Appendix

Ignitability and Explosibility Data for Dusts
from Laboratory Tests

A.1
TABLES A.1, A.2, AND A.3 AND COMMENTS FROM
THE BIA (1987)

AT
LIMITATIONS TO THE APPLICABILITY OF THE DATA

A1.1.1
Particie Size and Moisture Content

The applicability of the data in Tables A.1, A.2, and A.3 to other dusts of apparently iden-
tical materials is limited. In practice, dusts of a given overall chemistry may differ widely
in particle size, particle shape, and sometimes also in particle surface reactivity.
Furthermore, most ignitability and explosibility parameters arc influenced by inherent
features of the test method. Therefore, as a general rule, the tabulated data should be used
only as indications and not as the ultimate basis for design of actual safety measures in
industry. On the other hand, data obtained using the same test method allows relative com-
parison of ignitability and explosibility of various dusts. It is always necessary, however,
to account for any significant differences between the particle size d:stributions and par-
ticle shape of the actual dust of interest and those in Tables A.1, A.2, and A.3.

FFor a given dust material, the maximum explosion pressure (P,,,) and the maximum
rate of pressure rise (Kg,) increase systematically with decreasing particle size and mois-
ture content. The minimum ignition energy (MIE) generally decreases with decreasing
particle size and moisture content. Decreasing the moisture content and particle size can
also cause a decrease in both the minimum explosible dust concentration (C,;,) and the
minimum ignition temperature of a dust cloud (7,;;,). The dusts were tested “as received,”
and general lack of information on the moisture content presents a further uncertainty
concerning the specific applicability of the data. This applies, in particular, to the data
fer wood and cellulose and food and feedstuffs. Such dusts often contain considerable
fractions of moisture in the “as received” state.

It is generally advisable to have the actual dust of interest tested in a professional
laboratory.
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A.1.1.2
Initial State and Composition of the Gas in Which the Dust
Is Dispersed or Deposited

The data in Table A.1 apply to

® Atmospheric pressure (from —0.2 to +0.2 bar(g)).
@ Oxygen content of air (from 18 to 22 vol% O,).
® Normal ambient temperature (from 0 to 40°C).

In general, P,,,, and under certain conditions also (dP/dt),, or Ky,, increase propor-
tionally with the absolute initial pressure. Increased oxygen fraction in the atmosphere
increases both the ignitability and the explosibility, whereas a lower oxygen content
than in air reduces the hazard correspondingly. Increased initial temperature increases
the ignition sensitivity (reduces MIE). Normally, data for conditions that deviate sig-
nificantly from the standard test conditions have to be determined specifically in each
case.

If the gas phase contains some combustible gas or vapor, even in concentrations con-
siderably below the lower explosibility limit for the gas or vapor, hybrid effects can give
rise to considerable increase of both ignition sensitivity and explosibility. In such cases,
specific tests definitely have to be conducted.

A2
COMMENTS ON THE VARIOUS ITEMS IN TABLE A.1

A.1.2.1
Selection and ldentification of Dusts

The original table, published in German by the BIA (1987), contains nearly 1900
dusts. Therefore, the selection of about 375 dusts in Table A.1 constitutes about 20%
of those in the original tables. When making the selection, the samples of a given dust
material that gave the most severe test data were normally preferred. In addition,
sequences for some given dust materials showing systematic effects of, for example.
moisture content or particle size were included. Examples of this are data for peat and
aluminum.

In the original German table, the dusts are identified by a code number, which has been
omitted here. However, the sequence of the dusts in the condensed table is identical to
that in the original table. If required, the dusts in the condensed table can be easily iden-
tified in the original German table by means of the particle size data and the ignitability
and explosibility data.

A.1.2.2
Particle Size Distribution

Most of the dusts were tested as received. However, in some cases, fractions passing a
63 um sieve were tested.
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A.1.2.3
Minimum Explosible Dust Concentration (C.;,)

Most of the tabulated data were determined in the standard closed 1 m?® ISO (1985)
vessel or in the closed 20 liter Siwek sphere. Experience has shown that the latter appa-
ratus tends to give lower values than the 1 m® vessel, often by a factor of 2. (Note:
Another standard small-scale method, approved by Nordtest, 1989, seems to give data
in somewhat closer agreement with those from the 1 m?* ISO vessel.) The C,;, values in
brackets were determined in the modified 1.2 liter Hartmann apparatus in terms of the
smallest dispersed dust quantity that propagated flame, divided by the vessel volume.
These vatues are sometimes higher than the true C;, because of the comparatively weak
ignition source used.

A1.2.4
Maximum Explosion Pressure (P,,,)

The maximum explosion pressures were obtained either in the standard 1 m? ISO vessel
or in the 20 liter Siwek sphere. The data in brackets were obtained in the 20 liter sphere
using a simplified test procedure due to limited amounts of dust for testing. The stan-
dard procedure requires at least three replicated tests at each dust concentration over a
range of different concentrations.

A.1.2.5
Explosion Violence (K, St class)

K, is defined as the maximum rate of pressure rise during a dust explosion in an equidi-
mensional vessel, times the cube root of the vessel volume. K, (bar m/s) is numerically
equal to the maximum rate of pressure rise (bar/s) in the 1 m® standard ISO (1985) test.
The Ky, data in the table were obtained either in the standard ISO test or in the 20 liter
Siwek sphere, adopted by ASTM (1988), which has been calibrated to yield compara-
ble K, values.

The St class was determined using the modified Hartmann tube with a hinged lid at
the top. Brackets indicate that this test method is not considered adequate in the Federal
Republic of Germany for conclusive classification of St2 and St3 dusts (St2 means that
200 bar m/s < K, < 300 bar m/s, and St3 that K, = 300 bar m/s).

