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Abstract

In the measurement of the minimum ignition energy (MIE) of a dust-air mixture, an ignition spark is created by

discharging the electric energy stored in a capacitor between two electrodes. In many cases, an inductance of 1 mH is

added in the discharge circuit to improve the incendivity of the spark. In our study, a resistance (100 kQ), instead of an

inductance, was inserted and 15 powder samples were tested to investigate the influence of the circuit conditions. In the

case of sensitive powders with MIEs that are smaller than 10 m] measured with 1 mH, the MIEs with no additional

circuit element and those with inductance were almost identical ; however, the resistance increased the MIEs. In the

case of insensitive powders, however, the MIEs became smaller in this order: with no additional element, with the

inductance, and with the resistance. Visual observation with a high-speed video camera revealed that the blast of air

caused by the spark greatly affected the ignition mechanism of a dust-air mixture.
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1. Introduction
The minimum ignition energy of a dust-air mixture is

usually measured with an apparatus employing a
Hartmann tube. According to an international standard,?
the circuit to generate a spark to ignite a powder sample
consists of a capacitor with or without an inductance of 1~
2 mH. There is a consensus that the inductance may
improve the incendivity of the spark by prolonging its
duration and should be used for the standard test
condition while the circuit without the inductance should
only be used for evaluating the sensitivity to an
electrostatic discharge.

On the other hand, however, some Japanese testing
laboratories have long adopted an ignition circuit with a
resistance instead of an inductance for their standard test
method because the resistance usually facilitates ignition.
Such a circuit is not only meaningful from a technical
standpoint but also has a practical aspect in light of the
fact that many electrostatic discharges originate from

items including a high resistance, such as the human
body,? ~* metal powders,” ~® and poorly grounded tools.”
With this background, a recently issued Japanese
standard® allows a circuit including resistance.

It is well known that the ignitability of a flammable
material is greatly affected by the circuit parameter of the
spark ;¥ however, systematic studies on the influence of
discharge conditions on the minimum ignition energy of
dust-air mixtures are limited. In this paper, we report the
result of an experiment using a modified commercial
testing apparatus with different circuit parameters.

2. Experimental
2.1 The measuring apparatus

We employed a widely used commercial MIE testing
apparatus (Kithner AG, MIKE-3). This apparatus produces
a capacitive spark in the spark gap through a fixed small
coil of 1 #H and has an optional function of adding another
larger inductance of 1 mH to its discharging circuit. In this
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Fig.1 Schematic circuit diagram of the MIE—-measuring
apparatus.

S1: to charge the capacitor C

S2:to start a spark

Ss3: to select an additional element

(1:None, 2 : Inductance 1 mH, 3: Resistance (10, 100 or
300 kQ))

study, we modified the apparatus and chose to use a
resistor instead of an inductance 1 mH. The schematic
circuit diagram is shown in Fig. 1. A discharging current
measuring system consisting of a current probe
(Textronix, TCP0030) and a digital oscilloscope (Tektronix,
DP0O3032) was attached. A discharged charge was
calculated by integrating the current with respect to time.
For the visual observation of the discharge and ignition, a
high-speed video camera system (Photron, FASTCAM-
Ultima-RGB) was used.

The energy of a spark W (J) was calculated by the
following formulae :

(a) Circuit with no additional element or with the
inductance

W= WU*Wr*Wz

T
W, =./(: Ri*dt

Qz*
C

-
Q: = CV—[ idt

WzZE

where C (F) is the whole capacitance of the circuit
including the capacitor and stray capacitance, V (V) is the
voltage of C just before discharging, ¢ (A) is the
discharging current, R (Q) is the resistance of the
additional resistor, @: (C) is the residual charge after
discharging, and 7" (s) is the duration of the discharge.

Since the testing apparatus can generate seven fixed
nominal discharge energies, ie. 1, 3, 10, 30, 100, 300, and
1,000 m], the MIE of a sample is expressed by a range
between the lowest energy that ignited the sample and
the largest energy that did not. In addition, using the test
data, a specific value called the statistical minimum

ignition energy E. (J) is derived by the following
formula ;19
E. =10"" (IDIET+1 3)

where E1 (J) is the largest energy that did not cause
ignition, E2 (J) is the lowest energy that did, I [E:] is the
number of ignitions at E:, and (NI+1) [E:] is the total
number of tests.

