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1.0 INTRODUCTION

1.1 Background

Regulations on alternative refrigerants and concerns for the environment are forcing the
refrigeration industry to consider the use of potentially flammable fluids to replace the
chlorofluorocarbon (CFC) fluids currently in use. In some cases, these flammable fluids may
result in the least environmental damage when considering ozone depletion, global warming,
efficiency, and photochemical reactivity. Many potentially flammable fluids have proven to be
effective when used either by themselves or as a part of a binary or ternary mixture. However,
despite favorable initial test results, these fluids may not be acceptable to the general public if
questions of safety cannot be adequately addressed. Significant research is being conducted to
investigate the flammability of these materials.

One area of research is the determination of those conditions under which a refrigerant/air
mixture can be used safely. American National Standards Institute/American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ANSI/ASHRAE) Standard 34-1992 currently
classifies refrigerants based on the lower flammability limit (LFL) and the heat of combustion as
determined by using the test method described in ANSI/ASTM E681-85. This test method uses a
visual criterion for determining whether the refrigerant is flammable and is generally only valid at
ambient and subambient pressure and relatively low temperatures. Additionally, the ignition of the
mixture is accomplished by a spark generated between electrodes inside the test flask. This type of
ignition may or may not be representative of a realistic threat. The use of this test method to
determine the flammability of refrigerants has been questioned, and the objectives of this program
are to establish the conditions under which refrigerants and refrigerant blends exhibit flammability
and to develop appropriate methods to measure flammability.

1.2 Flammability Parameters

Not all combustible mixtures are considered flammable, and one of the difficulties in
determining flammability is the definition of what constitutes flammability. According to
Zabetakis,

A combustible gas-air mixture can be burned over a wide range of
concentrations—when either subjected to elevated temperatures or exposed
to a catalytic surface at ordinary temperatures.  However, homogeneous
combustible gas-air mixtures are flammable, that is, they can propagate
flame freely within a limited range of compositions. 1

1. Zabetakis, Michael G., "Flammability Characteristics of Combustible Gases and Vapors,"
Bureau of Mines Report of Investigations 627, page 2, Bureau of Mines, Pittsburgh, PA,
1965.
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We will use this definition for flammability, namely, that flames propagate freely through the
gas-air mixture. The most dilute mixture that is flammable is known as the lower flammability limit
(LFL) or lower limit, and the most concentrated mixture is known as the upper flammability limit
(UFL) or upper limit. The paramount concept is that flame must propagate for the material to be
flammable, and, with that in mind, we have borrowed liberally from the large body of combustion
data to develop this test plan.

A second difficulty is the definition of the flammability limits themselves. Some researchers
consider the LFL a unique fundamental material property2 while others consider that there "is no
convincing evidence for the existence of fundamental limits of inflammability, although theory
suggests that there probably are such limits."3 It is known that flames which can propagate upward
may not always propagate downward, and that "carefully nurtured flames can be maintained well
outside conventional limits"4 using flat-flame burners. Pressure, temperature, catalytic effects, and
other external factors influence flammability limits. One goal of this program is the development of a
test technique that will determine realistic limits to reflect accurately the "true" flammability of
refrigerants. One possible definition of "true" limits is that the limits should reflect the behavior of
the flammable mixture in the environment in which the refrigerant is used.

Little has been published on the flammability of refrigerants. More data are available on the
flammability of combustible gases, but the subject is almost always hydrocarbon fuels. Even more
information is available on the ignition and propagation of flames through combustible mixtures.
Therefore, the flammable refrigerant will be considered to have flammability properties similar to
those of a hydrocarbon fuel, and other refrigerants in the mixture will be considered to be diluents or
inertants. This concept will allow the application of vast amounts of combustion theory to the
problem.

Combustion, and therefore flammability, generally cannot occur without the four legs of the
fire tetrahedron—fuel, oxygen, heat, and sufficient free radicals to sustain the reaction. Unless
sufficient fuel is available (at the LFL) or sufficient oxygen is available (at the UFL), the mixture is
non-flammable. Unless the temperature reaches the ignition temperature, and heat is conveyed to the
next layer of unburned gas, the mixture is non-flammable. And unless an adequate number of free
radicals are available to sustain the reaction, the mixture is also non-flammable.

Gaseous fuels can burn in one of two ways. Fuel and air may be intimately mixed prior to
burning (pre-mixed flames) or they may be initially separated and burned in the zone where they

2. Grosshandler, William, ARI Flammability Workshop, March 8-9 1994, Chicago, IL, Air
Conditioning and Refrigeration Institute, Arlington, VA 22203, 1994.

3. Linnett, JW., and Simpson, J.S.M., Limits of Inflammabilitv, Sixth Symposium
(International) on Combustion, page 25, Reinhold Publishing Corporation, New York,
NY, 1957.

4. Lewis, B., and Von Elbe, G., Combustion, Flames, and Explosion of Gases, 3rd Ed., page
326, Academic Press, Inc., Orlando, FL 32887, 1987.
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mix (diffusion flames).5  While flammable refrigerants may burn under either condition, most
testing uses a pre-mixed flame rather than the diffusion flame (flowing, constant pressure systems
are the exception).  In reality, a realistic scenario for a flammable refrigerant could be an
unconfined vapor cloud, which is not truly representative of either type of testing. For the purpose
of this test program, only pre-mixed flames will be investigated due to the general acceptance of
flammability results based on this type of testing.

Visual indications are only one of many indications that may be used to verify
flammability. It may not be the most reliable method due to reactions at low temperatures that may
produce cool flames or low-temperature explosions that, while producing luminosity, do not
propagate on their own and thus do not meet the definition of flammability. Other indications of
flammability that could potentially prove to be more reliable include the following:

a. Temperature rise.  Does the ignition source raise the temperature above the limiting
flame temperature of the mixture, which is required to sustain combustion?

b. Light.  Are there non-visual methods—infrared or ultraviolet (IR or UV)—that
can be more reliable and repeatable than visual?

c. Pressure rise.  Both the magnitude of the pressure rise and the rate of the rise can be
indicators of flammability.

d. Presence of radicals.  It is known that combustion cannot occur without the
presence of an adequate number of free radicals to sustain the reaction.

e. Presence of combustion products.  Combustion can be indicated by the ratio of
certain combustion products in the mixture.

f. Heat of reaction.  Combustion can be indicated by the presence of a heat rise
detected in bomb calorimetry.

g. Flame velocity.  Combustion waves travel with a specific flame velocity that can be
measured and analyzed to determine combustion.

h. Electrical properties.  Electrical conductivity, ionization potential, dipole moments,
and other electrical properties of the mixture may change after combustion.

Conceivably, each of these techniques could result in different limits of flammability
depending upon the criteria. It is the purpose of this test program to propose and assess one or
more reliable and repeatable test techniques to determine the flammability of refrigerants and
refrigerant blends. Any experimental method should minimize the following quantities:6

5. Drysdale, D., An Introduction to Fire Dynamics, page 13, John Wiley and Sons,
Chichester, England, 1985.

6. Hertzberg, M., "The Theory of Flammability Limits - Natural Convection," Bureau of
Mines Report of Investigations 8127, page 1, Bureau of Mines, Pittsburgh, PA, 1976.



a. Natural convection

b. Conductive/convection losses to walls

c. Radiative losses to walls

d. Selective diffusional demixing

e. Non-linear flow gradients (flame stretch)

Many parameters affect flammability and must be considered in the design and analysis of test
methodology. Each of the factors below could affect the flammability limits:

a. Ignition source

b. Temperature of the mixture

c. Pressure of the mixture

d. Humidity of the air

e. Size and shape of the test vessel

f. Test vessel materials

g. Turbulence in the test vessel

h. Concentration of the components of the mixture

i. Reactivity of the components

j. Mixing of the components

k. Altitude of testing (may be a function of other factors such as pressure and air
composition)

Each parameter will be discussed below.