A.1.2.6
Minimum Ignition Temperature of Dust Clouds

These data were acquired using either the Godbert-Greenwald furnace or the BAM fur-
nace. The data in brackets were obtained using a modified, elongated version of the
Godbert-Greenwald furnace, yielding somewhat lower values than the version proposed
as an IEC (International Electrotechnical Commission) standard.
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A1.2.7
Minimum Ignition Energy (MIE)

In the original BIA (1987) publication, the MIE values appear in a scparate table.
However, because the dusts could be identified by their reference numbers, it was pos-
sible to incorporate the MIE values in Table A.1. These values are determined using soft
sparks (long discharge times) in agreement with the VDI method described by Berthold
(1987). Down to net spark energies of about 1 mJ, this method is in complete accordance
with the CMI method described by Eckhoff (1975). The VDI and the CMI methods are
the basis of the method for measuring MIE that is being evaluated by the IEC. The VDI
and CMI methods differ from the earlier U.S. Bureau of Mines (USBM) method, in which
an appreciable fraction of the '/2CV? quoted as MIE was lost in a transformer and never
got to the spark. Therefore, the USBM MIE values are generally higher than those deter-
mined by the new method. A tentative correlation for transforming USBM data to equiv-
alent VDI/CMI data is given in Figure A.1 (see also Section A.2.4).
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Figure A.1  Approximate empirical correlation between the minimum ignition energies measured by
the earlier USBM method described by Dorsett et al. (1960), and values generated by the more recent
methods described by Eckhoff (1975) and Berthold (1987), and the method being evaluated by the
IEC (see Chapter 7). Note: The correlation must be used as an indication only and must not be
extrapolated

A1.2.8
Glow Temperature

These data were obtained with a 5 mm thick layer of dust resting on a hot plate of
known, controllable temperature (equivalent to proposed standard IEC method for deter-
mining the minimum ignition temperature of a dust layer on a hot surface).
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A1.2.9
Flammability

The dusts are classified according to their ability to propagate a combustion wave when
deposited in a layer. Ignition is accomplished using either a gas flame or a glowing plat-
inum wire at 1000°C. The test sample is a 2 cm wide and 4 cm long dust ridge resting
on a ceramic plate. Ignition is performed at one end. The classifications are

Class 1. No self-sustained combustion.

Class 2. Local combustion of short duration.

Class 3. Local sustained combustion but no propagation.
Class 4. Propagating smoldering combustion.

Class 5. Propagating an open flame.

Class 6. Explosive combustion.

The numbers in brackets refer to a modified test procedure according to which 20
weight% diatomaceous earth is mixed with the powder or dust to be tested. By this
means, some materials that otherwise would not propagate a flame because they melt may
show sustained flame propagation.

A.2
APPLICABILITY OF EARLIER USBM TEST DATA

A.2.1
BACKGROUND

The U.S. Bureau of Mines in Pittsburgh, PA, developed a comprehensive set of laboratory
test methods for characterizing ignitability and explosibility of dusts, and published a large
number of test data, which have been widely used throughout the world. The test appara-
tuses and procedures were described by Dorsett et al. (1960). Test data for 220 agricultural
dusts were reported by Jacobson et al. (1961); for 314 dusts in the plastics industry, by
Jacobson, Nagy, and Cooper (1962); for 314 metal powders, by Jacobson, Cooper, and Nagy
(1964); for 241 carbonaceous dusts, by Nagy, Dorsett, and Cooper (1965); for 175 chem-
icals, drugs, dyes, and pesticides, by Dorsett and Nagy (1968); and for 181 miscellaneous
dusts, by Nagy, Cooper, and Dorsett (1968); that is, for 1445 dusts altogether.

In more recent years, alternative test methods have been developed, and there is a need
to indicate the extent to which the substantial amount of the earlier USBM data are com-
patible with more recent data, as for example those in Tables A.1, A.2, and A.3.

A2.2
MINIMUM IGNITION TEMPERATURE OF THE DUST CLOUD

The apparatus used was the original Godbert-Greenwald furnace, which is essentially
the same apparatus as the Godbert-Greenwald furnace used for determining the data in
Table A.1. The earlier USBM data should therefore be compatible with those in Table A.1.



Table A.1 Ignitability and explosibility of dusts
Ignitability and explosibility of dust clouds Dust layers
NMod. H. VDI T DIN
Particle size distribution 1 m®or 20 L vessel Explos. Glow | Flam.
Weight % <Size (um) Median | C;, Prax K, <63 um Toin (°C) MIE | temp. | <250 um
Dust type 500 | 250 [ 125 71 63 32 20 (um) | (g/m?) | (bar(g)) | (bar-m/s)| (Class) [G.G. TBAM | (mJ) | (°C) (Class)
Cotton, wood, peat
Cotton 98 72 38 25 44 (100) 7.2 24 St 1 560 350 3
Cellulose 92 71 20 3 51 60 9.3 66 500 250| 380 5
Wood dust 90 47 7 33 500 100 320
Wood dust 58 57 55 43 39 80 480 7! 310
Wood dust (chipboard) 70 30 43 60 9.2 102 St.2 490 320 3
Wood, cardboard, jute 30 5.8 26 610 245| 360 5
Wood, cardboard, jute, resin 30 8.4 67 520 3| 350 5
Lignin dust 96 85 66 57 18 15 8.7 208 470 >450 5
Paper dust 91 83 73 <10 5.7 18 580 360
Paper tissue dust 75 58 54 30 8.6 52 (St. 2) 540 300 4
Paper (phenolresin treated) 100 90 25 23 30 9.8 190 490 310
Peat (15% moisture) 84 58 26 3 58 60 10.9 157 St. 1 480 320 4
Peat (22% moisture) 82 65 40 15 46 125 8.4 69 St.1 470 320 4
Peat (31% moisture) 87 76 43 20 38 125 8.1 64 500 320
Peat (41% molsture) 88 76 40 18 39 No ignition 500 315
Peat (from bottom of sieve) 78 | 48 22 74 125 8.3 51 St. 1 490 310 4
Peat (dust deposit) 66 33 11 49 60 9.5 144 (360) 295
Paper pulp 93 76 29 9.8 168
Food, feedstuffs
Gravy powder (21% starch) 100 5.1 12 500 |>1000
Citrus pellets 100 60 7.7 39 460 250
Dextrose, ground 100 94 71 22 St 2 2
Dextrose 38 5 4 80 60 4.3 18 St 1 500 570 3
Fat/whey mixture 76 11 3 330 7.0 23 450 180| 410 5
Fat powder (48% fat) 100 75 24 7 92 30 6.4 20 St. 2 2
Dough 100 430 >100
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Fishmeal 68 23 12 320 125 7.0 35 530

Fructose (from filter) 99 39 17 150 60 9.0 102 430 <1| Melts
Fructose 92 15 200 60 7.0 28 440 180| 440q
Fructose 81 400 125 6.4 27 530 >4000| Melts