2.2 Powder samples
Five natural organic powders, five synthetic organic
powders, one inorganic powder, and two metal powders

W= Wo =Lcpe ) Were selectgd as t'he samples. In addition, flour with 2% of

2 MgO as a dispersing agent'? was also used. The powder

(b) Circuit with a resistance (effective energy) samples and their specifications are listed in Table 1. All

Table 1 List of powder samples and their specifications.
Powder Median diameter  Apparent density Angle of repose Collapse angle

(xm) (g/cm?) (deg) (deg)
Lycopodium 35.6 0.26 36.6 336
Anthraquinone 315 0.29 48.3 470
Sugar 439 047 52.0 473
Flour 64.5 046 55.0 470
Flour (+ MgO 2%) 64.5 053 4380 40.0
Cornstarch 299 0.55 480 376
Coenzyme Q10 37.0 0.25 53.3 52.3
Polyacrylonitrile 40.2 045 38.6 33.0
Polypropylene 76.5 0.30 38.0 35.6
Toner 870 051 450 250
Bicyclohexanol 45.6 041 50.0 473
Sulfur 2.30 0.65 470 470
Titanium 332 1.46 47.3 41.6
Aluminum 238 0.98 51.0 44.3
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the samples were dried at 50°C for 24 hours prior to the 150
test. The temperature and humidity of the test room were 100 m] without L or R
25°C and 60 % RH, respectively. 100 f
E 50 A A
3. Results and discussion z \ I\ /\ NN A
3.1 Current wave profiles and discharge energy g 0 ; V VA v"v8 b
when a resistance is added ° \I \/

Typical discharge current profiles at three different V" Time (us)
circuit conditions, i.e., with no additional element, with an -100
inductance of 1 mH, and with a resistance of 100 kQ at the
100 m] setting are shown in Fig. 2 (a) - (c), respectively. 150
Although no additional element was added, a damped (a) No additional circuit element
oscillating waveform was observed, as shown in Fig. 2 (a), "
due to a small built-in coil of 10 ¢H (therefore, the spark is A 100 mJ with ImH
not a purely capacitive one). In the case in which a 1 \ A
resistance was added, the discharge became a simple 10 I \ /\

N

damped form, as shown in Fig. 2 (c).

The effective energies with 10 kQ, 100 kQ and 300 kQ
are shown in Table 2, and the ratios to the corresponding
discharge energy without an additional element or with 1 \ l \ / V Time (us)
mH are shown in Table 3. As seen in Table 3, the ratio is o v N
neither constant nor linear with respect to the energy
setting. However, at the same energy setting, the ratio -20

Current (A)
1
ol (=] [92]
-
—
(=3
=}
N
(=3
o
(=1}
[=x}
(=]

increased as the resistance increased. This means that the (b) with L = 1 mH
equivalent resistance of the spark channel becomes

progressively greater as the additional resistance 100 m] with 100 kQ
increases. A resistance equal to or greater than 1 MQ was 0.10 \

not suitable for an ignition test because the sparks became 008
0.06 \
3.1 Minimum ignition energy

quite unstable.
3.2.1 Observation of ignition and flame propagation 002 \

3.2.1.1 Lycopodium and polypropylene ' \
0.00 -

The minimum ignition energies of lycopodium and 0 o 02 s o 05 06
polypropylene measured with no additional element or

Current (A)

Time (ms)
with 1 mH, 10 kQ, 100 k€, or 300 kQ are shown in Fig. 3. In (©) with R = 100 kQ
the case of both samples, the MIEs with 1mH, 100 kQ, or
300 kQ were lower than those with no additional element Fig.2 Typical current wave profiles of a spark at 100 m].

Table2 Effective discharge energy of a spark under the tested circuit conditions.

Additional Nominal energy (m])

element 1 3 10 30 100 300 1000
? None or 1 mH 1.67 391 17.6 39.2 129 373 1200
Sﬁ ? 10 kQ - 1.07 7.06 354 13.8 35.3 835
E = 100 kQ 0.86 1.86 5.94 6.62 244 69.6 202
'g 300 kQ - - 841 10 319 87.6 273

Table3 Ratio of the effective disharge energy of a circuit to the original energy

Additional Nominal energy (m])
element 1 3 10 30 100 300 1000
&  NoneorlmH | 100 100 100 100 100 100 100
*§ 10 kQ - 277 40 9.03 107 945 6.96
& 100 kQ 51.7 476 336 169 189 186 168
E 300 kQ - - 477 256 249 235 22.8
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Fig.3 MIE for lycopodium and polypropylene under various
circuit conditions.

or 10 kQ.

