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Flammability of gas mixtures
Part 2: Influence of inert gases
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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
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he dimensionlessK value, the so-called “coefficient of nitrogen equivalency”. The experimental determination ofK values is demonstrate
y using explosion diagrams. The objective of this study was to compare the estimated results, given by ISO 10156, with measu
xplosion ranges based on the German standard DIN 51649-1, given by CERN and CHEMSAFE. The comparison shows that
able 1, supplies conservativeK values, which can be regarded as safe in all cases. Nevertheless, in a number of cases ISO unde
he inerting capacity, so that non-flammable gas mixtures are considered flammable.
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. Introduction

The calculation method published in ISO 10156[1], Chap-
er 4.6 takes into account not only the fire potential of the
ammable component, but also the inerting capacity of the
iluent gas in air.

Each inert gas has an ability to reduce the flammable
ange of flammable gas–air mixtures. The combustion reac-
ion heats the inert gases to a certain flame temperature, which
onsumes a part of the energy from the reaction. Some “in-
rt gases” additionally affect the kinetics of the combustion.
alogenated hydrocarbons often show such inhibiting effect.
he ability to reduce the flammable range is expressed by the
imensionlessK value, the so-called coefficient of nitrogen
quivalency.

∗ Corresponding author. Tel.: +49 30 8104 3452; fax: +49 30 8104 1227.
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The calculation method is based on the fulfilment of
following criterion:

n∑
i=1

Ai

(
100

Tci
− 1

)
≤

p∑
k=1

BkKk (1)

whereAi is the fraction of flammable componenti in the
flammable gas–inert gas mixture, in percent by volume
mol%),n the number of flammable components,Bk the frac-
tion of inert componentk in the flammable gas–inert g
mixture, in percent by volume (or mol%),p the number o
inert components,Kk the coefficient of nitrogen equivalen
andTci is the maximum flammable gas content for whic
mixture of the flammable gasi in nitrogen is not flammab
in air, in percent by volume (or mol%). Remark: in the f
lowing it will be written asTci in accordance with Part
[2].

Gas mixtures, for which this condition is not fulfilled, ha
to be classified as flammable.
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In Part 1 of this article[2], the fire potential of the
flammable components (left-hand side of Eq.(1)) has been
discussed; therefore, Part 2 deals with inerting capacities of
the inert components (right-hand side of Eq.(1)). The deter-
mination ofKk 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 ranges[3]. He investigated
systematically a number of ternary systems in order to find
non-flammable mixtures, which are needed as “magic gases”
in indication chambers of particle accelerators in the Euro-
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
for the tests in Berlin and another time for CERN in Geneva. It
complied with the testing equipment described in ISO 10156,
Fig. 1. The apparatus and the test procedure are described in
detail in Part 1 of this article[2].

Besnard’s experimental results are summarized in
Figs. 1–4 [3]with the flammable gases methane, ethane,
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Fig. 2. Influence of inert gas on the explosion ranges of ethane–inert gas–air
mixtures, measured according to DIN 51649-1 at 20◦C and 101 kPa[3].

Fig. 3. Influence of inert gas on the explosion ranges of propane–inert gas–air
mixtures, measured as per DIN 51649-1 at 20◦C and 101 kPa[3].

Fig. 4. Influence of inert gas on the explosion ranges ofn-butane–inert
gas–air mixtures, measured according to DIN 51649-1 at 20◦C and 101 kPa
[3].
ropane andn-butane and a number of inert gases.
In addition to the influence of the specific heat, parti

alogenated hydrocarbons show another effect. The
xplosion limits of flammable gases inFigs. 1–4decreas
trongly on addition of C2H2F4 (R134a) and exhibit anom
ous courses. The reason is that a number of partially
enated hydrocarbons take part in the combustion rea
ithout themselves being flammable as pure materials i
uch substances are not really “inert” and can often ign
ir under high pressure or temperature, as described in
of this article. If one determines the so-called MXC v

es from those explosion diagrams, very low values wi
btained, even if their specific heat values are high.

ig. 1. Influence of inert gas on the explosion ranges of methane
as–air mixtures, measured according to DIN 51649-1 at 20◦C and 101 kP

3].
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3. K values calculated from experimental data

The measurements of[3–5] allow the accuracy test of the
coefficients of nitrogen equivalencyKk for inert gases rec-
ommended by ISO 10156. Therefore, one has to draw the
tangent from the point “100% air” to the explosion range
(seeFig. 5) and determine the MXC value for the inert gas
to be evaluated. The MXC value is defined – similarly to the
Tci value, which is valid only for nitrogen as an inert gas – as
the maximum flammable gas content for which the mixture
of the flammable gasi with the inert gask is not flammable
in air.

