2.00 mm has been obtained. However, the Modified Vented Pipe Test has not been tested with a sufficiently large diameter so that an explosion is not obtained. The ordinate of the EM3 point may be greater than that indicated in the graph. With suspension SP6 the limiting diameter of the Koenen Test could be less than 0.50 mm, as the smallest diameter tested has been 0.75 mm. Smaller orifices have not been tested because it is believed that the results may not be conclusive due to the possible obstructions from solid residues with such small vent. In this case a result of an explosion was not obtained in the MVPT because it was decided that the smallest diameter to be tested would be 30 mm. The point corresponding to suspension SP6 could then have an abscissa and/or ordinate smaller than those indicated in the graph. With emulsion EM4 “explosion” results were not obtained in the Koenen Test. However, as results “B” and “D” were obtained for the diameter 0.75 mm it has been considered that for their representation in Figure 4.1 the limiting diameter could be 0.50 mm.


From Figure 4.1, a correlation can be shown between the two types of tests, with an increasing monotonous dependence. In accordance with the curve, the Koenen Test would be more discriminating for smaller vent diameters whilst the Modified Vented Pipe Test would be of greater discriminating power for larger diameters. The existence of the correlation between these two methods can help to determine the vent diameter in the MVPT. However, it would be necessary to carry out additional tests with sensitive substances with the objective of obtaining more points in the higher part of the curve and therefore be able to establish with greater precision the vent diameter of the test.


Emulsions of one salt with smaller water contents or with low concentrations of sodium perchlorate could be tried. Greater concentrations of hexamine nitrate could be tested with suspensions.
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Figure 4.1. Maximum MVPT venting diameter at which an explosion is obtained against Koenen limiting diameter. Circles correspond to suspensions and triangles correspond to emulsions. Hollow symbols mean that the data is not definite and the points could shift according to the arrows.

Table 4.1. Result summary

	Substances
	Koenen limiting diameter

(mm)
	MVPT limiting venting diameter (mm)

	
	
	100
	87
	80
	75
	70
	65
	60
	55
	50
	45
	40
	35
	30

	EM3 Ammonium nitrate 74.9%, Sodium perchlorate 9.7%, 

Water 9.0%, Paraffinic oil 3.7%, Emulsifier 2.7
	2.00
	VE
	VE
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	EM2 Ammonium nitrate 82.1%, Water 12.3%, 

Paraffinic oil 4.2%, Emulsifier 1.4%
	1.75
	-
	V
	E
	-
	E
	-
	-
	-
	-
	-
	-
	-
	-

	EM1 Ammonium nitrate 76.0%, Water 17.0%, 

Paraffinic oil 5.6%, Emulsifier 1.4%
	1.50
	-
	-
	-
	V
	V
	V
	E
	-
	-
	-
	-
	-
	-

	EM4 - Ammonium nitrate 67.7%, Sodium nitrate 12.2%, 

Water 14.1%, Paraffinic oil 4.8%, Emulsifier 1.2
	< 0.75
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	V
	V
	E

	SP4 Ammonium nitrate 71.4%, Hexamine nitrate 14.0%, 

Water 14.0%, Thickener 0.6%
	1.50
	-
	-
	-
	V
	E
	-
	VE
	-
	-
	-
	-
	-
	-

	SP5 Ammonium nitrate 66.4%, Sodium perchlorate 8.0%, Hexamine nitrate 7.0%, Water 12.0%, Glycol 6.0%, Thickener 0.6%
	1.25
	-
	-
	-
	V
	-
	-
	-
	-
	V
	E
	-
	-
	-

	SP3 Ammonium nitrate 67.4%, Methylamine nitrate 15.0%, 

Water 12.0%, Glycol 5.0%, Thickener 0.6%
	1.00
	-
	-
	-
	V
	V
	V
	V
	-
	V
	E
	E
	-
	-

	SP2 Ammonium nitrate 55.0%, Sodium nitrate 8.0%, Sodium perchlorate 8.0%, Water 14.0%, Glycol 14.0%, Thickener 1.0%
	1.00
	-
	-
	-
	V
	-
	-
	-
	-
	-
	-
	-
	-
	-

	SP1 Ammonium nitrate 62.3%, Sodium perchlorate 11.0%, 

Water 13.0%, Glycol 13.0%, Thickener 0.7%
	0.75
	-
	V
	-
	V
	-
	-
	-
	-
	-
	-
	V
	V
	E

	SP6 Ammonium nitrate 68.4%, Methylamine nitrate 10.0%, 

Water 13.0%, Glycol 8.0%, Thickener 0.6%
	< 0.75
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	V
	V
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APPENDIX A: TEMPERATURE CHARTS
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Figure 3.1. Temperature curves as a function of time for the emulsion EM1 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
Table 3.1