1.2.1 Ignition Source

The ignition source may be the most critical parameter in determining repeatable
flammability limits.  Richard and Shankland7 found differences of up to 12% in the LFL
for R-32 when ignited with copper wire as compared to a match, and much greater
differences have been found for more marginally flammable refrigerants such as R-141b.
Except for autoignition, in which the temperature of the flammable gas is raised uniformly
above the temperature required for ignition, most ignitions occur when a highly
concentrated, but relatively small, region of high temperature raises the surrounding
volume of flammable gas above its ignition temperature.  If this reaction raises the
temperature of the next layer of gas above its ignition temperature, the reaction continues

7. Richard, Robert G., and Shankland, Ian, "Flammability of Alternative Refrigerants,"
ASHRAE Journal, Vol. 34, No. 4, page 22, American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Atlanta, GA 30329, 1992.
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and propagation of the flame occurs.  If the next layer of gas is not ignited, the
propagation is halted.  Potential ignition sources, all of which provide this region of high
temperature, include matches, pyrotechnic igniters (including electric matches), electric
sparks, mechanical sparks, glowing wires, and hot surfaces.  Alternating current (AC)
sparks must be examined as well as the more traditional direct current (DC) sparks.  Any
potential source (for example, nichrome wire) must be examined to ensure that it does
not have a catalytic effect on the reaction.  Of the above sources, the two most likely to
be repeatable are the match and the electric spark (AC or DC), and most flammability
testing has been accomplished using those two ignition sources.

The electric spark is a very fast-acting ignition source, in the order of 10-8 to
10-7 seconds discharge time, and, therefore, the energy is highly concentrated.  Sparks
have been studied for years, primarily because of their importance in the internal
combustion engine.  Variables in this technique are given below:

a. AC versus DC.  Testing at NMERI involving inertion of propane and methane
by Halon 1301 has indicated that 120 volts AC (VAC) boosted through a transformer
can ignite mixtures that cannot be ignited by a DC spark at any energy up to 100 J.
However, the duration of the spark was not controlled.

b. Electrodes.  The shape, diameter, separation distance, and materials may be
critical. Most references indicate that above the quenching distance (dII)—the maximum
gap between electrodes that will successfully quench ignition—the shape of the ends of
the electrodes is not important.8  However, Lewis and von Elbe also state that for large
spark energies, dII actually increases, due to the increased heat transfer produced by the
turbulence of the larger spark.9

c. Position of the ignition source.  It appears as if the majority of flammability
testing, including the NMERI inertion work, has been conducted with the electrodes
located approximately in the center of the apparatus. However, the procedures for testing
in the ASTM flask do not specify a location of the electrodes, and indeed, the drawing of
the apparatus indicates that the location should be somewhat lower than the center of the
flask in Figure 1. Since ignition is measured by the upward propagation of flame, this
would seem logical. On the other hand, Crescetti et al., have shown a correlation
between the vertical location of the electrodes and the location of the flame front as a

8. Sheldon, M., "Principles of Spark Ignition," Fire Protection, Vol. 165, page 28, Fire
Protection Association, London, England, 1983.

9. Lewis, B., and Von Elbe, G., Combustion, Flames, and Explosion of Gases, 3rd Ed.,
pages 337-340, Academic Press, Inc., Orlando, FL 32887, 1987.
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function of time.10  Therefore, the vertical location of the electrodes in the ASTM flask will
be considered as a variable.

d. Energy.  Most electric sparks are produced by a capacitive discharge with many also
having an inductive component. The energy level in a capacitive spark is defined by the stored
electrical energy in the capacitors (½  FV2) where F is the capacitance and V is the voltage to
which the capacitors are charged (actually, the voltage before and after discharge must be
considered). If there are no losses between the capacitor and the electrodes, all energy is
transferred into the spark. However, it is possible that some energy will be required to initiate the
spark and not all will be available to ignite the flammable mixture. The energy deposited at a
sufficient temperature to initiate a freely propagating flame is called εeff and may be up to 2
orders of magnitude less than the stored energy, depending upon the voltage to which the
capacitors were charged and the chamber volume size.11  The energy loss due to the high-voltage
transformer has been estimated at 85%.

e. Circuit parameters.  (1) inductance in the ignition circuit results in a different type of
spark than that without inductance12 and (2) there is a fundamental difference in circuits that
employ inductors in parallel or series to the capacitor. It has also been recognized that ignition
energy is dependent not only on the resistance and capacitance of the circuit, but also on the
product of the two, i.e., the discharge time constant.13

Matches have also been used for flammability testing.  Matches are easily ignited using low
voltage batteries or power supplies. Under most test conditions, matches have a higher
energy content (one source reported 176 J)14 than a spark with a time duration

10. Crescitelli, S., Russo, G., Tufano, V., Napolitano, F., and Tranchino, L., Flame Propagation in
Closed Vessels and Flammability Limits, Combustion Science and Technology, Volume 15,
pages 201-212, Gordon and Breach Science Publishers, Inc., New York, NY, 1977.

11. Hertzberg, Martin, Conti, Ronald, and Cashdollar, Kenneth, Spark Ignition Energies for Dust-Air
Mixtures: Temperature and Concentration Dependencies, Twentieth Symposium (International)
on Combustion, pages 1682-1683, The Combustion Institute, Pittsburgh, PA 15213, 1984.

12. Allsop, G., and Guenault, E.M., The Incendivity of Electric Sparks in Relation to the
Characteristics of the Circuit, Third Symposium (International) on Combustion, page 344, The
Williams and Wilkins Co., Baltimore, MD, 1949.

13. Li, G., and Wang, C., "Comprehensive Study on Electric Spark Sensitivities of Ignitable Gases
and Explosive Powders," Journal of Electrostatics, Vol. 11, page 331, Elsevier Scientific
Publishing Company, Amsterdam, The Netherlands, 1982.

14. Skaggs, S.R., Heinonen, E.W., Moore, T.A., and Kirst, J.A., Low Ozone-Depleting
Halocarbons as Total-Flood Agents: Volume 2: Laboratory-Scale Fire Suppression and
Explosion Prevention, NMERI OC 92/26, page 46, New Mexico Engineering Research
Institute, Albuquerque, NM 87106, September 1993. (Draft)
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much longer than a spark and have resulted in wider flammability limits than electric
sparks or heated wires. It must be assessed whether matches provide a realistic ignition
source in the small test volumes used in flammability testing.

Lewis and von Elbe describe ignition by hot-wires and heated metal bars.15  These sources
will be considered as potential ignition sources in this program.

The minimum ignition energy (MIE) for various hydrocarbons has been extensively studied
for years.16,17  According to Bradford and Finch, "in all cases which have been examined,
more electrical energy is necessary to bring about ignition of mixtures near the limits than in
the middle zone of inflammability." 18  Therefore, the MIE must be examined not only at the
stoichiometric fuel-to-air ratio, but at the limits as well and as a function of composition.
However, it is believed that rather than devote significant effort to determine precisely the
MIE for various concentrations of agents, it is more critical to develop a representative
source that provides repeatable and reliable ignition of the mixture with a known energy.

1.2.2 Temperature

In general, the higher the initial temperature, the wider the flammability limits. This
occurs because less energy is required to bring the flammable mixture to its flame
temperature. The mixture will ignite without an external source when raised to its auto-
ignition temperature. Zabetakisl9 has suggested that the LFL of a hydrocarbon at any
temperature can be estimated by drawing a line between the room temperature LFL and
0% concentration at 1300 °C (Figure 1). If this estimation can be extrapolated to
flammable refrigerants, or if a similar estimation can be made, the amount of testing at
elevated temperature can be minimized.