Barley grain dust 79 51 25 8 3 240 100 4
Dough 100 125 7.7 83 400

Qats grain dust 64 24 8 295 750 6.0 14 i1 350 3
Wheat grain dust 48 30 80 60 9.3 112 St.1 290 3
Wheat grain dust 100 81 50 32 25 125 St.2 3
Coffee (from filter) 100 99 89 <10 60 9.0 90 470 >450

Cofiee (refined) 100 6.8 i1 460 >500 4
Cocoa bean shell dust 100 125 8.1 68 >250 4
Cocoa/sugar mixture 53 20 500 125 7.4 43 St. 1 580 460 2
Potato granulate 100 6.4 21 440 >250 3
Potato flour 86 53 26 17 65 125 9.1 69 480 >450

Lactose (from filter) 83 60 47 22 125 6.9 29 450 80 >450

Lactose (from cyclone) 97 70 4 23 60 7.7 81 St 2 520 >450 3
Maize seed waste

(9% moisture) 98 67 40 23 16 165 30 8.7 117 440 >10

Milk powder 34 18 165 60 8.1 30 460 75| 330

Milk powder 98 15 8 235 60 8.2 75 450 80| 320

Milk powder (low fat,

spray dried) 100 | 100 99 60 17 46 30 7.5 109 >100

Milk powder (full fat,

spray dried) 30 88 60 8.6 83 St. 1 520 330 2
Whey fat emulgator 62 7 2 400 7.2 38 450 90| 420 5
Qlive pellets 100 125 10.4 74 470 [>1000

Rice flour 100 60 7.4 57 360 | >100

Rye flour 94 76 58 15 29 8.9 79 490 >450

Soy bean flour 85 63 50 20 (200) 9.2 110 St. 1 620 280 2
Potato starch 100 30 7.8 43 420 [>1000

Potato starch 100 50 17 32 (9.4) (89) 520 >3200| >450 2
Maize starch 99 98 94 <10 10.2 128 520 300( >450 2
Maize starch 94 81 60 16 60 9.7 158 St.1 520 440 2
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Table A.1 continued

Ignitability and explosibility of dust clouds Dust layers
Mod. H. VDI DIN
Particle size distribution 1 mor 20 L vessel Explos. Glow Flam.
Weight % <Size (um) Median | Gy, Prnax Ky <63 um Tooin (°C MIE | temp. | <250 um

Dust type 500 | 250 | 125 | 71 63 32 20 (um) | (9/m?) | (bar(g)) | (bar-m/s)| (Class) |G.G. | BAM | (mJ) | (°C) (Class)
Rice starch (hydrolyzed) 29 15 120 60 9.3 190 (St. 2) 480 555 5
Rice starch 99 74 54 18 470 90{ 390 3
Rice starch 86 62 52 18 10.0 190 (St. 2) 530 420 3
Wheat starch 84 50 20 60 9.8 132 (St. 2) 500 535 3
Tobacco 81 64 29 49 4.8 12 470 280
Tapioca pellets 61 42 44 125 9.0 53 St. 1 (450) 290 4
Tea (6% moisture) 100 30 8.1 68 510 23
Tea (black, from dust
collector) 64 48 26 16 76 125 8.2 59 St. 1 510 300 4
Meat flour 69 52 31 21 62 60 8.5 106 St. 1 540 >450 2
Wheat flour 50 500 540| >450
Wheat flour 97 60 32 25 57 60 8.3 87 430 >450
Dough 100 400 >100
Wheat flour 550 60 34 25 56 60 7.4 42 470 400| >450
Milk sugar 99 92 77 10 60 8.3 75 440 14| Melts 5
Milk sugar 98 64 32 27 60 8.3 82 St. 1 490 460 2
Sugar (icing) 88 70 52 19 470 >450
Coal, coal products
Activated carbon 99 80 55 18 60 8.8 44 790 >450
Activated carbon 88 64 22 No ignition 670 335
Activated carbon
{16% moisture) 84 65 38 46 125 8.4 67 (630)
Brown coal 83 69 40 20 M 9.1 123 420 160| 230 4
Brown coal (from
electrostatic filter) 75 60 27 55 60 9.0 143 St. 1 450 240 4
Brown coal (dust from
grinding) 71 56 38 30 60 8.9 107 420 230 230 3
Brown coal/anthracite (80:20) 66 43 24 40 60 8.6 108 440 >4000| 230
Brown coal/anthracite (20:80) 91 85 80 <10 0.4 1 590 280
Brown coal coke 93 18 13 290 250 8.4 115 St. 1 560 >450 3
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Brown coal (graphitized) 82 55 35 28 No ignition >850 >450

Char coal 99 88 | 67 14 60 | 80 | 10 [ st1 [s20 320 [ 4
| Charcoal | 95 85 | 58 19 60 | 85 | 117 | 540 270

Char coal 36 >500 No ignition >850 >450

Asphalt 83 54 32 29 15 8.4 117 550 Melts

Bituminous coal 97 93 85 <10 9.0 55 590 270

Bituminous coal (Peichora) 76 | 65 46 37 38 125 8.6 86 610 360

Anthracite (dust from filter) 99 97 85 <10 No ignition >850 360

Bituminous coal (high volat.) 99 4 60 9.1 59 510 260

Other natural organic

products

Cotton seed expellers 66 24 10 245 125 7.7 35 St. 1 (480) 350 3

Dextrin 57 26 55 8.8 109 St. 1 490 >450 2

Wheat gluten (after mill) 78 28 13 48 30 8.7 105 540 Melts

Blood flour 93 61 27 5 57 60 9.4 85 610 >450 1

Hops, malted 52 14 9 490 8.2 90 420 270

Leather dust (from coliector) (100) (St. 2} 5

Linen (containing oil) 63 21 300 6.0 17 (440) 230

Lycopedium 100 91 410 280

Oil shale dust 99 79 50 20 125 5.2 35 520 290 2

Qil shale dust 71 50 39 32 No ignition 610 >450

Grass dust 96 26 200 125 8.0 47 470 310

Walnut shell powder (100) St.1 4

Plastics, resin, rubber

Acrylnitrile-Butadiene-

Styrene-Co-polym. 79 37 24 200 60 9.2 147 (St. 2) 480 >450 5

Epoxy resin (for powder

coating) 100 82 58 28 55 (100) (St. 2) 2

Cellulose-2, 5-acetate 100 89 53 19 30 9.8 180 520 >450

Polyester resin with glass 92 91 89 80 72 14 (100) (St.2) 5

Rubber 93 45 34 (100) 7.4 106 (St. 2) 5

Rubber (dust from grinding) 78 | 43 12 80 30 8.5 138 500 13| 230 5

Resin (from filter) 97 44 40 30 8.7 108 460 Melts

Epoxy resin (60% resin +

36% Ti0,) 99 67 | 43 23 7.8 155
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Table A.1  continued