The calculation of coefficients of nitrogen equivalency of
thek-th inert gas component relative to nitrogen can be carried
out for each flammable–inert gas system. In this way one can
get several, flammable gas specific coefficients (Ki,k) from
experimental data (MXCi,k andTci) using the reformulated
Eq. (1). At the limiting value for ignitability of a mixture,
composed of only one inert gask and one flammable gasi, it
becomes:

Ki,k =
MXCi,k

(
100
Tci

− 1
)

(100− MXCi,k)
(2)
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Table 1
Kk values determined from[3] at 20◦C and 101 kPa

Gases Ar Ne He N2 CO2 CF4 SF6 R134a

Methane 0.62 0.93 1.20 1.00 2.27 3.37 5.09 1.21
Ethane 0.62 0.88 1.10 1.00 1.84 2.63 4.13 1.45
Propane 0.65 0.81 1.04 1.00 1.87 2.77 4.80 1.58
Isobutane 0.59 0.80 1.01 1.00 1.94 2.32 4.74 1.40
n-Butane 0.64 0.77 1.01 1.00 1.84 2.61 4.78 1.63
“Average” 0.62 0.84 1.07 1.00 1.95 2.74 4.71 1.45
“Worst case” 0.59 0.77 1.01 1.00 1.84 2.32 4.13 1.21

Table 2
Kk values determined from[4,5]

Gases CO2
(20◦C)

H2Oa

(100–110◦C)
Ar
(20◦C)

He
(20◦C)

R134a
(20◦C)

Methane 2.23 1.87 0.69 1.31 –
Ethane 1.87 1.40 – – –
Propane 1.93 1.51 – – 1.81
Ethylene 1.84 1.68 – – –
Propylene 1.92 1.36 – – –
Hydrogen 1.51 1.35 0.75 1.62 –
CO + 1% H2 1.86 – – – –
CO (wet N2) 1.77 1.30 0.56 0.92 –
“Average” 1.87 1.50 0.67 1.28 1.81
“Worst case” 1.51 1.30 0.56 0.92 1.81

a The comparison includes the temperature dependence ofTci . Note that in
most cases the legal classification of gas mixtures corresponds to atmospheric
conditions.

4. Evaluation ofK values recommended by ISO
10156

Table 3 summarizes theKk values from[3–5] which
are taken from the rows “average” and “worst case” of
Tables 1 and 2. Furthermore, theKk range for each inert
gas with the lowest and highest values fromTables 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 SF6 with isobutane to be around 4.

The averageKk 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. However, theK values
cannot be considered mechanically (taken simply the mathe-
matical average values) since, for safety purposes, the “worst
case” must be selected for design or decision.

If the intervals of the individualKk values are considered,
it can be stated that the recommendations of ISO 10156 for
helium, SF6 and CF4 are too conservative.

5. Discussion

The comparison shows that the estimated ISO values are in
g ome
e st im-
here i is the index of the flammable gas,k the index o
he inert gas other than nitrogen and MXC is the maxim
ammable gas content for which a mixture of the flamm
asi in an inert gas other than nitrogen is not flammabl
ir in percent by volume (or mol%).