15. Lewis, B., and Von Elbe, G., Combustion, Flames, and Explosion of Gases, 3rd Ed.,
pages 373-380, Academic Press, Inc., Orlando, FL 32887, 1987.

16. Ballal, D.R., and Lefebvre, A.H., The Influence of Flow Parameters on Minimum Ignition
Energy and Quenching Distances, Fifteenth Symposium (International) on Combustion,
pages 1473-1481, The Combustion Institute, Pittsburgh, PA 15213, 1974.

17. Blanc, M.V., Guest, P.G., Von Elbe, G., and Lewis, B., Ignition of Explosive Gas Mixtures
by Electric Sparks III. Minimum Ignition Energies and Quenching Distances of Mixtures of
Hydrocarbons and Ether with Oxygen and Inert Gases, Third Symposium (International) on
Combustion, pages 363-367, The Williams and Wilkins Co., Baltimore, MD, 1949.

18. Bradford, B.W., and Finch, G.I., The Mechanism of Ignition by Electric Discharges,
Second Symposium on Combustion, pages 112-126, The Combustion Institute,
Pittsburgh, PA 15213, 1965.

19. Zabetakis, Michael G., "Flammability Characteristics of Combustible Gases and Vapors,"
Bureau of Mines Report of Investigations 627, pages 22-24, Bureau of Mines, Pittsburgh,
PA, 1965.
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Figure 1. Effect of Temperature on Lower Limits of Paraffin Hydrocarbons in Air
at Atmospheric Pressure (from Reference 19).

1.2.3 Pressure

Pressure effects are among the most difficult of all the factors affecting flammability to
quantify, and in some cases, trends presented in different sources are contradictory. It is
fairly well understood that higher pressures affect the UFL much more than the LFL. For
example, Drysdale reports the UFL of methane as 60% and the LFL as 4% at 200
atmospheres (as compared to 15% and 5% at 1 atm)20, indicating a significant widening of
the limits. On the other hand, Coward and Jones state that increases in pressure above that of
atmospheric do not always widen the limits and for some mixtures, the range of
flammability is lowered with increasing pressure.21

At lower pressures some disagreements also occur. Drysdale indicates that pressures
below atmospheric do not affect the flammability limits providing that the pressure is

20. Drysdale, D., An Introduction to Fire Dynamics, page 89, John Wiley and Sons,
Chichester, England, 1985.

21. Coward, H.F., and Jones, G.W., "Limits of Flammability of Gases and Vapors," Bureau of
Mines Bulletin 503, pages 3-4, Bureau of Mines, Pittsburgh, PA, 1952.
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above 10.1 kPa (0.1 atmosphere) and the compound remains either a gas or a liquid.22

Egerton states that "a reduction of the pressure below 760 mm (of Hg) always causes both
limits to converge until they coincide at some critical pressure below which no propagation
can occur"23 (although he does not state how rapidly this convergence occurs). However,
Lovachev24 has reported that Lewis and von Elbe were uncertain that a lower pressure limit
independent of vessel size could exist. He also reported instances of flammability limits at
extremely low pressures, although he concluded that ignition effects may have played a part
in those tests. While these three statements may not be totally inconsistent (the conditions
under which the conclusions were made were not described), the fact that some controversy
appears to occur indicates that difficulty in measuring the flammability limits at low pressures
exists. Therefore, care must be taken to define upper and lower pressure requirements that are
reasonable and will not impact the flammability limits.

1.2.4 Humidity

While it has long been known that water vapor can affect the kinetics of a reaction, it has
been only recently that the flammability behavior of R-245ca has been analyzed with respect
to the moisture content of the air.25,26  It has been postulated that more than one combustion
reaction is possible depending upon whether adequate water vapor is present. This
dichotomy occurs primarily where the number of fluorine atoms is greater than the number
of hydrogen atoms and the flammability of refrigerants, such as R-134a, R-245ca, and
R-245fa, may be affected by this phenomenon. Effectively, as refrigerant concentration,
temperature, and pressure were kept constant, the flame characteristics intensified as the
moisture content increased from 10 to 60% relative humidity. Therefore, any test methods
developed must consider the relative humidity of the air.

In a personal correspondence, Dr. N. D. Smith of EPA noted some interesting observations
regarding attempts to obtain known moisture levels in the ASTM E-681 flammability tests.
In one series of 21 consecutive flammability tests, the same amount of

22. Drysdale, D., An Introduction to Fire Dynamics, page 88, John Wiley and Sons,
Chichester, England, 1985.

23. Egerton, A.C., Limits of Inflammability, Fourth Symposium (International) on
Combustion, page 10, The Williams and Wilkins Co., Baltimore, MD, 1953.

24. Lovachev, L.A., Babkin, V.S., Bunev, V.A., V'yun, A.V., Krivulin, V.N., and Baratov,
A.N.,"Flammability Limits: An Invited Review," Combustion and Flame, Vol. 20, pages
281-282, Elsevier Science Publishing Co., New York, NY 10017, 1973.

25. Smith, N.D., Ratanaphruks, K., Tufts, M., and Ng, A.S., "R-245ca: A Potential Far-Term
Alternative for R-11," ASHRAE Journal, Vol. 35, No. 2, pages 19-23, American Society
of Heating, Refrigerating and Air-Conditioning Engineers, Atlanta, GA 30329, 1993.

26. Smith, N.D., ARI Flammability Workshop. March 8-9 1994, Chicago, Illinois, Air
Conditioning and Refrigeration Institute, Arlington, VA 22203, 1994.

9



water (96 micrograms) was injected into the evacuated flask and allowed to evaporate and the
resulting pressure exerted by the water vapor was recorded. For the first 20 runs, when the
sphere was not cleaned between runs, the pressure of the water vapor declined after each test.
When the flask was rinsed with DI water and dried in the oven for several minutes, the vapor
pressure returned to the original value. In a similar discovery, the actual pressure was 37%
lower than the predicted value - 1.57 kPa versus 2.47 kPa (11.8 torr versus 18.7 torr).

One potential explanation involves the adsorption of water vapor by the inside glass surface
of the flask. The glass surface itself adsorbs water vapor, accounting for the discrepancy
between the predicted and actual values. When hydrogen fluoride (HF) is formed as a result
of combustion, it clings to the surface, providing radicals to facilitate the adsorption of the
water vapor. As more tests are run without cleaning the sphere, more HF builds up. This
observation underscores the importance of cleaning the inside of the flask, especially when
zeroing in on the LFL or the UFL.

1.2.5 Test Vessel Size and Shape

Much of the accepted flammability results were developed in the Bureau of Mines in the
150-cm high by 5-cm diameter explosion or (flame) tube. In several studies it was determined
that flammability limits were affected by the quenching effects of the vessel walls under 5
cm, but were generally unaffected over 5 cm.27  Likewise, it was determined that explosion
spheres of 5 liters (20.2 cm diameter) give similar results to larger vessels for R-32
flammability testing.28

However, the behavior of flammability limits in free space has not been studied extensively.
Lovachev indicates that "the flammability limits of ammonia-air flames in free space were
found to be wider than for a standard tube. This indicated that there are mixtures capable of
burning in free space only."29  Therefore, any limits determined in the confined spaces of the
ASTM flask or explosion sphere must be regarded as approximate if the true flammability
situation is an unconfined cloud of refrigerant.

27. Lewis, B., and Von Elbe, G., Combustion, Flames, and Explosion of Gases, 3rd Ed., page
324, Academic Press, Inc., Orlando, FL 32887, 1987.

