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Background

One requirement regarding the transportation of transuranic (TRU) radioactive waste
containers currently limits the total concentration of potentially flammable volatile organic
compounds (VOCs) and flammable gases in the headspace of the waste container. Typical
VOCs observed in the drums include aromatic hydrocarbons, ketones, alcohols, cyclohexane, as
well as chlorinated hydrocarbons (alkanes and alkenes). Flammable gases, such as hydrogen and
methane, may be generated in the containers by radiation-induced decomposition (radiolysis) of
water and hyc.lroca.rbon waste forms. The pauéity of experimental flammability data on gas
mixtures containing the constituents observed in TRU waste containers prompted the
establishment of an experimental program to determine the lower flammability or explosibility

y

limit (LFL) for such mixtures. As part of a flammability assessment methodology program, an

effort was also initiated 10 identify an accurate means for predicting gas mixture flammability.

Experimental Design

The experimental design focused on obtaining data from gas mixtures that contained
distinctive and representative components in order to determine the effect of compound classes
on predicting mixture lower flammability limits. The gaseous constituents expected in a TRU
waste container fall into one of three compound classes - flammable VOCs, nonflammable
VOCs, and flammable gases. Flammable VOCs were categorized Ey functional groups and pure
component LFL. The functional groups considered were aromatic hydrocarbons, ketones,
alcohols, and chiorinated alkanes and alkenes. The flammable VOC LFLs considered were

divided into three distinct groups designated by LFLs of 0.9-1.3%, 1.4-2.6%, and 5.6-6.7%. The
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nonflammable VOCs observed in TRU waste containers consist of highly halogenated VOCs.
Hydrogen 1s the primary flammable gas. Test mixtures for flammability testing were determined

based on the following factors:

. Presence or absence of flammable VOCs from one or more of three LFL groups
o Presence or absence of hydrogen
. Presence or absence of a nonflammable VOC.

The VOCs selected to represent the compound and flammability classes were chosen based on
their relative prevalence in the TRU waste drums. The experimental test mixtures consisted of
hydrogen and the following VOCs: 1,2-dichloroethane (DCA) (flammmable chlorinated alkanes);
2-butanone (MEK) (ketones); toluene (aromatic hydrocarbons); and, carbon tetrachloride
(nonﬁammable VOCs).

All VOCs and gases used for these tests were supplied as high purity materials (>99%) by
the manufacturers. The cylinders of purified, dried compressed air that were used in the test-
program were analyzed by gas chromatography and were found to have very low concentrations
of organic and carbon monoxide impurities (on order of parts per million). The oxygen content
was also consistent with that of standard dry air (20.96%). The hydrogen (H,) cylinder used was
research grade and was analyzed at over 99.8% H,. The toluene, MEK, DCA, and carbon
tetrachloride that were .used in the flammability tests were anhydrous, high purity chemicals that

had been packaged under nitrogen in sealed glass containers by Aldrich Chemical Co.
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Flammability Test Equipment

A heavy-walled, stainless steel test chamber with an approximate volume of 19 L was
used for the gas mixture flammability tests. A schematic of the test chamber is shown in
Figure 1. The test chamber is a nearly spherical vessel made of 0.013-m thick stainless steel
(tvpe 304) with a pressure rating of 21 bar (300 psia). The chamber has been used extensively
for dust and gas explosibility measurements at the Pittsburgh Research Center (PRC). This
chamber is considerably larger than the 5-L spherical glass ﬂaské speciiled in the ASTM vapor
flammability test procedure’, but is consistent with the ASTM standard.” The larger size of the
chamber miﬁimizes wall effects on flammability and allows for the potential use of stronger
ignitors to ensure the absence of ignition limitations. An appropriate pressure criterion is used
to designate flammability rather than purely visual and subjective criteria.

The chamber is equipped with viewing ports and access ports for pressure and
temperature sensors, electronic ignition, evacuation, gas admission, and VOC liquid injection.
Ignition was attempted using a 41-joule stored (capacitor bank) energy spark that was
discharged through a transformer, and the resulting pressure wace was monitored to determipe
flammability or nonflammability for each test. A computer-controlled data acquisition system
was used to record and display pressure and temperature data versus time. A Baratron
temperature-controlled capacitance manometer-type pressure wransducer was used to measure
component pressures during test preparation, and two Viatran strain-gauge type pressure
transducers were used 1o measure system pressures after ignition. Chamber temperature near the
top was monitored by a Chromel-Alumel (type K) thermocouple. The above instruments were
checked against known standards prior to their use in the flammability tests, and pressure

transducers with built-in calibrations were checked daily.
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Figure 1. Schematic of 19-L test chamber.