Sequential photographs of lycopodium just after
ignition, extracted from high-speed video pictures (4500
FPS), are shown in Fig. 4. The concentration of the dust-air
mixture was 250g/m? From the figure, the following
characteristics are recognized :

(@) When no additional element was added, the flame
kernel created just after the spark was immediately
blown away from the vicinity of the spark gap, and
the flame began to propagate 1.3 ms later at a point
far from the spark gap. When 10 kQ was used, the
kernel also moved away from the gap, and it took 0.9
ms for the flame to initiate propagation. It is
considered that a spark with a relatively short
duration of discharge (32 us for “no additional
element” and 620 us for “with 10 kQ") and higher
average power (375 kW and 135 W, respectively)
caused a blast of air that was strong enough to blow
off the kernels to a zone not heated up by the spark.

(b) When 1 mH, 100 kQ, or 300 kQ was used, the kernel
stayed in the vicinity of the spark gap and developed
rapidly into flames. In this case, it is considered that
the air blast was much milder than that with no
additional element or 10 kQ and the powder particles
were effectively heated because of the longer
duration (176 s, 4.3 ms, and 12.5 ms, respectively) and
lower average power (6.8 kW, 47 W, and 22 W,
respectively)

3.2.1.2 Bicyclohexanol

Sequential photographs of bicyclohexanol just after
ignition are shown in Fig. 5. The concentration of the dust-
air mixture was 333 g/m?®. The energy settings were 3 mJ
for the circuit with no additional element and with 1 mH
and 10 m]J for that with 100 kQ. The ignition and flame
propagation patterns were quite similar to each other and
almost no influence of a blast of air was observed.

3.2.2 Minimum ignition energies for all samples
For all the samples, the MIEs taken from three different

7 (>1000) ™,

1000 . ™
g Flour
" Flour+MgO
_+Cornstarch Polypropylerie

Sugar OQPonacronn't e
100 7

@ Aldminum

* P
Lycopodiymi
10 m
CoenzymeQ1Q
| RS iToner

Titaniury
Bicyclohexanal .
i e Anthraquinone

Statistical MIE with no element (mJ)

(<1)

0.1

01 1 10 100 1000
Statistical MIEwith1 mH (mlJ)

(a) with 1 mH vs. with no additional element

1000

Flour

(mJ)

100

a 'F|0L£'+ g0
g Polyacrylonitrile « flolvpropylene
o 0; ar Aluminum
- Titanium
= LI Cornstarch
= 10 ycopodium
S Ton
w Bicyclohexanol | Coenzyme Q10
2 /®
E Anthraquinong
=] Suffur. ®
2
B ! (<1
i}
7}
0.1
0.1 1 10 100 1000
Statistical MIEwith1 mH (mlJ)
(b) with 1 mH vs. with 100 kQ
1000
=
E
§ Flour
e *
S 100
[}
2
3
= Aluminum
o & ¢ Polypropylene
g’b 10 Flour+MgQO
© Toner /| Sugar
b Bicyclohexanol *e ®¢  Polyacrylonitrile
3 & | ¢4 Titarium ‘|vcopodium
— Coehzyme Q10 Cornstarch
G Anthraquinone
g Sulfur @
o 1
— (<1
=
=
2
=
b=
0.1
01 1 10 100 1000

Statistical MIEwith1 mH (m))
(c) with 1 mH vs. with 100 kQ (effective energy)

Fig.6 Comparison of statistial MIEs taken with different
circuit conditions.



Mizuki Yamaguma et al.

None 4ssssec

S57EB88SEC 7097

4500FPS

S7S111SEC 7107

4500FPS

SB81333SEC 7117

4500FPS

S83555SEC 7127

START 4500FPS

001 .585777SEC

4500FPS

S588000SEC 7147

4500FPS

OB88000SEC 7147

4500FPS

092444SEC 7167

4500FPS

01 001,,584866SEC 7177

4500FPS

7393

4500FPS

644888SEC 7403

4500FPS

B647111SEC 7413

4500FPS

B649333SEC 7423

4500FPS

B651555SEC 7433

4500FPS

B653777SEC 7443

START 5 » 4500FPS

656000SEC 7453

4500FPS

B658222SEC 7463

4500FPS

B660444SEC 7473
-

4500FPS

662666SEC 7483
.