28. ICI Chemicals, KLEA 32 Blends: Flammability Characteristics, page 1, ICI Chemicals
and Polymers, March 1992.

29. Lovachev, L.A., "Flammability Limits-A Review," Combustion Science and
Technology, Vol. 20, page 211, Gordon and Breach Science Publishers, Inc., New York,
NY, 1979.
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1.2.6 Test Vessel Material

Although for the most part flammability has been determined by the time that the flame
front has reached the walls of the test vessel, two different properties could affect the
flame front after that point.  First, different materials have different heat conduction
values, affecting the temperature of the flame front.  Second, various types of materials
tend to affect the free radicals differently, promoting different kinetics at the wall of the
vessel.

One additional parameter to be considered is the cleanliness and condition of the ASTM
flask. Repeated testing may eventually etch the Pyrex, affecting both the actual results of
the flammability testing and the visual observation of the tests. The observations of Dr.
Smith reported in Section 1.2.4 illustrate this point.

1.2.7 Turbulence in the Test Vessel

Turbulence affects the development of the flame front. Drysdale30 indicates that
turbulence increases the rate of flame propagation through a mixture, but the effect is
difficult to quantify. Significant research has been conducted on the effect of turbulence
on coal dust explosions31 and to a lesser extent flammable gases.32  Any testing needs to
consider that turbulence is a variable; consequently, turbulence should be reduced to as
low a level as possible.

1.2.8 Composition of the Components of the Mixture

Two component factors determine the flammability of the mixture in air: the weight (or
volume) fraction of each constituent element in a binary or ternary mixture, especially
when only one of the constituents is flammable; and the total concentration of the mixture
with air. Methods such as the Critical Flammability Ratio33 can provide a good estimate
of the flammability of any ratio of constituents if the weight percentage required to
provide non-flammability to the flammable refrigerant is known for each individual
constituent. One additional factor that must be considered is the purity of the individual
constituents.

30. Drysdale, D., An Introduction to Fire Dynamics, pages 111-113, John Wiley and Sons,
Chichester, England, 1985.

31. Pu, Y.K., Jarosinski, J., Johnson, V.G., and Kauffman, C.W., Turbulence Effects on Dust
Explosions in the 20-Liter Spherical Vessel, Twenty-third Symposium (International) on
Combustion, pages 843-849, The Combustion Institute, Pittsburgh, PA 15213, 1991.

32. Coward, H.F., and Jones, G.W., "Limits of Flammability of Gases and Vapors," Bureau of
Mines Bulletin 503, pages 3-4, Bureau of Mines, Pittsburgh, PA, 1952.

33. Dekleva, T.W., Lindley, A.A., and Powell, P., "Flammability and Reactivity of Select
HFCs and Mixtures", ASHRAE Journal, Vol. 35, No. 12, page 46, American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Atlanta, GA 30329, 1993.
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1.2.9 Reactivity of the Components

For the most part, the refrigerants used are very stable components; however, even stable
components may react with outside chemicals such as lubricants or other fluids. In
inertion testing using ethylene oxide and R-12 in the NMERI explosion sphere, a regular
pressure decrease was noted prior to ignition. This was believed to be due to the ability of
the ethylene oxide to polymerize. Reactivity is not considered to be a problem in either
test or field situations and will be evaluated on a case-by-case basis rather than consequent
to testing for each mixture.

1.2.10 Mixing of the Components

The ASTM E-681 method requires stirring for at least 5 minutes to obtain complete
mixing and thermal equilibrium, with final trials to be made at longer mixing times.
During initial inertion testing in the NMERI sphere, it was determined that repeatable
results required thorough mixing of the fuel, air, and inertant. A electronic box fan was
installed inside the sphere and allowed to run at least 1 minute to ensure proper mixing.
Total mixing of all components is required in any test technique for consistency in the
evaluation of flammability in a laboratory environment.

1.2.11 Altitude

Coward and Jones state that the normal variations of atmospheric pressures do not
appreciably affect the limits of flammability34.  However, the local atmospheric pressure
at some locations may differ considerably from the 101 kPa (14.7 psia) sea level value.
For example, the average barometric pressure at Albuquerque, with an altitude in excess
of 1524 m (5000 ft), is approximately 84.1 kPa (12.2 psia). All NMERI sphere tests were
performed at 101 kPa, which required the addition of approximately 17.2 kPa (2.5 psi)
additional air to the sphere to compensate for the altitude. The ASTM method, which is
performed at local atmospheric due to the requirement to rest the stopper on the top of
the flask to allow proper venting of the explosion, does not accommodate additional
pressure. An analysis of the effects of altitude will be performed.

34. Coward, H.F., and Jones, G. W., "Limits of Flammability of Gases and Vapors," Bureau
of Mines Bulletin 503, page 3, Bureau of Mines, Pittsburgh, PA, 1952.
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2.0 PROPOSED TEST APPARATUSES

The following test apparatuses have been identified as potential vehicles to develop a
new test technique for determination of the flammability of refrigerants:

a. NMERI explosion sphere

b. ASTM E-681 test flask

c. Bomb calorimeter

d. Light emission detector

e. Flame tube or other glass vessel

A brief description of each follows, with pros and cons for each apparatus and a projection
of modifications or additional research required for each one.

2.1 NMERI Explosion Sphere

The NMERI explosion sphere35 (Figure 2) was constructed to investigate the ability of
halocarbons to inert propane and methane. It was designed to screen large numbers of
halocarbons to determine which ones required the least weight and volume of inerting agent to
reduce the explosive overpressure to 1 psi or less, which was considered the definition of an
explosion. In addition to its intended use, it has also been used to test inertants using
refrigerants such as R-32, R-152a, and R-142b as fuels. As part of this series of tests, upper and
lower flammability limits were found for these flammable refrigerants, although precise limits
were not determined due to time limitations. In all cases, however, the flammability limits were
narrower than reported using other test facilities, reflecting the trend that less inerting agent was
required in the NMERI explosion sphere than in other apparatuses.  The difference in NMERI
results was the subject of a paper presented in 1993.36

35. Skaggs, S.R, Heinonen, E.W., Moore, T.A., and Kirst, J.A.,Low Ozone-Depleting
Halocarbons as Total-Flood Agents: Volume 2: Laboratory-Scale Fire Suppression and
Explosion Prevention, NMERI OC 92/26, pages 18-31, New Mexico Engineering
Research Institute, Albuquerque, NM 87106, September 1993. (Draft).

36. Heinonen, E.W., "The Effect of Ignition Source and Strength on Sphere Ignition Results,"
Proceedings of the Halon Alternatives Technical Working Conference 1993, pages 565-
576, New Mexico Engineering Research Institute, Albuquerque, NM 87106, 1993.
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Figure 2. NMERI Explosion Sphere.

PROS: Procedures have been developed and results for inerting have been shown to be
repeatable and reliable. Flammability limits for some flammable refrigerants have already been
determined, although not to a great degree of accuracy. The measure of flammability—an
overpressure of 1 psi—is quantifiable and repeatable. Because of the steel construction of the
sphere, the effect of increased pressure can be examined.

CONS: An explosion sphere is not readily available for every user. It has to be custom-built.
There is no indication that the chosen explosion limit, or any other arbitrary pressure limit,
corresponds to flammability.

ADDITIONAL WORK: The ignition system has not been optimized. The electrodes have flat
ends rather than the more efficient rounded or pointed, and the electrode separation was set at 6
mm, similar to that of other test techniques but nonetheless not optimized. As part of the ignition
research, many factors will be investigated.

The Hewlett-Packard computer system used for control and data collection is slow and limited
in channels, and data cannot be transferred to a personal computer (PC) for analysis and
plotting. Therefore, a PC-based control and data collection system will be developed and the
software rewritten to work on a PC. This will allow additional pressure transducer,
thermocouple, and humidity measuring channels to be connected and accelerate data collection
and analysis significantly.