Ignitability and explosibility of dust clouds Dust layers
Nod. H. VDI
Particle size distribution 1 m3or 20 L vessel Explos. Glow Flam.
Weight % <Size (um) Median | C;, Prax Ksy <63 ym Toin (°C) MIE | temp. | <250 pm
Dust type 500 | 250 | 125 | 71 63 32 20 (um) | (g/m?) | (bar(g)) | (bar-m/s) | (Class) [G.G. [ BAM | (mJ) | (°C) | (Class)
Epoxy resin 95 60 36 26 30 7.9 129 St 510 Melts 2
Epoxy resin with Al 90 46 34 8.9 208 570 Melts
Maelamin resin 99 84 55 18 125 10.2 110 St. 1 840 >450 2
Melamin resin 66 24 13 57 60 10.5 172 St. 1 470 >450 2
Phencl resin 100 99 94 <10 15 9.3 129 (St. 2) 610 >450 2
Phenol formaldehyde resin 100 98 81 50 30 60 (100) St.1 4 4
Polyamid resin 95 84 64 15 3.0 8.9 105 450 Melts
Polymethacrylate 56 100 33 15 8.0 199 (2)
Silicon resin 91 59 39 20 13 100 60 7.2 80 480 Melts
Caoutchouc 58 40 20 95 30 9.5 192 450 230
Synthetical caocutchouc 66 46 18 9 80 15 8.6 145 (St.2) 450 240 5
Methylmethacrylate-
Butadiene-Styrene 45 18 135 30 8.6 120 470 11| Melts 5
Methylmethacrylate-
Butadiene-Styrene 34 11 150 30 8.4 114 480 30| Melts 5
Polyacrylamide (from fiiter) 100 95 81 10 250 5.9 12 St. 1 780 410 2
Polyacrylate (from filter) 100 63 11 1 62 125 6.9 38 460 >1800| 420 5
Polyacrylnitrile (32% H,0) 95 47 16 63 60 7.4 41
Polyamide flock
(3.3 diex 0.5 mm) 100 25 3 37 30 9.8 93 St.1 520 Melts 2(3)
Polyester <10 10.1 194 570 Melts
Polyethylene 9 51 10 72 7.5 67 440 Melts
Polyethylene 82 8 2 280 6.2 20 470 Melts
Polyethylene (high pressure) 98 93 65 10 26 8.7 104 490 >450
Polyethylene (low pressure) 95 86 <10 (30) 8.0 156 (St. 2) 420 Melts 2(5)
Polyethylene (low pressure) 36 10 150 125 7.4 54 St.1 480 Melts 3(5)
Polyethylens (low pressure) 90 20 9 245 125 7.5 46 St.1 460 Melts 3(5)
Polymethacrylate (from filter) 90 70 48 21 30 9.4 269 (St.2) 550 Melts 5
Polymethacrylimide 45 15 105 30 9.6 125 (St.2) 530 Melts 5
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Polypropylene 92 61 40 25 (30) 8.4 101 (St. 2) 410 Melts 3(5)
Polypropylene 100 12 162 (200) 7.7 38 St 1 440 Melts 2(5)
Polystyrene (copolymer) 32 11 155 30 8.4 110 450 Melts
Polystyrene (hard foam) 30 10 5 760 8.4 23

Polyurethane 100 90 3 <30 (7.8) (156) 5
Polyvinylacetate (copolymer) 83 50 20 60 8.7 86 St. 1 660 Melts 2
Polyvinylaicohol 74 55 44 26 60 8.9 128 (St. 2) 460 Melts 5
Polyvinylalcohol 57 29 9 56 60 8.3 83 St. 1 460 Melts 5
Polyvinylchloride 100 <10 30 8.4 168

Polyvinylchloride 46 15 125 30 7.7 68 530 340
Polyvinylchloride

(em., 97.5% PVC) 97 73 26 25 125 8.2 42 750 >2000| >450
Polyvinylchloride

{em., 97% PVC) 60 31 14 51 125 8.5 63 790 >2000| 350
Polyvinylchloride (susp.) 66 23 105 125 7.7 45 St 510 >450 2
Polyvinylchloride (susp.) 30 137 No ignition >800 >450
Urea-formaldehyde

{molded form) 99 91 75 13 60 10.2 136 St.1 700 390 2
Melamine-formaldehyde

{molded form) 93 86 70 14 60 10.2 189 St. 1 800 >440 2
El.stat. coating powder

(epoxy) 100 70 29 30 8.9 100 (St. 2) 540 Melts 2(3)
El.stat. coating powder

(polyurethane) 100 66 22 29 30 7.8 89 St. 1 490 Melts 2(2)
Shellac 100 33 15 7.6 144 (St. 2)

Wax (NN ethylene

distearamide) 100 95 10 15 8.7 269 (St.2) 2(2)
Pharmaceuticals,

cosmetics, pesticides S IR I

Acetyl salicylic acid 100 15 7.9 217 (St. 2) 550 2(5)
Amino phenazone 100 98 <10 10.3 238 330 >450
Ascorbic acid, L{+)- 93 75 61 14 60 6.6 48 (St. 2) 490 Melts 2(2)
Ascorbic acid 92 38 15 39 60 9.0 111 (St. 2) 460 Melts 2(2)
Caffeine 100 30 8.2 165 (St.2) >550 Melts 2(5)
Cysteine hydrate 100 98 94 <10 125 7.4 40 420 >2000| Melts

L-Cystin 100 95 69 15 60 8.5 142 400 40| Melts
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Table A.1  continued

Ignitability and explosibility of dust clouds Dust layers
Mod. H. VDI DIN
Particle size distribution 1 mPor 20 L vessel Explos. Glow Flam.