-

o

4500FPS

10 kY rassssec  s182

START 5 » 4500FPS

37S777SEC 6192

4500FPS

378000SEC 6202

4500FPS

380222SEC 6212

4500FPS

382444SEC 6222

4500FPS

01 001 .384666SEC 6232

START 5 » 4500FPS

386888SEC 6242

4500FPS

38S111SEC 6252

S } 4500FPS

38S111SEC 6252

S } 4500FPS

393555SEC. 6272

4500FPS

100 k€2 a000sec 7759

START 5 » 4500FPS

726222SEC 7769

4500FPS

728444SEC 7779

4500FPS

730666SEC 7789

4500FPS

732888SEC 7799

4500FPS

01 001.735111SEC 7808

START 5 » 4500FPS

T37333SEC 7818

4500FPS

739555SEC 7829

4500FPS

741777SEC 7838

g
START ¥5. » 4500FPS

744000SEC 7849

START \is >
=

4500FPS

300 kD sse8sEC 6917

START 5 » 4500FPS

S539111SEC 6927

4500FPS

541333SEC 6937

4500FPS

01 001 .543555SEC 6947

START S » 4500FPS

01 001.545777SEC 6957

START S » 4500FPS

01 001 .545777SEC 6957

S 4500FPS

Fig.4

550222SEC 6977

4500FPS

552444SEC = 6987

4500FPS

01 001 .554666SEC 69397

3

4500FPS

01 001.554666SEC 6997

3

& © 4500FPS
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Fig.5 Ignition and flame propagation of bicyclohexanol under different circuit conditions.

circuit conditions (no additional element, 1 mH and 100 k<)
are listed in Table 4. A comparison of the statistical MIEs
(ImH) with the others is shown in Fig. 6 (a) - (c). In the case
of 100 kQ (effective energy) (Fig. 6 (c)), the average value
between the upper and lower limits was adopted.

From the figure, the following characteristics are
recognized :

(@)

(b)

In a comparison of “I1 mH” and “no additional
element,” as shown in Fig. 6 (a), the powders in the
small-MIE group (anthraquinone, coenzyme QI10,
bicyclohexanol, titanium, sulfur, and toner in the
lower circle) do not show much difference in the MIE ;
however, in the large-MIE group (lycopodium,
cornstarch, polyacrylonitrile, sugar, aluminum, flour,
flour+MgO, and polypropylene in the upper circle),
the MIEs taken with no additional element, except
those for aluminum, are much larger than those with
1 mH. Generally, it is considered that, when testing
with a spark of low energy, the blast of air lacks the
strength to deflect a flame kernel. In the case of
aluminum, it has a large specific gravity, as in Table 1,
and is less affected by the blast.

In the comparison of “1 mH” and “100 kQ,” as shown
in Fig. 6 (b), on the contrary, powders belonging to the

small-MIE group required much more ignition energy
with 100 kQ than with 1 mH, while powders
belonging to the large-MIE group were ignited by
almost the same energy, and if compared by the
effective energy, as shown in Fig. 6 (c), their MIEs
were much lower than those with 1 mH. This
suggests that powders in the small-MIE group are
sensitive to the power rather than the duration of a
spark. As shown in Fig. 5, the blast of air caused by a
spark seems to be too small to affect the ignition of
the small-MIE group.

4. Conclusion
The influence of a discharge circuit parameter on the

ignitability of a dust-air mixture differs from powder to
powder. One phenomenon that greatly affects the
ignitability is the strength of the blast of air caused by the
spark that moves the flame kernel away and blocks the
flame propagation. The blast of air becomes stronger as
the duration of a spark becomes shorter and the
discharging energy grows larger; therefore, powders
with a large MIE (ca. larger than 10 m] measured with an
inductance of 1 mH) are generally influenced more than
those with a small MIE (ca. less than 10 m]). On the other
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Table4 MIE for all powder samples.

MIE (statistical MIE) (m]) and dust concentration (g/m?)

Powder None | i 100 kQ 1F)0 kQ
(effective energy)
Lycopodium 30(<316V)I,If:27<5(1)00 10(?2/){1;30 lOal;/iI;% 5.9<MIE<6.6
Anthraquinone }féll\)/ﬂlgigg tf;\)/ﬂl};;g 3(112)?%0 1.9<MIE<59
Sugn WM OMED) 0N g
Flour MIE>1000 30?; 41\(?;};;()1(?00 30(2; 11\(;1)?;01(;)00 70<MIE<202
2013[; 0% 300(;1;3?&000 30:11;/)1‘1300 30(;1{:/){1%00 6.6<MIE<244
Cornstarch 10322/)['1?27;;00 1(()12\)/[ z;ogo 1(212\)/[ 35030 5.9<MIE<6.6
Coenzyme Q10 3(11(\)?30 t; é\fﬁj B(ZXIEO 1.9<MIE<59
Polyacrylonitrile 10322/){?57;(?;00 1(:;61;{1355)0 1(2;;\)/[ z;()go 5.9<MIE<6.6
Polypropylene 30‘2;71\£E)00 Sogﬁlﬁoo 30%%2500 6.6<MIE<244
Toner 3%12;010 S(Tg)ﬂzow 10;2?5030 59<MIE<66
Bicyclohexanol (11<31;AE MEI B(ZE/SEO 1.9<MIE<59
Sulfur Mﬁ ! Mg ! 1;;\)412%7;3 0.9<MIE<19
— SNBSS 0N
Aluminum 30;1;;{1?27;(1)00 302\4255;()100 30;2;{1@00 6.6<MIE<24.4

hand, in the case of powders with a small MIE, the power
of a spark affects their ignition more than the blast of air.