14



2.2 ASTM E-681 Flask

This apparatus37 is the standard device used to determine flammability of refrigerants.

PROS: The standard is well accepted and many potential testers already have the equipment.
The test is easy to run, and there is a vast body of data available. The effect of temperature
can be measured easier in this device than with the sphere.

CONS: Results for this test are subjective, depending in part upon the visual indication of
flammability. The ignition source is not precisely denoted. "Test data available at present are
inadequate to establish any measure of repeatability or reproducibility."37

ADDITIONAL WORK: Because of the general acceptance of this method, it appears logical that
the test equipment and methodology should be modified using to the additional precision and
automation available in the NMERI explosion sphere. This would involve a comparison of test
results derived from the standard ASTM Standard E-681 method with those derived from a
modified test technique. This modified technique could include more precise measurement of the
partial pressures of the components, measurement of the overpressure using a precise transducer,
control of the water vapor content in the air, and better control of ignition. A comparison could
then be made between visual indications and pressure and temperature increases to assess how
well flammability is determined by a visual trace. Size effects could also be examined by
replacing the 5-liter flask by a 12-liter flask and repeating tests.

2.3 Bomb Calorimeter

Fedorko et al. used a bomb calorimeter in their evaluation of the flammability of R-22.38  They did
not consider the small size of the bomb (65 mm in diameter and 342 mL in volume), a handicap
because they reported 50 mm (5 cm) as the limit of the quenching effects of the walls.  Bomb
calorimetry is a simple method to determine the heat of combustion, and it appears logical that the
LFL and UFL, can also be determined by noting the lowest and highest concentrations under
which combustion occurs. NMERI has available a Paar 1341 plain jacket oxygen bomb
calorimeter,39 which is apparently the same model used by Fedorko.

37. ASTM Standard E-681-85 (Reapproved 1991) Standard Test Method for Concentration
of Flammability of Chemicals, American Society for Testing and Materials, Philadelphia,
PA 19103, 1991.

38. Fedorko, G., Fredrick, L.G., and Hansel, J.G., "Flammability Characteristics of
Chlorodifluoromethane (R-22)-Oxygen-Nitrogen Mixtures," ASHRAE Transactions, No.
3097, pages 716-724, American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Atlanta, GA 30329, 1993.

39. Instructions for the 1341 Plain Jacket Oxygen Bomb Calorimeter, Manual Number 147,
Parr Instrument Corporation, Moline, IL. n.d.

15



16

PROS: Test procedures are well defined, results are precise, and many testers would have access
to such a device.

CONS: Both the explosion sphere and the ASTM flask have been extensively used to measure
the limits of flammability for numerous materials, but the bomb calorimeter has apparently been
used by only a few researchers. It is uncertain to what degree of accuracy the LFL and UFL can
be calculated and how well they might compare with the results determined from other
apparatuses. The volume in this particular bomb is small. Precise measurement of the refrigerant
would be required. Most testing is done at pressures above atmospheric, although atmospheric
testing is possible.

ADDITIONAL WORK: For pressures above atmospheric, an analysis must be made to
determine whether the refrigerants to be tested can generate adequate partial pressures to allow
concentrations equal to the UFL or LFL to be injected in the bomb.

2.4 Light Emission Detection Device

This device would involve measuring individual photons as they are generated after the ignition.
A schematic is shown in Figure 3.

A photon detector would be aimed at the ignition point. A fast shutter would block the spark at
the time of ignition but open to allow viewing immediately afterward. Photons emitted from the
gas would be counted and combustion indicated.

PROS: This could be a precise indication of whether a combustion event has occurred.

CONS: The apparatus is not yet constructed and may not be practical. There has been no
correlation between photon emission and flammability, and photon emission may occur long
before visible ignition indications.

ADDITIONAL WORK: NMERI will investigate the feasibility of such a device, and construct
a device if cost allows. Dr. Edward A. Walters (Chemistry Department, University of New
Mexico) has several additional devices that may prove to be suited to this work; he will be an
advisor to this phase of the work.



2.5 Other Test Vessels

Much of the early flammability results were obtained in flame tubes or other such devices.
During the course of testing, design and construction of an apparatus similar to one of those
early devices may prove useful to compare results.

PROS: It would be useful to repeat some early tests with more sophisticated instrumentation
to investigate whether simple, repeatable results could be generated.

CONS: This reinvestigation would involve another complexity to the test program.

ADDITIONAL WORK: Planning, construction, and test method development would be
required.
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3.0 INSTRUMENTATION

3.1 Data Acquisition System

The data acquisition currently in use for the sphere is based on a Hewlett-Packard 86
computer. It does not have multi-channel data recording capability nor does it allow data
transfer to a PC for data analysis and plotting. Therefore a new data acquisition system based on
a 486 33-mHz PC has been developed for testing in both the sphere and the flask, using a
National Instruments® 16-channel data acquisition card and LabWindow software. This
system will support 16 analog input channels, 2 analog output channels, and 8 digital
input/output channels, as well as a clock and other functions. It will monitor loading of the air
and components and control either the charging and discharging of the capacitors or the
operation of other ignition systems. Data will be recorded and stored during a 10-second test
window consisting of 2 seconds prior to ignition and 8 seconds following ignition. A signal
indicating the time of ignition will be recorded and shown on all plots. Data will be recorded at
10 kHz per channel and displayed as pressure and temperature versus time plots immediately
after test completion. All data, including information on the test parameters, will be stored in a
format suitable for import into standard spreadsheet and database applications.

3.2 Standard Test Instrumentation

For all tests conducted in the sphere and flask, the following data will be recorded.

3.2.1 Temperature

At least two, and possibly three, channels of temperature data will be taken. Temperature
will be measured at locations above the ignition point, below the ignition point, and
possibly along the wall of the vessel. For testing in the sphere, two Type K
thermocouples will be used. For testing in the flask, a faster response time device such as
a thermistor may be used. Temperature measurements will be taken continuously before
and after test and recorded during the 10-second test window.

3.2.2 Pressure

The blast overpressure produced in the sphere as a result of the explosion will be
measured using a Druck 0-206 kPa (0-30 psi) pressure transducer. It was chosen
because of its accuracy in measuring lower pressure explosions near the flammability
limits. The minimum pressure rise that can be measured using this transducer should be
in the range of 0.7 kPa (0.1 psi). The pressure inside the sphere will be plotted with
respect to time; the rate of pressure rise will also be calculated.
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3.2.3 Humidity

The water vapor content has not been considered a variable in much of the reported
testing, including that conducted by NMERI. A Vaisala temperature and humidity probe
model Humitter 5OY has been procured to measure the relative humidity in the test
vessel prior to adding the refrigerant and after the refrigerant has been added and mixed.
The operating humidity range is 0-100% with an accuracy of ±3% from 10-90% relative
humidity. To prevent exposure of the probe to overpressure and products of combustion,
humidity will be measured in a chamber external to the test device.

3.2.4 Ignition Energy

The ignition energy in a DC spark is a user-selected value based on the capacitance of
the capacitors and the voltage to which the capacitors are charged. Given the energy
required and the value of the capacitance, the computer calculates the required voltage
using the formula E=(½FV2)/0.85, where the 0.85 factor is a commonly-used factor to
account for the efficiency of the transformer. The capacitors are then automatically
charged to the required voltage. A similar formula will be developed for AC sparks
based on the circuit design. .

In addition to the instrumentation listed above, any testing conducted in a flask or
other vessel allowing visual access to the interior will be recorded on videotape.

3.3 Special Instrumentation

In addition to the standard instrumentation required for each test, special instrumentation
will be employed to measure selected test parameters. The two instances where special
instrumentation may be used include the bomb calorimeter and the FTIR for use in the flask.