Each VOC was injected as a liquid into the evacuated test chamber in order to ensure
complete volatilization. Each test mixture was prepared so that the specified compounds were
present in equimolar quantities before being mixed with air. Once the appropriate components
were Introduced into the chamber and pressures were checked to ensure proper component
concentrations, the chamber was brought to atmospheric pressure (1 bar) using the dry air. The
bulk of the air was added first through a solenoid-controlled valve at the bottom of the chamber.
The controls were designed to discharge enough air in 0.3 s to bring the chamber from near
vacuum to near atmospheric conditions. The objective of this method of air addition was to
create adequate turbulence to ensure good mixing of mixture components. Final air addition was
made manually through a side port to achieve the desired system pressure, and occurred within

one minute of the initial air blast.

Flammabilitv Testing

At the start of the daily testing, the chamber was evacuated and the pressure transducers
were calibrated. With the vacuum purmnp isolated from the chamber and shut down, the Baratron
pressure reading was monitored for several minutes to confirm the vacuum tightness of the
chamber. After recording the initial chamber pressure, the first VOC was metered into the
chamber by careful liquid injection to achieve the desired component pressure. It was observed
during the addition of MEK that the system pressure slowly decreased due to possible absorption
inside the chamber. Therefore, the MEK was injected first and care was taken to insure that the
desired steady-state vapor pressure reading was attained before the next component was
inroduced. This injection was followed by that of toluene, DCA, carbon terrachloride, H,, and

air, in that order. The temperature inside the chamber (after each component addition) was read
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from the digital thermocouple output meter together with the chamber pressure reading from the
Baratron meter. At the end of each test day, the septum was changed and the test chamber was
cleaned, sealed, and filled with cylinder air.

Mixture flammability was identified by the pressure rise in the test chamber vessel after
the ignition of the gas mi#me. The LFLs of individual components were determined and
compared to values previously determined at the PRC for hydrogen® and the values for VOCs
that were reported in the literature.* Based on preliminary testing, a pressure rise of 0.035 bar
(0.5 psi) was chosen as the LFL criterion. Test mixture concentrations were increased in 10%
increments, starting with a calculated limit concentration and maintaining the required
component ratio, until the chamber pressure increased at least 0.035 bar (0.5 psi) after ignition.
After a positive ignition was obtained, subsequent tests were performed to identify at least two
additional flammable aﬁd nonflammable mixtmure concentrations both above and below the first
cormposition with positive ignition. These pressure rise results versus mixture composition in air

L e

ch mixture, and the best estimated LFL was determined to the nearest 0.05%.

Flammability Test Results
A total of 31 unique gas mixtures and seven repiicate mixtures were tested to assess
experimental error. All tests were performed in a prescribed random order to ensure that
experimental errors were properly estimated and not confounded with experimental procedure
trends. Figure 2 shows the flammability data for hydrogen. This plot shows the gradual increase
in explosion pressure with H2 concentration. Figure 3 shows the flammability data for the binary
mixture of H, with carbon tetrachloride. This plot shows an even more gradual increase in

pressure with concentration. These figures show that pure hydrogen and some hydrogen
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Figure 2. Flammability data for hydrogen.
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Figure 3. Flammability data for gas mixture containing 50% hydrogen:50% carbon tetrachloride.



mixtures have a fairly large uncertainty in LFL values due to the gradual increase of pressure
with concentration. Other hydrogen-containing mixtures and the VOC mixtures show a sharp
discontinuiry at the flammability boundary and therefore have more well-defined LFL values.
Figure 4 shows the excellent agreement of the replicate mixtures 13 and 23 containing H,,
toluene, MEK, and DCA. A summary of the measured LFL values for all the test mixtures are

listed in Table 1.

Methods for Estimating Mixture LELs (MLFLs)

Given the flammability limits of each of the components in a mixture, the MLFL may be
calculated by LeChatelier’s rule:’

100
LFL;

where MLFL = mixture lower flammability limit (vol%)

MLFL= (1)

C,; = concentration of component / in the gas mixture on an air-free basis (vol%)
LFL;= lower flammability limir for compound : in the mixture (vol%).