Weight % <Size (um) Median | C, Proax Ko <63 um Tonin (°C) MIE | temp. | <250 um
Dust type 500 [ 250 | 125 [ 71 63 32 20 (um) | (g/m?) | (bar(g)) | (bar-m/s)| (Class) [G.G. [BAM | (mJ) | (°C) [ (Class)
Digitalis leaves 59 42 46 250 8.5 73
Dimethylaminophenazone 100 <10 10.0 337
2-Ethoxybenzamide 100 15 8.6 214 (St. 2) 490 Melts 2(5)
Fungicide (Captan) 100 99 93 5 (500) St.1 5
Fungicide (org. zinc comp.) 99 96 <10 60 9.0 154 480 300
Fungicide (Maneb) 98 97 93 <10 380 >2500| 200
Methionine 100 99 95 <10 30 9.4 143 390 9| Melts 5
Methionine 100 98 87 <10 30 8.7 128 390 100| Melts 5
Sodium - L (+) ascorbate 97 67 45 23 60 8.4 119 St.1 380 380 2
Paracetamole 100 15 7.9 156 (St. 2) >550 Melts 2(5)
Pesticide 99 98 95 <10 60 8.6 151 410 320

Intermediate products,
auxiliary materials

Adipinic acid 98 92 86 <10 60 8.0 97 (St.2) 580 Melts 2(5)
Aging protective 100 67 <32 15 8.2 256 (St. 2) 2(3)
Anthracene 89 20 7 235 15 8.7 231 600 >450
Anthrachinone 100 <10 10.6 364

Anthrachinone 100 90 75 12 30 9.1 91

Azodicarbonamide 100 <10 12.3 176

Benzoic acid (30) (St. 2) 2(5)
Betaine hydrochioride 93 85 78 <10 60 9.8 114 (St.2) 400 >450 3
Betaine monohydrate 34 4 710 60 8.2 63 St. 1 510 >450 5
Diphenol ketylene 98 80 60 15 9.0 270

Galcium acetate 74 M 25 17 92 500 5.2 9 St. 1 730 >460 2
Casein 99 65 40 24 30 8.5 115 560 >450

Sodium caseinate (from filter) 100 99 77 17 60 8.8 117 560 740| >450
Carboxy methyl cellulose 97 89 <15 9.2 184

Carboxy methyl cellulose 50 20 12 71 125 8.9 127 St 1 390 320 3
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| Methyl cellulose 96 87 | 30 22 10.0 157 400 12| 380
Methyl cellulose ] 100 69 10 29 60 10.0 152 400 105| >450 9]
Methyl cellulose 93 37 12 37 30 10.1 209 410 29| 450 9]
Ethyl cellulose 66 40 40 8.1 162 (330) 275
Chloroacetamide 98 79 33 13 3 170 (200) St. 1 2(2)
Cyanoacrylicacid methylester 69 20 260 30 10.1 269 (St. 2) 500 >480 5
Dicyandiamide 99 98 97 <10 3.7 9 > 850 >450
1.3-Diethyldiphenyl urea 98 93 83 <10 15 8.8 163 (St. 2) 530 Melts 2(5)
1.3-Diethyldipheny! urea 8 1300 30 8.7 116 (8t.2) | 600 Melts | 2(5)
Dimethyl terephtalate 60 27 30 97 247 460 2| >450
Diphenyi urethane 93 49 27 128 30 8.9 218 (St. 2) 660 Melts 2
Diphenyl urethane 31 1100 30 7.6 51 (St. 2) 660 Melts 2
Emulgator (50% CH, 30% fat) 89 50 11 71 30 9.6 167 430 17{ 390
Ferrocene 71 33 95 15 8.3 267 500 5| »>450 5
Fumaric acid 100 75 24 15 11 215 {100) (St. 2) 5
Epoxy resin hardener 97 85 60 17 60 10.0 64 >850 Melts 2
Urea 4 2 <1 2900 St 1 1(2)
Hexamethylene tetramine 100 69 42 27 30 10.5 286
Hexamethylene tetramine 100 30 9 155 10.0 224 530 Melts
Cellulose ion exchange resin <10 60 10.0 91 (St.2) 410 >450 5
Cellulose ion exchange resin 27 9 112 30 9.4 112 (350) >465
Condensation product
(phenol) 92 74 50 20 15 8.2 171 (st.2) | 560 Melts | 2(5)
D{-)-Mannite 61 24 13 67 60 7.6 54 St.1 460 Melts 2
Melamine 98 95 88 <10 1000 0.5 1 St 1 >850 >450 2
Melamine peroxide 61 56 46 24 250 12.2 73 St. 1 >850 380 2
Melamine phosphate 100 79 22 St.1 2
Melamine phialate 99 89 65 16 125 8.1 52 St. 1 910 Melts 2
Metal soap (Ba/Pb-stearate) 100 48 15 8.1 180 (St 2) 2(2)
Metal soap (Zn-behenate) 100 80 15 8.1 119 (St. 2) 2(3)
Methacrylamide 42 580 8.5 113 530 180| >450
Naphtalene 89 66 35 12 95 15 8.5 178 660 <1] >450 (5)
Naphtalic acid anhydride 97 69 16 60 9.0 90 690 3| Meits
2-Naphtol 100 96 94 <10 8.4 137 430 5{ >450 ]
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Table A.1 continued

Ignitability and explosibility of dust clouds Dust layers
Mod. H. VDI Dl
Particle size distribution 1 m®or 20 L vessel Explos. Glow Flam.
Weight % <Size (um) Median | C,, Proax Ks <63 um Toin (°C) MIE | temp. | <250 um
Dust type 500 | 250 | 125 | 71 63 32 20 (um) | (g/m3) | (bar(g)) | (bar-m/s)| (Class) |[G.G. | BAM | (mJ) | (°C) (Class)
Sodium amide (200) (St. 2) 2
Sodium cyclamate 97 52 13 5 2 260 St. 1 5
Sodium hydrogen cyanamide 95 90 28 8 40 125 7.0 47 460 Melts
Sodium ligno sulphonate 100 63 20 58 (200) St.1 2
Oil absorber (hydrophobic
cellulose) 65 51 31 21 65 60 7.2 42 540 >450
Paraformaldehyde 89 65 41 23 60 9.9 178 (St.2) | 460 >480 5
Paraformaldehyde 86 58 37 27 60 10.7 222 460 >450
Pectin 86 61 21 59 60 9.5 162 460 300
Pectinase 91 47 20 34 60 10.6 177 510 180 >450 3
Pentaerythrite 100 98 86 <10 30 9.6 120 470 <1| Melts 2(5)
Pentaerythrite (from filter) 90 33 6 3 85 30 9.1 188 490 6| Melts 5
Pentaerythrite 86 47 36 20 12 135 30 9.0 158 27| Melts 5
Phtalic acid anhydride (100) (St. 2) 5
Polyethylene oxide 99 83 53 29 14 115 (30) (St.2) 3(5)
Polysaccharide 100 78 23 (500) St. 1 4
Propyleneglycol alginate 57 24 115 125 8.8 82 440 450
Salicylic acid (30) (St. 2) 2(5)
Saponin 93 77 65 13 9.4 150 St.1 440 >450 3
Lead stearate 99 96 90 80 <10 480 <1| Melts
Lead stearate 90 12 30 9.2 152 (St.2) 630 Melts 5
Calcium slearate 99 92 84 <10 520 9| Melts
Calcium stearate 92 80 <10 30 9.2 99 580 16| >450
Calcium stearate 100 43 25 145 30 9.2 155 550 12| >450
Magnesium stearate (100) (St. 2) 2(2)
Sodium stearate 92 67 45 22 30 8.8 123 St. 1 670 Melts 2
Zinc stearale (100) (St.2) 2(5)
Zinc stearate 95 86 72 13 520 5| Melts
Stearin/lead 99 95 75 15 60 9.1 111 600 3| >450
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Stearin/calcium 100 89 64 16 30 2.3 133 620 25 >450