3.3.1 Bomb Calorimeter

NMERI has developed a program for Microsoft EXCEL to record and plot temperature
data and calculate the heat of combustion for bomb calorimeter tests (Figure 4). While
this spreadsheet is set up for a solid substance, it is easily modified for a gas.
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Figure 4. Typical EXCEL Spreadsheet for Bomb Calorimeter Results.

3.3.2 Fourier Transform Infrared Spectrometer

NMERI has successfully used this FTIR to measure both the initial concentration of fuels
and diluents in fire suppression tests and the concentrations of decomposition products
after combustion. NMERI uses a Perkin-Elmer Model 2000 FTIR, with a capability to
take up to 20 samples per second, depending upon resolution. This technique is intended
for use in the ASTM flask test procedure, and IR windows will be inserted into one or
more of the 5-liter flasks to allow the beam to penetrate the Pyrex®.

Figure 5 shows IR transmission spectra of R-23 taken before and after R-23 was used to
extinguish a fire illustrating the data that can be generated by the FTIR. R-23 is a
representative fluorocarbon similar to the refrigerants to be used in this test program.
The lowest detectable concentrations of substances is estimated to be in the range of 5 to
10 parts per million.
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Figure 5. FTIR Spectra of R-23 Before Extinguishment of a Fire (Top) and
After Extinguishment of a Fire (Bottom).

It is anticipated that the FTIR will be used for three separate measurements: (1) the
concentrations of the components of the refrigerant blend and the concentration of that blend in
air; (2) the determination that combustion has occurred by measuring the presence of byproducts
such as carbon monoxide, hydrogen fluoride, and carbonyl fluoride; and (3) the concentrations of
each of the byproducts as a function of time. This last measurement could be significant in
determining whether combustion will continue or die out.
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4.0 TEST MATRIX

Eleven parameters that could affect the flammability of the refrigerants were identified in
Section 1. Eight of those parameters have been selected for initial testing, and Table 1 is a matrix
of each of the parameters with respect to the equipment that will be used for the testing. Most, if
not all, of the initial testing will use either propane (because of the body of previous data) or R-32
as the fuel, with the proposed ternary mixture tested as part of the concentration investigation.
No additional test vessel apparatus has been included at this time.

TABLE 1.  TEST PARAMETER/EQUIPMENT MATRIX*

* Other test vessels not included in matrix at this time.

Because of the large number of variables for the sphere and flask testing, an experimental
strategy will be developed based on statistics.40  This strategy serves several purposes, the major
ones of which are to (1) screen a large number of variables to determine which are the most
important, and (2) estimate the effects of several factors simultaneously.  By employing these
statistical techniques, the number of tests will be reduced and all significant factors should be
identified.

The following discusses how each of the parameters in Table 1 will be evaluated.

4.1 Ignition

Section 1 described how critical the source of ignition is to flammability. One difficulty in
using the ASTM E-681 standard method is that the ignition source is only approximately identified,
and there is no confirmation that variations in the construction and use of the ignition system in
accordance with ASTM E-681 will not lead to variations in the flammability limits. The output
power requirement from the transformer is specified as approximately 30 mA at 15 kV. Since the
transformer specified is a "luminous tube transformer" (really a neon or fluorescent tube

40. Strategy of Experimentation, Revised Edition, October 1975, E.I. Du Pont De Nemours &
Co., Wilmington, DE 19898, October 1975.
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transformer), there is no guarantee that output is consistent between devices since these are
generally not precision devices.

4.1.1 Bench Tests

The first step will be to quantify the energy in the standard NMERI ignition source by
measuring the voltage and current. Other techniques for developing a spark will be
investigated to quantify the effects of spark generation on flammability tests. Non-
electrical techniques such as matches and heated wires will be explored. The goal of this
effort is to develop a simple ignition source that can be assembled from readily available
parts and produce a standard amount of energy regardless of the test apparatus and
conditions.

Measurement of the output current and voltage is complicated by the high voltage;
standard measurement equipment by itself is inadequate to measure either voltage or
current at such high voltages, and high-voltage probes and additional equipment are
required in the measurement process. To provide a baseline for this project, NMERI will
perform the following research prior to beginning ignition testing:

1.  Measure the energy across the spark gap for the standard NMERI ignition
spark. Most testing has been conducted at 70 J stored energy, with an 85% efficiency
factor for the transformer factored in. This efficiency factor will be evaluated during this
phase of testing by measuring the transformer input voltage and current and the output
current and voltage. The charging voltage and capacitance will be varied and the output
voltage and current waveforms recorded on a Nicolet recording oscilloscope. From the
output waveform, the energy can be calculated. Both AC sparks and DC sparks will be
investigated, with the duration of the AC spark being an additional variable.

2.  Vary the type of ignition spark. The standard NMERI spark boosts the
discharge of a bank of capacitors charged to a low voltage (approximately 165 V) to a
voltage estimated to be over 10,000 V using a transformer. An alternate method of
generating the high voltage spark is to charge the capacitors to the required 10,000 V and
discharge the capacitors directly across the spark gap. NMERI has obtained a high-
voltage power supply and capacitors adequate to store the energy and will measure the
energy across the spark gap using different circuit configurations having the same output
voltage.

3.  Investigate the effect of electrode shape on ignition. The effect of electrode
shape was mentioned in Section 1, with a statement that, in most cases, the shape of the
electrode does not affect the quenching distance, except where the spark energy is large,
as may be the case here. NMERI has constructed an electrode holder with a micrometer
to control precisely the separation of the electrodes. The energy in the spark gap will be
measured with three different electrode shapes: standard flat end, hemispherical ends, and
pointed ends. The minimum and maximum distances for which a spark occurs will be
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41. ASTM Standard E 582 - 76 (Reapproved 1981) Standard Test Method for Minimum
Ignition Energy and Quenching Distance in Gaseous Mixtures, American Society for
Testing and Materials, Philadelphia, PA 19103, 1985.
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measured as a function of the energy. Depending upon the results of this study, one or
more of the different-shaped electrodes may be used in flammability tests.

4.  Investigate minimum ignition energy. Determination of the minimum ignition
energy and quenching distances in gaseous mixtures is described in ASTM Standard
E-582-76 (reapproved 1981).41  At this time, MIE testing is not recommended as a part of
this program as any reliable ignition source would be far greater in energy than the
minimum. However, a means of generating sparks in the millijoule range will be
investigated during this phase of the effort to provide a source of low energy sparks for
the sphere and flask testing. One method of measuring extremely low overpressures, from
which small spark energies may be determined, is to measure the motion of fluid in a
capillary tube open to the explosion.

5.  Develop alternate ignition sources. One of the goals of the program is to
compare the effects of several different types of ignition sources. NMERI scientists have
recently developed a methodology of igniting a match head within the NMERI sphere
using copper wire wrapped around the match head and taped to each of the ends of the
electrodes. A low voltage (24-V) battery supplied the energy to ignite the match. Several
different types of matches, including kitchen matches, paper matches, model rocket
electric matches, and M-100 series electric matches maybe tested. Methods using heated
wire or a fuse wire (similar to that in a bomb calorimeter) together with the electrodes
will be developed and quantified if possible. A method to generate a precisely-timed AC
spark of known frequency and duration will also be developed and the energy quantified
using the methods outlined above. Sources that potentially will give representative and
worst-case results will be identified for sphere and flask testing.

4.1.2 NMERI Explosion Sphere

Ignition methods that have proven effective in the bench tests will be employed to find the
LFL and UFL for propane. Propane has been extensively used in prior testing both at
NMERI and elsewhere and offers a good opportunity for comparison of the methods to
past results. Based on the propane results, one or more ignition methods and conditions
will be used to test R-32 and binary and ternary combinations of R-32, R-125, and R-134a
at a one bar, 25 °C, no-turbulence condition.  Results will be compared to those of
Dekleva, et al., and Richard and Shankland. The energy of the ignition source will be a
variable in the statistical experimental method in those cases where the energy can be
varied.