For equimolar mixtures, all values of C; are equal. For such mixtures with the non-flammable
carbon tetrachloride (CCL,), 1/LFL,. is taken as 0, since the CCl, is treated as an inert diluent.
The Group method is based on an extension of a method presented elsewhere.® This method
predicts the MLFL of a mixture based on knowledge of the chemical structure of each individual
component in the mixture. The LFL values based on the group contribution method are

calculated by the following equation:
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Table T Experimental MLFL results for test mixtures.

P

Proportion or Compound in Mixture on Air-Free Basis (%)

T 2-D1 -

e 1D VD! e Rymogm O MLLOM
l 20 20 20 20 20 3.40+0.10
2 100 0 0 0 0 4.85=0.05
3 50 50 0 0 0 2.6520.05
4 33 33 33 0 0 1.95=0.03
5 25 25 23 23 0 2.40=0.05
6 33 33 0 33 0 3.40+0.07
7 25 25 0 25 25 5.15=0.05
8 33 33 0 0 33 4.85+0.10
9 25 25 25 0 25 2.80=0.05
10 50 0 50 0 0 2.0520.03
11 33 0 33 0 33 3.5020.05
12 33 0 33 33 0 2.6520.05
13 25 0 25 25 25 3.950.05
14 50 0 0 50 0 5.3520.20
15 33 0 0 33 33 9.7£0.50
16 50 0 0 0 50 ND
17 0 100 0 0 0 1.95=0.03
18 0 50 0 0 50 4.65=0.03
19 0 50 50 0 0 1.4320.05
20 0 50 0 50 0 3.1520.07
21 0 25 25 25 25 2.9020.05 .
22 0 0 100 0 0 1.20=0:03
23 0 0 50 0 50 2.90=0.05
24 0 0 50 50 0 2.05+0.03

25 0 0 33 33 33 3.63=0.10
26 0 0 0 100 0 5.00=0.40
27 0 0 0 50 50 10.820.80
28 0 33 33 0 33 2.4520.03
29 0 33 33 33 0 2.00=0.05
30 0 33 0 33 33 5.20=0.10
31 0 0 0 0 100 NF
33 33 0 33 0 33 3.45=0.10 .
34 0 33 33 0 33 2.35=0.05
35 33 0 0 33 33 10.1=0.50
36 0 33 0 33 33 5.20=0.07
38 50 50 0 0 0 2.70=0.05
39 0 0 50 50 0 2.05=0.03
40 23 23 25 25 0 2.40=0.10

ND = Not determined because vapor condensed; NF = Not flammable.
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100
MLFL = ———— 2
Zf,xGCFl (-)

where MLFL = mixture lower flammabilirty limit (vol%
J;=mole or volume fraction of gas i/ in mixture on an air fres basis
GCF, = group conmibution factor for compound i.

The group contribution factor for a compound is written as:

GCF;"'anxGFj (3)

where n,= number of group type; in compound i

GF, = group factor for group type /.

Table II contains the calculated group factor values for the various groups used to
determine the GCF for compounds of interest. The comparison of the results of these two

methods to experimental determined MLFLs are summarized in Table III.

Table II. Group factor values used in Equation (3).

Group Group Factor
C 5.10

H 2.17

H, 20

O -2.68

N 1.38

Cl -4.38
C=C ' 14.07

F (No.H>No.F atoms) -4.18

F (No.H<No.F atoms) -2.55

I 17.5

S 10.9

P 9.6 -
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Table I1I. Predicted mixture lower flammability limits.