Stearic acid 12 1300 8 7.2 34 (St. 2) 500 Melts 1(1)

Terephthalic acid dinitrile I D | 100 78 | <30 8.8 260 (St. 2) 5

2.2-Thiodiacetic acid 48 27 18 75 30 6.5 72 St. 1 350 410 2

Thio urea 56 1 460 250 3.5 8 St.1 440 Melts 2(2)

Trimeliitic anhydride 4 1250 30 6.8 33 740 >2500| Melts 2(5)

Trisodium citrate 36 2 1 800 St. 1 2

Tyrosine (final product) 100 99 48 10 (St. 2) 5

Tyrosine (raw product) 99 96 91 74 15 (St. 2) 5

Viscose flock 100 94 13 (100) St. 1 4

Tartaric acid 100 5 1 480 St.1 2

Zinc cyanamide 99 96 94 <10 No ignition >850 >450 3

Zinc cyanamide 47 34 27 14 600 (4.8) (53) No ignition 2

Zinc pyridine thione 100 (500) St 1 | 2(5)

Other technical and

chemical products

Organic dyestuff (blue) 99 98 95 <10 9.0 73 710 360

Organic dyestuif (khaki) 86 29 11 44 690 450

Organic dyestuff (red) <10 50 11.2 249 520 Melts

Organic dyestuff (red) 65 33 23 52 60 9.8 237 (St.2) 470 >450 5

Organic dyestuff (Azo, yellow) 100 98 95 <10 60 11.0 288 (S1.2) 480 Melts 2(5)

Organic dyestuff (disp.,

brilliant pink) 91 73 25 46 610 >4000| 450

Organic dyestuff (brown) (200) St. 1 4

Organic dyestuff

(Phthalocyanine) 96 86 <10 (200) 8.8 73 St. 1 770 355 4

Fuchsin base 74 45 26 36 8.4 115 640 Melts

Bituminous hydrocarbon 23 11 260 30 7.6 63 500 Meits 2

Light protection agent 97 92 83 <10 8.9 214 530 >450

Light protection agent 100 93 <15 10.0 310

Soap 65 30 9.1 111 580 Melts

Surfacer (epoxy based) 100 77 24 {200) St 1 2

Surfacer (polyester based) 100 85 19 (500) St. 1 2
| Washing agent (Na-sulphate) 88 14 275 30 9.0 287 (St. 2) 330 Melts 5
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Table A.1  continued
Ignitability and explosibility of dust clouds Dust layers
Mod. H. VDI DIN
Particle size distribution 1 méor 20 L vessel Explos. Glow Flam.
Weight % <Size (um) Median | C, Prox Ks <63 um Toin (°C) MIE | temp. | <250 um

Dust type 500 | 250 | 125 | 71 63 32 20 (um) | (g9/m3) | (bar(g)) | (bar-m/s)| (Class) [G.G. M] (mJ) [ (°C) (Class)
Wax raw material (Alkylaryl
suiphonate) St.1 5
Wax raw material (olefin
sulphonate) 60 28 105 30 8.6 115 390 >590
Metal alloys
Aluminum powder 94 88 79 <10 60 11.2 515 560 430
Aluminum powder 98 70 45 22 12.5 400 650 270
Aluminum powder 99 64 47 22 30 11.5 1100 500 >450
Aluminum powder 94 60 17 29 30 12.4 415 (St.3) 710 >450
Aluminum grit 100 96 23 30 11.0 320 850 >450
Aluminum grit 99 16 2 M 60 10.2 100 >850 >450
Aluminum grit 92 26 6 170 No ignition >850 >450 1
Aluminum shavings 80 35 20 190 620 >1800| >450
Aluminum shavings 79 29 17 240 No ignition >850 >450
Aluminum/iron (50:50) 93 68 48 21 250 9.4 230 760 >450
Aluminum/magnesium 47 130 10.4 52 St.1 >850 >450
Aluminum/nickel 95 86 <10 11.4 300
Aluminum/nickel (50:50) 37 18 90 No ignition >850 >450
Bronze powder 97 60 18 750 4.1 31 St.1 390 260 4
Calcium/aluminum (30:70) 68 48 22 11.2 420 600 >450 6
Calcium/sillcon (from cyclone) 94 75 48 21 60 9.8 200 (St.2) 770 >440 1
Calcium/silicon 87 55 28 770 145; >450
Iron (from dry filter) 98 82 67 12 500 5.2 50 580 >450
Iron carbonyl 96 <10 125 6.1 111 (St.2) 310 300 3
Ferrochromium 96 82 73 <10 500 6.4 86 >850 >450
Ferromanganese 99 97 90 <10 6.8 84 730 >450
FeSiMg (22:45:26) 99 77 57 17 9.4 169 670 210| >450
Ferrosilicon (22:78) 97 70 47 21 125 9.2 87 >850 >450
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Hard metal (TiC, TiN,

WC, VC, Mo) 100 95 68 40 43 (200) St.1 4
Co-Al-Ti {(62:18:20) 92 61 41 25 500 7.4 134 730 >450
Magnesium 100 70 28 30 17.5 508