[image: image12.wmf]0

200

400

600

800

1000

1200

0

10

20

30

40

50

60

70

80

90

100

110

120

Headspace

Middle

Lower

Temperature  (ºC)

Time  (min)


Figure 3.2. Temperature curves as a function of time for the emulsion EM1 with a venting hole of 70 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.3. Temperature curves as a function of time for the emulsion EM1 with a venting hole of 65 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.4. Temperature curves as a function of time for the emulsion EM1 with a venting hole of 60 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.5. Temperature curves as a function of time for the emulsion EM2 with a venting hole of 87 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.6. Temperature curves as a function of time for the emulsion EM2 with a venting hole of 80 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.7. Temperature curves as a function of time for the emulsion EM2 with a venting hole of 70 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.8. Temperature curves as a function of time for the emulsion EM3 with a venting hole of 100 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.9. Temperature curves as a function of time for the emulsion EM3 with a venting hole of 87 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.10. Temperature curves as a function of time for the emulsion EM4 with a venting hole of 40 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.11. Temperature curves as a function of time for the emulsion EM4 with a venting hole of 35 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.12. Temperature curves as a function of time for the emulsion EM4 with a venting hole of 30 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.13. Temperature curves as a function of time for the suspension SP1 with a venting hole of 87 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.14. Temperature curves as a function of time for the suspension SP1 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.15. Temperature curves as a function of time for the suspension SP1 with a venting hole of 40 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.16. Temperature curves as a function of time for the suspension SP1 with a venting hole of 35 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.17. Temperature curves as a function of time for the suspension SP1 with a venting hole of 30 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.18. Temperature curves as a function of time for the suspension SP2 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.19. Temperature curves as a function of time for the suspension SP3 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.20. Temperature curves as a function of time for the suspension SP3 with a venting hole of 70 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.21. Temperature curves as a function of time for the suspension SP3 with a venting hole of 65 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.22. Temperature curves as a function of time for the suspension SP3 with a venting hole of 50 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.23. Temperature curves as a function of time for the suspension SP3 with a venting hole of 45 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.24. Temperature curves as a function of time for the suspension SP3 with a venting hole of 40 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.25. Temperature curves as a function of time for the suspension SP4 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.26. Temperature curves as a function of time for the suspension SP4 with a venting hole of 70 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.27. Temperature curves as a function of time for the suspension SP4 with a venting hole of 60 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.28. Temperature curves as a function of time for the suspension SP5 with a venting hole of 75 mm. (Lower: 85 mm from the base; Middle: 218 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.29. Temperature curves as a function of time for the suspension SP5 with a venting hole of 50 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.30. Temperature curves as a function of time for the suspension SP5 with a venting hole of 45 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).


Table 3.2c

[image: image41.wmf]0

200

400

600

800

1000

0

10

20

30

40

50

60

70

Headspace

Lower

Temperature  (ºC)

Time  (min)


Figure 3.31. Temperature curves as a function of time for the suspension SP6 with a venting hole of 35 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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Figure 3.32. Temperature curves as a function of time for the suspension SP6 with a venting hole of 30 mm. (Lower: 85 mm from the base; Headspace: 20 mm from the top; Product level: 435 mm).
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APPENDIX B: VESSEL PHOTOGRAPHS AFTER THE TEST
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	3.17.  Suspension SP1, venting

hole 30 mm                [image: image77.png]
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	3.18.  Suspension SP2, venting

hole 75 mm          [image: image78.png]
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	3.19.  Suspension SP3, venting

hole 75 mm             [image: image82.png]
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	3.20.  Suspension SP3, venting

hole 70 mm             [image: image83.png]
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	3.21.  Suspension SP3, venting

hole 65 mm            [image: image84.png]
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	3.22.  Suspension SP3, venting

hole 60 mm            [image: image88.png]
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	3.23.  Suspension SP3, venting

hole 50 mm              [image: image89.png]
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	3.24.  Suspension SP3, venting

hole 45 mm            [image: image90.png]
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	3.25.  Suspension SP3, venting

hole 40 mm            [image: image94.png]
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	3.26.  Suspension SP4, venting

hole 75 mm           [image: image95.png]


Table 3.2c
	3.27.  Suspension SP4, venting

hole 70 mm          [image: image96.png]
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	3.28.  Suspension SP4, venting

hole 60 mm           [image: image100.png]


Table 3.2c
	3.29.  Suspension SP5, venting

hole 75 mm           [image: image101.png]


Table 3.2c
	3.30.  Suspension SP5, venting

hole 50 mm          [image: image102.png]
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	3.31.  Suspension SP5, venting

hole 45 mm           [image: image106.png]


Table 3.2c
	3.32.  Suspension SP6, venting

hole 35 mm           [image: image107.png]


Table 3.2c
	3.33.  Suspension SP6, venting

hole 30 mm           [image: image108.png]
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