Mixture No. Experimental LeChatelier Group

1 3.40 2.85 3.09
2 4.85 4.85 5.52
3 2.65 2.78 2.89
4 1.95 1.95 2.02
5 2.40 2.28 2.35
6 3.40 3.30 3.40
7 5.15 435 4.95
8 4.85 421 4.99
9 2.80 2.58 2.82
10 2.05 1.92 2.02
11 3.50 2.92 3.34
12 2.65 2.44 2.54
13 3.95 3.23 3.61
14 5.35 492 5.25
15 5.70 7.46 10.20
16 ND 9.70 20.62
17 1.95 1.95 1.9
18 4.65 3.90 4.69
19 1.45 1.49 1.51
20 3.15 2.81 2.81
21 2.90 2.59 2.78
22 1.20 1.20 1.23
23 2.90 2.40 2.75
24 2.05 1.94 1.98
25 3.65 2.93 3.27
26 5.0 5.00 5.00
27 10.80 10.00 17.27
28 2.45 2.25 2.45
29 2.00 1.96 1.99
30 5.20 425 4.84
31 NF NA -11.88
33 45 2.92 3.34
34 2.35 2.25 2.45
33 10.10 7.46 10.20
36 5.20 4725 4.84
38 2.70 2.78 2.89
39 2.05 1.94 1.98
40 2.40 2.28 2.35

ND = Not determined because vapor condensed.
NA = Not applicable; NF = Not flammable.
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Discussion

In order to characterize the accuracy of the two predictive methods, the mean relative
percent difference between experimental and method MLFLs was calculated. For the Group
method, the mean relative percent difference (using average of duplicate tests and excluding testg
with no measured LFL) was calculated to be 0.8% with a standard deviation of 12.6%. With the
LeChatelier method, the mean relative percent difference is -8.5% with a standard deviation of
7.6%. In addition, the Group method predicted values closer to experimental values in 20 tests
opposed 1o 7 tests with the LeChatelier method (excluding duplicate tests). The standard
deviation for the Group method was significantly skewed by its inability to accurately predict the
LFL for the gas mixture containing hydrogen and carbon tetrachloride. The mean relative
percent difference for the Group method excluding this one test is -1.3% with a standard
deviation of 5.5%.

The estimated error of the LFL determinations that is reported in Table I is based on the
number of data points in the near vicinity of the LFL value, and how close the data points are to
the LFL. The error listed for the LFL values in Table I is a conservaiive value. A direct I;easure
of the precision of the LFL values was determined from the réplicate runs for seven mixmwres.
The greatest deviations between replicate trials were less than 5%.

The actual pressure criterion used to identify flammability is system specific. A-pressure
rise criterion 0.035 bar (0.5 psi) was chosen that produced results consistent with earlier data
from larger closed systems that identified the hydrogen LFL to be 5%. At this pressure
criterion, a risipg "fireball" and a definite temperature increase (1°C) by the 12.7-mm (5;'nil)
thermocouple located near the top of the chamber were observed, both indicative of gas

flammability.
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The LFLs for the pure components toluene and MEK determined from test chamber data were
consistent with values reported using flammability tubes data. The DCA LFL of 4.85%
determined in this study was considerably less than reported LFL values of 6.2% to 5.4%.* The
variability in the earlier values is probably a reflection of wall effects and ignition limitation.
Most of the earlier determinations were made in U.S. Bureau of Mines type flammability tubes
that were 0.05 m in diameter and 1.5 m long.* However, it was recognized that this tube
diameter, although recommended as the minimum acceptable size, was not adequate for all fuels
- particularly halogen-containing fuels such as the chlorohydrocarbons. It is recommended,
therefore, that the Group Factor contribution of Cl in such compounds be redetermined from LFL
tests in larger test vessels such as that used in this study. It is anticipated that the Group
Contribution method for estimating MLFLs will then become even more accurate. There will,
nonetheless, remain such dvnamic factors as relative diffusivity of components in the flame zone
that will prevent an accurate estimate of MLFL using the above methods in extreme cases of high

and low diffusivity, such as hvdrogen - carbon tetrachloride mixtures.

Conclusions
The group factor contribution method was determined to be more accurate than the
LeCharelier method for estimaring the LFL for gas mixtures containing hydrogen, carbon
tetrachloride, 1,2-dichloroethane, toluene, or 2-butanone. The LFLs of gas mixtures containing
equimolar combinations from the four specified VOCs and hydrogen were determined in a 19-L
laboratory ﬂamrhabiliry chamber using a strong spark ignition source. The LFL of 1,2-
dichioroethane was determined to be 4.85% which is significantly below the range of values

cited in the literature. The measured LFL values reported here are considered more accurate than
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the previous literature values since a larger chamber was used in combination with a more
energetic spark, and it is known that the halogenated species are prone to exhibiting wall effects
and ignition limitations. The LFLs of the other flammable VOCs were within the relatively

narrow range of values cited in the literature.
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