Magnesium 99 1 240 500 7.0 12 (St. 2) 760 >450 5
FeSiMg(24:47:17) 99 70 47 21 9.9 267 560 35| >450
Manganese (electrolyt.) 82 70 57 16 6.3 157 (330) 285
Manganese (electrolyt.) 70 41 33 6.6 69

Molybdenum 100 96 92 <10 No ignition >850 390

Niobium (6% Al) 87 44 24 9 3 250 (200) St.1 2
Silicon 99 98 97 <10 125 10.2 126 >850 54| >450 3
Silicon (from filter) 100 99 | <10 60 9.5 116 >850 250| >450 1
Silicon {from dust extr.) 90 70 57 16 60 9.4 100 800 >450

Steel (100 Cr6) dust 100 74 | (30) (4.0) (82) {St. 2) 2
Titanium 98 55 24 30 450 >450
Titanium (preoxidized) 77 46 26 35 380 400

Ti/TiO, (dust deposit) 61 40 28 12 [§ 310 (100) (St.3)

Zinc (from zinc coating) 91 72 53 19 6.0 85 St 800 >450

Zinc (from zinc coating) 93 70 21 250 6.8 93 790 >450

Zinc (dust from collector) 99 <10 250 6.7 125 (S1.2) 570 440 3
Zinc {dust from collector) 97 91 72 10 125 7.3 176 St.1 2
Other inorganic products

NH,NO4/Dicyanamide

(66:34) 60 42 35 50 250 7.0 21 390 >450
Graphite (99.5% C) 100 97 7 <30 5.9 71 >600 680 1
Carbon fibers (99% C) (100) St. 1 2
Molybdenum disulphide 92 75 53 19 250 5.6 37 St. 1 520 320 4
Petroleum coke 93 75 59 15 125 7.6 47 St 1 690 280 4
Petroleum coke 83 51 22 14 71 125 3.8 3 750 >450 3
Petroleumn coke (calcinated) 94 86 64 47 22 250 6.8 14 >850 >450 3
Phosphorus (red) 100 92 59 18 7.9 526 400 340 5
Soot 99 5 60 9.2 85 760 590

Soot {from filter) <10 30 8.8 88 840 570

Sulfur 97 85 71 12 240 <1{ 250

Sulfur 96 70 51 20 30 6.8 151 (St.2) 280 5
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Table A.1 continued

Ignitability and explosibility of dust clouds Dust layers
Mod. H. VDI DIN_
Particle size distribution 1 méor 20 L vessel Explos. Glow Flam.
Weight % <Size (um) Median | C,, Prox Ky <63pm | T,,(°C) | MIE | temp. | <250 um

Dust type 500 | 250 | 125 [ 71 63 32 20 (um) | (a/md) | (bar(a)) | (bar-mis)| (Class) [G.G. [BAM | (md) | (°C) | {Class)
Sulfur 86 23 40 330 3| 270
Sulfur 53 7 120 370 5 270
Titanium carbide (100) (St. 2) 4
Titanium hydride (200) St 1
Titanium monoxide (200) (St. 2)
Other materials
Fly ash (from electrofilter) 100 99 92 6 125 1.9 35 No ignition 1
Ash concentrate 87 61 48 21 60 8.6 91 580 260
Bentonite/asphalt/coal/org.
(15:45:35:5) 90 55 54 | (100) St.1 2
Bentonite/coal (50:50) 98 | 86 69 41 42 | (100) St. 1 2
Bentonite der. + org. comp. 89 45 23 35 60 7.4 123 430 >450 3
Pb and Ca stearate mixiure 98 70 35 (100) (St. 2) 2(2)
Break liner {grinding dust) 98 95 89 <10 250 6.9 71 530 310
Brush dust (Al brushes) 99 74 30 25 30 114 360 590 <1] 450
CaC/diamide lime/Mg
(72:18:10) 99 93 87 80 8 125 5.8 30 4
Mud from setting chamber 99 91 62 45 23 60 7.7 96 430 260 5
Dust from polishing (Al) 44 26 150 5.0 18 440 320 5
Dust from polishing (Zn) 60 35 15 2 190 (200) St 1 400 350 2
Dust from polishing (brass) (100) St 1 4
Dust from grinding (Al) 100 85 (30) (5.7) (214) (St. 2) 4
Dust from grinding (Zn) 100 67 (500) | (2.3) (24) St. 1 480 1
Dust from grinding
(cardboard) 70 64 44 25 10 160 (100) St. 1 5
Dust from grinding {polyester) 98 95 93 <10 30 9.5 153 500 >450 5
Dust from grinding (polyester) 97 84 60 41 25 9.4 237 550 >450 5
Dust from grinding (Ti) 89 64 37 18 4 170 (100) (St. 2) 2
Dust from grinding + polish.
(polyester) 99 96 91 <10 530 <1| >450
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Blasting dust (light metals) 100 82 15 7.6 242 (St. 2) 370 280 4
| Immersion polishing agent 46 600 (30) 6.2 11 St. 1 580 340 2

Textile fibers (nat. + synth.) (30) St. 1 5

Toner 100 <10 60 8.9 196 520 41 Melts

Toner 100 <10 30 8.7 137 530 <1| Melts 5

Toner 100 96 48 21 60 8.8 134 530 <1| Melts (3)

Toner 100 95 30 23 60 8.8 145 530 8| Melts (3)

Toner/iron powder 58 37 60 60 8.2 169 570 >450

Toner resin 98 78 55 18 580 <1| »450 (5)

Zinc stearate/Bentonite

(90:10) (100) (St. 2) 3

Zinc stearate/Bentonite

(20:80) (St. 1) 2

Source: BIA (1987).
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700  Dust Explosions in the Process Industries

Table A.2  Maximum permissible O, concentration for inerting dust clouds in atmospheres of O, + N,