With these experimental facts in mind, we suggest that,
when carrying out a test on the minimum ignition energy
of a powder, the user of the test powder should select the
discharge circuit parameter considering the possible
ignition sources in the environment in which the powder is
handled.

Acknowledgments
The authors thank Kaneka Corporation for providing

coenzyme Q10 and Iwatani Industrial Gases Corporation
for providing bicyclohexanol. Our deepest appreciation
goes to Mr. Shunji Nakajima, whose enormous support
and insightful comments were invaluable in the course of
our study.

References
1) IEC 61241-2-3:1994. Electrical apparatus for use in the

presence of combustible dust-Part 2 : Test methods Section
3:Method for determining minimum ignition energy of
dust/air mixtures (1994)

2) IEC 61340—3—-1:2006. Method for simulation of
electrostatic  effects—Human body model (HBM)
electrostatic discharge test waveforms (2006)

3) ISO 10605 : 2001. Road vehicles—Test methods for electrical
disturbances from electrostatic discharge (2001)

4) H. Shimamura and M. Yamaguma, Proceedings of
symposium on safety engineering 2009, p.346 (2009) (in
Japanese)

5) T. Matsuda and M. Yamaguma, J. Hazardous Materials, A
77, 33 (2000)

6) M. Yamaguma, M. Arai, S. Hatanaka, F. Hosoya, M. Iida, and
M. Ogatsu, Proceedings of 8th international symposium on
fireworks, p.360 (2005)

7) M. Yamaguma, J. Japan Society for Safety Engineering, 44
9 (2005) (in Japanese)

8) The Association of Powder Process Industry and
Engineering, Japan, APPIE SAP 12-10—-2010. Test method



Sci. Tech. Energetic Materials, Vol. 72, No. 3, 2011 85

for minimum ignition energy of combustible dust/air 10) BS EN 13821:2002. Potentially explosive atmosphere—

mixtures (2010) (in Japanese) Explosion prevention and protection—Determination of

9) R. K. Eckhoff, “Dust Explosions in the process industries, minimum ignition energy of dust/air mixtures (2002)
SECOND EDITION”, p. 420, Butterworth—Heinemann, 11) W. Ishihama and H. Enomoto, ]. Society for Safety
Oxford, U. K. (1997) Engineering, 14, 243 (1975) (in Japanese)

R U A - ZKIBAXOEBEDPE R I NLF =PI
%H%W*E%%ﬁ@

IERBaR T, OB, HOEA T, WRERE

TR U A - ZREARAOBRNERKZFIVF— (MIE) OHEIZBWT, EXKHD A =2 i:VFVﬁK%it
FHREIANVY -2 EMN CTHEIRL I LICL> THERT 5, i, AX—270FKEEZMNEIE572012 1 mHOA ¥
75 AT HIENL v, —F, HRTEMERELAL V5275 ZADRb DI mm<m%g>%ﬁx¢5*a
bITbMTwa, KR TIE, MEREOZEKENDOEELZRRL7:0, Mgz, 15275 2 246 L 0K
P Mo =20 g4t T, 15MEORBRAEDOR/NEXNT I NVEF—ZWE L2 ZOE, 1 mHAMIE T oW EE
FIom]zEE LT, 2L D /NS OMIEOBKRTIE, MBI ZEZLEAL ¥ 52 5 2 ZMTOMIEZIFIZEFELL,
EIAMTIINLSBEAKRELS o7z T2, 10mJEZRZ 20K TIE, LR L, £ 25275 224640, #IufHmo
MEIZNESVEE R o700 BHEEH A FTIZIBBIMTIE, AN—ZI2X o THATLIRAMPEEICKE REBEL25 2
TWb 2 LRSI NIz,

T TBEAFBREEERSMER T204-0024 HR#FEFETERE1-4-6
T Corresponding address : yamaguma@s.jniosh.go.jp

RUTIVHERMNAE BEY 7ILTH139-743