4.1.3 ASTM E-681 Test Flask

A similar test matrix will be conducted in the ASTM flask using the same or similar
ignition conditions as in the sphere. Overpressure measurements will be taken and a
comparison of the visual indications compared to the overpressure levels. Optical
windows (thallium bromoiodide, also known as KRS-5) will be glued into at least one
flask to allow measurement of the concentrations of both the refrigerant(s) prior to
ignition as well as the combustion products. Using this flask, the light emission
detector may also be employed to quantify any concentration differences between
visual observation and initial light.

It is probable that all tests will be conducted at local atmospheric pressure at
Albuquerque, NM (approximately 84 kPa (12.2 psia)) because of the requirement to
release the cover hold-down devices prior to mixing and test. If the pressure inside the
flask is raised above the local atmospheric pressure, there is a good chance that the
mixture will leak from the flask prior to ignition.

After these tests, two standard ignition sources—one for representative and one for
worst case—will be described. They may be two levels of the same source (for example, 40-
and 70-J electric sparks) or two different ignition methods. These will be used as the primary
ignition sources for the remainder of the testing, although there may be some instances where
additional sources will be employed to investigate other parameters.

4.2 Temperature

Section 1.2.2 indicated a possible relationship that could provide an estimation of LFL
as a function of temperature. If this relationship, or a similar relationship, could be confirmed
for R-32 and other flammable refrigerants, it would not be necessary to conduct significant
amounts of testing to determine the LFL at any temperature at atmospheric pressure. .

4.2.1 ASTM E-681 Test Flask

NMERI has constructed a test chamber based on an oven with a maximum temperature
in excess of 100 °C. Tests will be run at 100 °C to investigate how the LFL and UFL
are affected. One potential problem is to assure that the electrodes have reached the
same temperature as the flask and its contents. Other researchers have had to use
radiative sources to heat the electrodes. Most likely, the two limits for screening would
be room temperature and 100 °C.

4.3 Pressure

The effects of pressure have been extensively studied in the past, although there is still
some disagreement as to how increases or decreases to atmospheric pressure affect flammability
limits. The intent of flammability testing in this program is not to test at extremely high or low
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pressures, but rather to quantify the effects of relatively small changes and to determine a range
of insensitivity over which standardized testing can take place. This range has been tentatively
identified as 50 to 303 or 404 kPa (0.5 atm to 3 or 4 atm). Both the explosion sphere and the
bomb calorimeter are projected for pressure testing.

4.3.1 NMERI Explosion Sphere

The initial test pressure can be raised to several atmospheres in the NMERI sphere,
provided that the flammable component concentration is near the flammability limits
and the full overpressure from a stoichiometric or near-stoichiometric explosion is not
developed. Likewise, tests can be run with initial pressure below atmospheric, which
may be required in order to have a one-to-one comparison with the flask method, which
will be run at the local atmospheric condition. Since components are introduced into the
sphere using the partial pressure method, it is simple, once the final precise values are
known, to calculate the required partial pressure of each components in the mixture.

4.3.2 ASTM E-681 Test Flask

As was mentioned in Section 4.1.3, it is likely that all flask tests will be conducted at the
local Albuquerque atmospheric. Baseline sphere tests will be run at that overpressure to
facilitate comparison.

4.3.3 Bomb Calorimeter

It was reported earlier that this technique is not widely used for flammability testing.
Selected mixtures will be tested in the bomb calorimeter to investigate how well the
flammability limits can be determined. If this apparatus can be used for this purpose,
tests to determine the flammability at initial pressures higher than are available in the
sphere will be conducted.

4.4 Humidity

The humidity of the air will be controlled by using dry air (air, zero gas has been selected)
and injecting water (in mg/m3) into the test apparatus in the amount required to provide the
desired relative humidity. A Vaisala humidity probe has been procured. For all tests, the relative
humidity of the air will be measured prior to the addition of any other component. Before any
flammability testing is undertaken, trials will be conducted to determine the amounts of water
required to provide the required relative humidity in the various test apparatuses used. A plot of
relative humidity as a function of the amount of water will be made, allowing the operator to read
the required amount of water to achieve the desired relative humidity from the plot. Humidity
testing is planned in both the sphere and the flask. Humidity will be kept at 50% as a standard
and varied between 5% and 95% to investigate the effects of humidity.

The test vessel (sphere or flask) will be evacuated and filled with dry air to the required
air pressure. The required volume of water (in microliters) will be injected into the vessel and
allowed to evaporate. The relative humidity will be measured and additional water injected if
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necessary to raise the humidity to the desired level. The final relative humidity of the air within
the test vessel prior to any test will be recorded.

4.5 Test Vessel Size and Shape

Several options will be explored to investigate the vessel size. Originally, it was planned to
construct a new sphere somewhat larger than the current sphere. Later, it was proposed to construct a
cylindrical insert to fit between the flanges of the current sphere, increasing the volume but not
increasing the diameter of the cylindrical system. A third option being considered is to use a 12-liter
flask and/or a 22-liter flask to compare results to those from the 5-liter flask. This would involve the
modification of an existing test enclosure as the enclosure developed for the 5-liter flask will not
accommodate a larger flask. The modifications would require the replacement of side and top panels
with blow-out panels and other minor modifications. A fourth option is the purchase or manufacture
of a vessel of a different shape, possibly to include a burette or tube. This option has been previously
discussed in Section 2.5 as the fifth proposed test apparatus.

4.6 Test Vessel Material

This is considered a secondary effect, and little effort will be made to test for it.  However,
since both a stainless steel explosion sphere and a Pyrex® flask will be available, testing will be
conducted using identical methods to identify any differences that can be attributed to the material
type. An investigation will also be made to determine whether any operational scenarios could
involve materials that could potentially affect the flammability limits.

4.7 Turbulence

The effect of turbulence on ignition and flame propagation was described in Section 1.2.7.
The explosion sphere uses an internal fan to mix the components. This fan will be adapted by a
variable voltage source to provide variable turbulence within the sphere. The LFL and UFL will be
measured as a function of turbulence (probably qualitative rather than strictly quantitative, that is,
under no-, low-, medium-, and high-turbulence conditions).

4.8 Mixing

The standard ASTM method uses a magnetic stirring bar to mix the components. A modified
stirring bar (possible with fins) and fan-mixing techniques will be developed and compared to the
ASTM method to investigate how well the components are mixed. Using the flask with the optical
windows and a Fourier-Transfer Infrared (FTIR) spectrometer, the concentration of each component
in the center of the flask can be measured as a function of time. This will permit the determination
of whether all components are mixed during 5 minutes that is called out in ASTM Standard
E-681-85. An alternate method would be to remove a sample from the flask at different times, and
locations, measure the concentrations in the FTIR, and plot
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concentration as a function of time and location. A confirmation will be made that the current
method is acceptable or a revision to that method will be suggested.

4.9 Concentration

Significant research has already been reported on the flammability of R-32 blends,
especially combined with R-125 and R-134a in binary and ternary blends.42  A test series will
be run using both the ignition sphere and the ASTM flask and each of the selected ignition
sources to confirm the results presented in Reference 41. The details of this matrix will be
decided after the results of the previous testing have been analyzed. A modified test
methodology, based on analysis of all the relevant parameters, will be selected and the R-32
blends tested.