The Kk values were calculated from CHEMSAFE d
seeTable 1) and also from Besnard’s measurements
able 2). The experimental MXC values were derived fr
he explosion diagrams, theTci values were taken from Pa
, Table 5.

ig. 5. Explosion diagram of the hydrogen–nitrogen–air system, mea
t 20◦C and 101 kPa according to DIN 51649-1.
ood agreement with experimental values. Apart from s
xceptions the specific heat of inert gases plays the mo
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Table 3
Comparison of theKk values fromTables 1 and 2with theKk values published in the ISO 10156 standard

CO2 He Ar Ne Kr Xe SO2 SF6 CF4 R134a H2O (100–110◦C)

Kk from ISO 1.5 0.5 0.5 0.5 0.5 0.5 1.5 1.5 1.5 – 1.5
Kk average[3] 1.95 1.07 0.62 0.84 – – – 4.71 2.74 1.45
Kk average[4,5] 1.87 – 0.67 – – – – – – 1.81 1.50
MinimumKka [3–5] 1.51 0.92 0.56 0.77 – 4.13 2.32 1.21 1.30
MaximumKk [3–5] 2.27 1.31 0.75 0.93 – – 5.09 3.37 1.81 1.87

a The minimumKk values[3–5] represents the “worst case”.

portant role for the inerting capacity. Because of the influence
of apparatus parameters on the determination of explosion
limits it is strongly recommended to determineK values only
by using explosion diagrams, which are measured using the
same test procedure.

The database CHEMSAFE[5] supplies explosion dia-
grams, which are measured according to the DIN 51659-1
in most cases, recommended by experts of the BAM and the
Physikalisch-Technische Bundesanstalt (PTB). Besnard has
determined a number of explosion diagrams for hydrocar-
bons with eight different inert gases: nitrogen, argon, neon,
helium, CO2, CF4, SF6 and R134a[3]. He used a similar test
apparatus like the one of BAM based on DIN 51649-1.

Using the measurements, a rank can be determined for
the inerting capacity of inert gases. This inerting capacity
is defined with reference to the flammability of a flammable
gas–inert gas mixture in air. It does not correspond to the total
reduction of the explosion range in an explosion diagram.
Therefore, it can be recommended to apply theK values for
classification purposes to determine the flammability of gas
mixtures in air, but theK value should not be used to estimate
the potential explosion hazard of gas mixtures close to the
upper explosion limit.

The rank of the inerting ability is SF6 > CF4 > CO2 >
R134a > H2O > He > N2 > Ne > Ar. This corresponds to the
r
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However, three important anomalies can be observed:

- helium shows better inerting effect than it would be ex-
pected from its specific heat;

- in the case of the hydrogen the inerting effect of CO2 is
worse than expected;

- R134a shows a worse inerting effect than it would be ex-
pected from its position in the specific heat rank.

The better inerting effect of helium than expected from its
specific heat may be due to its extremely good thermal con-
ductivity. In the case of hydrogen, the worse inerting effect
of carbon dioxide can be explained by the fact that carbon
dioxide does not really behave as an inert substance with hy-
drogen. A possible reaction between the two components is
the backward water gas shift reaction, which can take place
at flame temperature. The anomalous behaviour of partially
halogenated hydrocarbons such as R134a is already discussed
above.

These phenomena show that the evaluation of the
flammable–inert gas mixtures is a complex issue and care-
ful investigations are needed to determine whether or not the
evaluated mixture is in the dangerous explosive zone.

6. Conclusions
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ank of the specific heat values of the inert gases (seeFig. 6).
higher specific heat value means better inerting effecCp

alues at 700 K were used for this simple comparison, t
nto account the range of heating up from room tempera
o flame temperature at the lower explosion limits.

ig. 6. Specific heats of inert gases calculated at 700 K based on[7] and in
he case of R134a based on[8].
A comparison of theTci values (see Part 1 of this ar
le) indicates that the constants in the calculation me
or flammability of gas mixtures in the ISO 10156 (19
tandard need to be revised. These constants are based
easurements from the literature without giving the litera

ources, and differ significantly from latest measured dat
ording to German standard DIN 51649-1 or data taken
ew European and US standards. Use of the ISO da

he calculation of flammability of gas mixtures can resu
rong classification and finally in explosion hazard.
On the other hand, it should be noted that the “worst c
values, which are determined from experiments, do

iffer significantly from the proposed estimated value
SO 10156 (1996) for all investigated inert gases.
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