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Abstract

Ternary systems, which contain flammable gas, inert gas and air, were studied in order to give the user an evaluation of the ISO 10156
calculation method for the flammability of gas mixtures. While in Part 1 of this article the fire potential of flammable gases was the focal point,
the influence of inert gases on the flammability of gas mixtures was studied in Part 2. The inerting capacity of an inert gas is expressed by
the dimensionlesk value, the so-called “coefficient of nitrogen equivalency”. The experimental determinationadfies is demonstrated
by using explosion diagrams. The objective of this study was to compare the estimated results, given by ISO 10156, with measurements of
explosion ranges based on the German standard DIN 51649-1, given by CERN and CHEMSAFE. The comparison shows that ISO 10156,
Table 1, supplies conservati¥evalues, which can be regarded as safe in all cases. Nevertheless, in a number of cases ISO underestimates
the inerting capacity, so that non-flammable gas mixtures are considered flammable.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The calculation method is based on the fulfilment of the
following criterion:

The calculation method published in ISO 1015f Chap- . »
ter 4.6 takes into account not only t_he flre potentlgl of the Z i (@ B 1) < Z BiKy (1)
flammable component, but also the inerting capacity of the T =
diluent gas in air.

Each inert gas has an ability to reduce the flammable where A is the fraction of flammable componentn the
range of flammable gas—air mixtures. The combustion reac-flammable gas—inert gas mixture, in percent by volume (or
tion heats the inert gases to a certain flame temperature, whicimol%), n the number of flammable componerBg the frac-
consumes a part of the energy from the reaction. Some “in-tion of inert componenk in the flammable gas—inert gas
ert gases” additionally affect the kinetics of the combustion. mixture, in percent by volume (or mol%,the number of
Halogenated hydrocarbons often show such inhibiting effect. inert componentsy the coefficient of nitrogen equivalency
The ability to reduce the flammable range is expressed by theandT; is the maximum flammable gas content for which a
dimensionlesK value, the so-called coefficient of nitrogen mixture of the flammable gasn nitrogen is not flammable
equivalency. in air, in percent by volume (or mol%). Remark: in the fol-

lowing it will be written asTg in accordance with Part 1
[2].
* Corresponding author. Tel.: +49 30 8104 3452; fax: +49 30 8104 1227.  Gas mixtures, for which this condition is not fulfilled, have
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In Part 1 of this article[2], the fire potential of the 20
flammable components (left-hand side of EL)) has been 181
discussed; therefore, Part 2 deals with inerting capacities of 5
the inert components (right-hand side of Et)). The deter-
mination ofKy values is demonstrated by means of explosion
diagrams.

2. Explosion diagrams of hydrocarbons with
different inert gases

Besnard'’s report provides an excellent example for the in-
fluence of inert gas on explosion randg8k He investigated
systematically a number of ternary systems in order to find
non-flammable mixtures, which are needed as “magic gases”Fig. 2. Influence of inert gas on the explosion ranges of ethane—inert gas—air
in indication chambers of particle accelerators in the Euro- mixtures, measured according to DIN 51649-1 at@Gnd 101 kP#3].
pean Centre for Nuclear Research (CERN). Besnard used an
apparatus based on DIN 51649-1. This apparatus was devel-
oped and manufactured in cooperation with BAM twice, first
forthe testsin Berlin and anothertime for CERNin Geneva.lt 5
complied with the testing equipment described in ISO 10156,
Fig. L The apparatus and the test procedure are described in
detail in Part 1 of this articl§?].

Besnard’s experimental results are summarized in ¥
Figs. 1-4 [3]with the flammable gases methane, ethane, é’
propane anda-butane and a number of inert gases. o
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In addition to the influence of the specific heat, partially
halogenated hydrocarbons show another effect. The lower
explosion limits of flammable gases kigs. 1-4decrease
strongly on addition of @H>F4 (R134a) and exhibit anoma-
lous courses. The reason is that a number of partially halo- ‘ ‘ L
genated hydrocarbons take part in the combustion reaction 0 10 20 30 40 50 60 70 80
without themselves being flammable as pure materials in air. inert gas (mol%)

Such substances are not really “inert” and can often ignite in
air under high pressure or temperature, as described in Par
1 of this article. If one determines the so-called MXC val-
ues from those explosion diagrams, very low values will be
obtained, even if their specific heat values are high.