Flammability diagrams, which illustrate the flammability of a fuel when a diluent
(inertant) is added, are generated by plotting the concentration of fuel versus the concentration
of diluent required to make the mixture inflammable, as shown in Figure 6. In this case, the
fuel is propane, and the diluent is Halon 1301. All regions within the curve are flammable, and
all regions outside the curve are not flammable. In the case of previous NMERI testing, the
criterion was 1 psi overpressure. R-32 will be tested using a binary blend (either 50:50 or
another ratio) of R-125 and R-134a as the diluent to investigate the flammability using other
overpressure criteria for flammability. Overpressure levels of 0.5, 2.5, and 10 psi are suggested.

4.10 Repeatability

Repeatability is not one of the flammability criteria, but it is nonetheless critical to
investigate the repeatability of the methods developed. One test methodology based on a
single apparatus will be selected as the preferred refrigerant flammability test method. A
sufficient number of tests at one point will be conducted to determine the precision, bias,
completeness, representativeness, and comparability of the data. These tests will demonstrate
the repeatability of the data, and allow comparison of results with other test apparatuses. Both
propane and the selected R-32/R-125/R-134a blend will be tested.



Figure 6.  Flammability Curve, Halon 1301 /Propane.
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5.0 DATA ANALYSIS PLAN

The goal of this project is to develop a test methodology to determine the concentration of a
flammable refrigerant or refrigerant blend at the LFL and the UFL under a set of reference
conditions using some not-yet determined criteria for flammability. The set of reference conditions
is defined by the parameters described in Sections 4.1 through 4.8, and the criteria for flammability
will be developed during this program. Data analysis will consist of determining the sensitivity of
each parameter with respect to the refrigerant concentrations at the LFL and the UFL and
identifying those with the greatest effect. Once these have been identified, acceptable values of
each of the parameters can be specified based on a realistic evaluation of the conditions the under
which the refrigerant could be exposed during operation.

Data will be available on IBM-compatible files from the data acquisition computer, on
hand-written data sheets, which will be prepared for all tests, and on videotape, which will be
used to record all tests with visual indications of flammability. The computer screens showing the
loading conditions and the plots of pressure and temperature versus time will be printed using the
print screen option.
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APPENDIX A. SAFETY PLAN

A. PURPOSE

This safety plan covers all work on testing flammable refrigerants in the NMERI explosion
sphere or the ASTM E-681 test flask apparatus to be conducted in the NMERI/CGET Chemistry
Laboratory (901 University SE, Albuquerque, NM).  It identifies the agency responsible for each
of these test areas.  All references to the test throughout this safety plan will pertain to the tests to
be conducted at the above location.  The detailed safety rules which are applicable to this project
are documented herein.  The following safety documents are applicable to this test:  (1) OSHA
Standards 29 CFR 1910 and 29 CFR 1926 and (2) the NMERI Safety Manual.

B. OVERALL SAFETY RESPONSIBILITY

NMERI/CGET, as Test Director, is responsible for enforcing the overall safety program
for the test. The Test Director or the NMERI Safety Officer, or the designated representative,
will act as the Safety Officer during all tests.

C. SAFETY AREAS

The safety requirements are divided in to the following areas: general safety; explosive
safety; and refrigerant and combustion byproducts safety.

D. GENERAL SAFETY

The responsibility for general safety resides with NMERI. The authority to execute
specific safety directives is delegated to the Test Director.

1. Safety Briefing

The Test Director will brief all personnel on the safety hazards associated with the testing.

2. Visitors

Visitors will not be allowed at the test site during testing without approval of the Test Director or
the Senior Technician. Visitors will be instructed on applicable safety regulations.

3. Individual Safety Responsibility

Careful attention to potential hazards involved in work dealing with flammable and explosive
gases and liquids and products of combustion must be stressed in all levels of responsibility. The
purpose of the safety rules outlined herein is to present the most important safety elements in this
test series. These rules do not cover all the possible hazards or safety precautions necessary at the
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site.  As new problems arise, new safety measures will be established to cope with them. In the
interim, common sense must be applied to ensure that safety prevails. This entire safety plan shall
be closely followed by all personnel and enforced by all supervisors. The procedures contained
herein shall be accepted as minimum standards until such time as the Test Director, with the
concurrence of the NMERI Safety Officer, authorizes deviation therefrom.

4. Accident Reporting (Emergency)

a.  Scope: This standard procedure is intended as a guide to ensure expedient handling
and care of personnel injured in an accident or disaster. All post-emergency reporting and
investigation of an accident will be performed in accordance with applicable NMERI regulations
and is not considered to be within the scope of this standard procedure.

b.  Responsibility: Every person involved in this testing must be completely familiar
with the emergency reporting procedures established by this plan and must implement these
procedures immediately in the event of an accident. The Test Director Must familiarize all
supervisors with this standard procedure. The supervisors must familiarize subordinate
personnel with the procedures established by this plan.

c.  Emergency reporting procedures: In the event of an accident at the test site, the
following procedures will be followed:

1. The senior supervisor at the accident scene will direct appropriate first aid.
Caution will be exercised to prevent aggravation of an accident-related injury.

2. Albuquerque Fire and Rescue will be called at 911.
3. The Test Director or, alternatively, the Senior Technician, shall determine the

seriousness of the accident. If the accident is not serious enough to require
emergency hospitalization or ambulance service, the injured person will be
taken to a doctor or hospital by normal means of transportation.

4. First Aid. The Test Director will ensure than an adequate supply of first aid
items is maintained at the test site. These items will be properly stored and
periodically inspected to ensure their availability in case of an emergency.

E. SPECIFIC SAFETY REQUIREMENTS

1. NMERI Explosion Sphere

While the sphere has been designed and tested to withstand pressures well in excess of those
expected during testing, and a rupture disk assembly is provided to vent pressures over 150 psi,
certain safety precautions shall be followed during testing. Testing will occur under a
ventilation hood to exhaust gases in case the rupture disk activates, and an enclosure capable of
deflecting particles shall surround the chamber during testing (the fume hood will be closed).
Only personnel required for testing shall be in the area, and they shall be protected from
potential explosion.
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2. ASTM E-681 Test Flask

The explosion flask apparatus has been designed in accordance with ASTM Standard E-681-85
(reapproved 1991) using an existing oven modified as the enclosure. All operating and safety
procedures prescribed in Chapters 7 and 9 of that document will be followed. Additionally, those
safety precautions listed in the section on the NMERI explosion sphere will also be followed. In
particular, the following procedures will be followed:

a. Only air will be used as the oxidizer.

b. Tests will only be conducted using fuel concentrations demonstrated in the sphere
testing to be near the LFL or the UFL.

c. All testing will be conducted in the fume hood.

d. Care must be taken when removing the flask from the enclosure. The stopper and
flask must be rotated together toward the front of the enclosure to provide clearance for the
removal of the flask. Special care must be taken when removing the flask during elevated
temperature testing at elevated temperatures.

3. Other Test Apparatus

Additional apparatus-specific safety instructions will be developed for each piece of equipment
prior to any testing being accomplished.

F. REFRIGERANT AND BYPRODUCTS SAFETY

An evaluation of the toxicity of each refrigerant, including neat toxicity and toxicity of
byproducts, has been performed by CGET for prior testing. Neat refrigerant handling and transfer
procedures used in other NMERI/CGET laboratory testing will be followed. Exhaust fans in the
hoods will be turned on at all times. Agent cylinder connections and fittings will be checked with a
hand-held halocarbon detector or by bubble-checking with "snoop." Combustion byproducts will be
exhausted through a cryotrap filled with liquid nitrogen, which is capable of capturing particulates
before they are exhausted through the house vacuum system. Protective gloves, goggles, and
breathing apparatus shall be available for all personnel involved in testing. Appendix B provides
copies of the Material Safety Data Sheets (MSDSs) for all refrigerants, fuels, and cryogenic
materials.
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APPENDIX B

MATERIAL SAFETY DATA SHEETS FOR CANDIDATE AGENTS AND FUELS
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