Median particle Maximum O,

diameter by mass concentration for
Dust type (um) inerting by N, (vol%)
Cellulosic materials
Cellulose 22 9
Cellulose 51 11
Waste from wood cutting 130 14
Wood 27 10
Food and feedstuffs
Pea flour 25 15
Maize starch 17 9
Waste from malted barley 25 11
Rye flour 1150 29 13
Starch derivative 24 14
Wheat flour 550 60 i1
Coals
Brown coal 42 12
Brown coal 63 12
Brown coal 66 12
Brown coal briquette dust 51 15
Bituminous coal 17 14
Other materials
Ground hops 500 17
Hops draff 490 18
Plastics, resins, rubber
Resin <63 10
Rubber powder 95 11
Polyacrylnitril 26 11
Polyacrylnitril 26 10
Polyethylene, h.p. 26 10
Pharmaceuticals, pesticides, etc.
Aminopheenazone <10 9
Herbizide 10 12
Methionine <10 12
Intermediate products, additives
Barium stearate <63 13
Benzoyl peroxide 59 10
Bisphenol A 34 9
Cadmium laurate <63 14
Cadmium stearate <63 12
Calcium stearate <63 12
Methyl cellulose 29 15
Methyl cellulose 49 14
Methyl cellulose 70 10
Dimethyl terephtalate 27 9
Ferrocene 95 7
Bistrimethyicilyl-urea 65 9
Naphthalic acid anhydride 16 12
2-Naphthol <10 9
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Table A.2 continued

Median particle Maximum O,

diameter by mass concentration for
Dust type (um) inerting by N, (vol%)
2-Naphthol <30 9
Sodium methallyl sulphonate 280 15
Paraformaldehyde 23 6
Paraformaldehyde 27 7
Pentaerythrite <10 11
Pentaerythrite <10 11
Other technicat and chemical
products
Blue dys <10 13
Organic pigment <10 12
Metals, alloys
Aluminum 22 5
Aluminum 22 6
Calcium/aluminum alloy 22 6
Ferrosilicon 17 7
Ferrosilicon 21 12
Magnesium alloy 21 3
Other inorganic products
Soot <10 12
Soot <10 12
Soot 13 12
Soot 16 12
Soot desorbed from acetylene 86 16
Soot desorbed from acetylene 120 16
Others
Bentonite derivative 43 12

Source: BIA (1987).

Table A.3  Inerting of dust clouds by mixing the combustible dust with inert dust (1 m* standard 1SO
(1985) vessel, 10 k] chemical ignitor)

Combustible dust Inert dust
Minimum mass%
Median particle size Median particle size inert of total mass
Type of dust by mass (um) Type of dust by mass (um) required for inerting
Methyl cellulose 70 CaSO, <15 70
Organic pigment <10 NHH,PO, 29 85
Bituminous coal 20 CaCO, 14 65
Bituminous coal 20 NaHCQO, 35 65
Sugar 30 NaHCO,4 35 50

Source: BIA (1987).
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A.2.3
MINIMUM IGNITION TEMPERATURE OF THE DUST LAYER

The earlier USBM method differs significantly from the hot-plate method used to produce
the data in Table A.1. The latter is illustrated in Figure 7.17 in Chapter 7. In the USBM
method, 6 cm?® of the dust was placed in a small stainless steel mesh basket kept suspended
at the center of the Godbert-Greenwald furnace (see Figure 7.24 in Chapter 7), while a con-
trolled, small flow of air was passed through the furnace. The temperature of the furnace
was controlled and maintained at a predetermined value, and the temperature inside the
dust sample was monitored by a thermocouple. Ignition was defined as a distinct increase
in the dust temperature beyond that of the furnace within 5 minutes. The minimum igni-
tion temperature was defined as the lowest furnace temperature at which ignition occurred.

As would be expected, the USBM layer ignition temperatures are generally signifi-
cantly lower, by 100° or more, than the “glow temperatures” of Table A.1 for similar dusts.

A2.4
MINIMUM [GNITION ENERGY OF THE DUST CLOUD (MIE)

Due to the design of the electric spark generator used earlier by the USBM, part of the
stored capacitor energy '/2CV? was lost in a high-voltage transformer, and therefore the
net spark energy was smaller than the nominal !/2CV? quoted as the spark energy.
However, when comparing MIE data for similar dusts, determined by the earlier USBM
method and the more recent methods described by Eckhoff (1975) and Berthold (1987),
an approximate empirical correlation is indicated, as shown in Figure A.1 in Section A.1.2.7.
Note that the correlation should not be extrapolated beyond the range of Figure A.1.

A.2.5
MINIMUM EXPLOSIBLE DUST CONCENTRATION

The earlier USBM method was based on the 1.2 liter open Hartmann tube, with its top
opening covered by a paper diaphragm. A comparatively weak continuous induction spark
source was used for ignition. The dust concentration was defined as the quantity of dust
dispersed, divided by the 1.2 liter volume of the tube: In spite of several probable sources
of error, this method often yielded reasonable values as compared with more recent
methods such as Nordtest (1989). This is probably because the effect of some of the
sources of error partly cancel each other. However, data from the early USBM method
must be regarded as indicative only.

A2.6
MAXIMUM EXPLOSION PRESSURE

The early USBM data were determined in the original version of the closed 1.2 liter
Hartmann bomb. Due to incomplete combustion and cooling by the walls, the maximum
explosion overpressures in the Hartmann bomb are generally considerably lower, by up
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to 50%. typically 25-30%, than those generated by the same dusts in larger vessels, such
as the 1 m? standard ISO (1985) vessel and the 20 liter Siwek sphere. It does not seem
advisable to indicate any general relationship between P, from the early USBM tests
and more recent data from larger vessels.

A2.7
MAXIMUM RATE OF PRESSURE RISE

These data were determined in the same Hartmann bomb experiment as the maximum
explosion pressures. However, there seems to be some justification for indicating the fol-
lowing tentative correlation between (P/dt),,,, in the closed Hartmann bomb and the K,
from the 1 m? standard ISO (1985) method (see Table A .4).

Table A.4  Examples of correlation of rates of pressure rise

{dPIdt) ax Hartm. (PAr/S) K, (bar-m/s)
100 35
200 70
400 140
800 280
1600 560
3200 1120

Note: For quite coarse powders (nonhomogeneous dust concentration distribution in Hartmann bomb) and for
very fine, cohesive powders (poor dust dispersion in Hartmann bomb), this correlation can be substantially in
error.

A2.8
MAXIMUM PERMISSIBLE O, CONCENTRATION FOR INERTING

USBM used two methods, an open glass tube with electric spark ignition and the Godbert-
Greenwald furnace at 850°C. As would be expected, the latter method gave consider-
aoly lower limiting O, concentrations for inerting than the former.

Generally, the values of Table A.2 fall somewhere between the two USBM values for
similar dusts. The arithmetic mean of the two USBM values then might be compatible
with the data in Table A.2.
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