ig. 3. Influence of inert gas on the explosion ranges of propane—inert gas—air
ixtures, measured as per DIN 51649-1 at@Gnd 101 kP3].
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Fig. 1. Influence of inert gas on the explosion ranges of methane—inert Fig. 4. Influence of inert gas on the explosion rangestolitane—inert
gas—air mixtures, measured according to DIN 51649-1 a€2nd 101 kPa gas-—air mixtures, measured according to DIN 51649-1 a€2énd 101 kPa
[3]. 13].
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3. Kvalues calculated from experimental data Table 1
Kk values determined frorf8] at 20°C and 101 kPa
The measurements {8-5] allow the accuracy test of the = Gases Ar  Ne He N CO; CR Sk R134a
coefficients of nitrogen equivalend( for inert gases rec-  Methane 0.62 093 1.20 100 227 337 509 1.21
ommended by ISO 10156. Therefore, one has to draw theEthane 062 088 110 100 1.84 263 413 145

tangent from the point “100% air” to the explosion range IF;rc;)tf’l?t';ie g-gg g-gé 1-8‘1‘ igg 1-3; 2;; igg 1-?18
(seeFig. 5 and determine the M_XC va_llue for f[he_ inertgas o0 064 077 101 100 184 261 478 163
to be evaluated. The MXC value is defined —similarly to the «average 062 084 107 1.00 1.95 274 471 145
T value, which is valid only for nitrogen as an inert gas —as “worstcase” 0.59 0.77 1.01 1.00 1.84 232 413 1.21
the maximum flammable gas content for which the mixture
of the flammable gaswith the inert gak is not flammable

in air.
. _ . . Table 2
The _calculatlon of coefﬂments_ of mtrggen equivalency pf Ky values determined froifa,5]
thek-thinertgas compongnt relative to mtrogen.can be carried o oo co H0 AT He R134a
out for each flammable—inert gas §)_/stem. I_n _thls way one can (20°C)  (100-110C) (20°C) (20°C)  (20°C)
get seyeral, flammable gas speC|f|c'coeff|C|em;§<X from Methane 523 187 069 131 ~
experimental data (MX(G andTg) using the reformulated  gnane 1.87 1.40 _ _ _
Eq. (1). At the limiting value for ignitability of a mixture, Propane 1.93 151 - - 1.81
composed of only one inert gasnd one flammable gasit Ethylene 184 1.68 - - -
becomes: Propylene 1.92 1.36 - - -
’ Hydrogen 151 1.35 0.75 1.62 —
CO+1% H 1.86 - - - -
(100 CO (wetN)  1.77 1.30 0.56 0.92 -
MXCix (T - 1) 5 “Average” 1.87 1.50 0.67 1.28 1.81
Kiy = (100— MXC, 1) @) “Worst case” 1.51 1.30 0.56 0.92 1.81

2 The comparison includes the temperature dependerige dfote thatin
o ) ) most cases the legal classification of gas mixtures corresponds to atmospheric
wherei is the index of the flammable gak,the index of conditions.

the inert gas other than nitrogen and MXC is the maximum

flammable gas content for which a mixture of the flammable

gasi in an inert gas other than nitrogen is not flammable in 4 Evaluation of K values recommended by 1SO

air in percent by volume (or mol%). 10156

The Kk values were calculated from CHEMSAFE data

(seeTable ) and also from Besnard’s measurements (see  Tgple 3 summarizes theky values from[3-5] which

Table 3. The experimental MXC values were derived from 5re taken from the rows “average” and “worst case” of

the explosion diagrams, th; values were taken from Part  Taples 1 and 2Furthermore, théx range for each inert

1, Table 5. gas with the lowest and highest values frables 1 and 2
achieved by using different flammable gases, are given. She-
beko et al]6], using enthalpy calculations, have also found
theK value for Sk with isobutane to be around 4.

0 The averag&y values show that the ISO 10156 recom-
mendations are in most cases on the “safe” side. An exception
is water vapour, because here, in addition, influence of tem-
perature has to be taken into account. Howeverkthialues
cannot be considered mechanically (taken simply the mathe-

"(itfoig?” matical average values) since, for safety purposes, the “worst
mol%,; . .« .
hydrogens0-/ 50 case” must be selected for design or decision.
/ \,60 If the intervals of the individuaKy values are considered,
‘\70 Tci value it can be stated that the recommendations of ISO 10156 for
; MXC for i i 1
\ao (MG for nert gases helium, Sk and Ck are too conservative.
9

—— e AVOO 5. Discussion
100 90 80 70 60 50 40 30 20 10 0
<-——— air (mol%)
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The comparison shows that the estimated ISO values are in

Fig. 5. Explosion diagram of the hydrogen-—nitrogen—air system, measured 900d agreement with experimental values. Apart from some
at 20°C and 101 kPa according to DIN 51649-1. exceptions the specific heat of inert gases plays the most im-
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Table 3
Comparison of th&y values fromTables 1 and fvith the Ky values published in the ISO 10156 standard
CO, He Ar Ne Kr Xe SQ Sk CFy R134a HO (100-110C)
Kk from ISO 15 0.5 0.5 0.5 0.5 0.5 15 15 15 - 15
Kk averagd3] 1.95 107 062 084 - - - 471 274 145
Kk averagd4,5] 1.87 - Q67 - - - - - - 181 150
Minimum K2 [3-5] 151 092 056 Q77 - 413 232 121 130
MaximumKj [3-5] 2.27 131 Q75 093 - - 509 337 181 187

2 The minimumKy values[3-5] represents the “worst case”.

portantrole for the inerting capacity. Because of the influence  However, three important anomalies can be observed:
of apparatus parameters on the determination of explosion

limits it is strongly recommended to determikealuesonly - helium shows better _inerting effect than it would be ex-

by using explosion diagrams, which are measured using the Pected fromits specific heat,

same test procedure. - in the case of the hydrogen the inerting effect of A©
The database CHEMSAF5] supplies explosion dia- worse than expected;

grams, which are measured according to the DIN 51659-1~ R134a shows a worse inerting effect than it would be ex-
in most cases, recommended by experts of the BAM and the Pected fromits position in the specific heat rank.
Physikalisch-Technische Bundesanstalt (PTB). Besnard has  1¢ petter inerting effect of helium than expected from its
determined a number of explosion diagrams for hydrocar- gpecific heat may be due to its extremely good thermal con-
bons with eight different inert gases: nitrogen, argon, neon, gycivity. In the case of hydrogen, the worse inerting effect
helium, CQ, CF4, SFs and R13443]. He used asimilartest ¢ carhon dioxide can be explained by the fact that carbon
apparatus like the one of BAM based on DIN 51649-1. dioxide does not really behave as an inert substance with hy-
Using the measurements, a rank can be determined forg,qqen. A possible reaction between the two components is
the inerting capacity of inert gases. This inerting capacity {he hackward water gas shift reaction, which can take place
is defined with reference to the flammability of a flammable i fame temperature. The anomalous behaviour of partially

gas—inert gas mixture in air. It does not correspond to the total halogenated hydrocarbons such as R134a s already discussed
reduction of the explosion range in an explosion diagram. gpove

Therefore, it can be recommended to apply Khealues for These phenomena show that the evaluation of the
clz_issmca_tlon_ purposes to determine the flammablllty_of 93S flammable—inert gas mixtures is a complex issue and care-
mixtures in air, but th& value should not be used to estimate 4| jnyestigations are needed to determine whether or not the

the potential _expl_ogon hazard of gas mixtures close to the o4 1uated mixture is in the dangerous explosive zone.
upper explosion limit.

The rank of the inerting ability is S CFH>C0Oy >
R134a>HO>He >N >Ne>Ar. This corresponds to the
rank of the specific heat values of the inert gasesK&ge).

A higher specific heat value means better inerting effégt.
values at 700 K were used for this simple comparison, taken
into account the range of heating up from room temperature
to flame temperature at the lower explosion limits.

6. Conclusions

A comparison of theT; values (see Part 1 of this arti-
cle) indicates that the constants in the calculation method
for flammability of gas mixtures in the 1SO 10156 (1996)
standard need to be revised. These constants are based on old
measurements from the literature without giving the literature
160 sources, and differ significantly from latest measured data ac-

cording to German standard DIN 51649-1 or data taken from
140 P = new European and US standards. Use of the ISO data for
120 j// % the calculation of flammability of gas mixtures can result in
& 100 éé % wrong classification and finally in explosion hazard.
é % = /// On the other hand, it should be noted that the “worst case”
= 80 Z/Z.{% % K values, which are determined from experiments, do not
g 60 Z// % ;/? differ significantly from the proposed estimated values of
L = ISO 10156 (1996) for all investigated inert gases.
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