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The need to find alternative fire suppressants has motivated experiments to determine the mode of
action of possible candidates. An opposed-jet burner was used to characterize the effectiveness of one
possible alternative, dimethyl methylphosphonate (DMMP). Similar tests were done with an inert com-
pound, argon, for comparison. Flame strength was characterized by the extinction strain rate. Experiments
included both oxidizer-side and fuel-side doping of methane-nitrogen versus oxygen-nitrogen flames of
various compositions. The stoichiometric mixture fraction (Z,,) is varied systematically while holding the
undoped extinction strain-rate constant, by changing the amount of diluent in the reactant flows. This
moves the flame location with respect to the stagnation plane, affecting the fraction of a particular reactant
stream that reaches the flame. Measured effectivencss of fuel-side and oxidant-side doping versus Z,,
reflects this change in quantity of dopant reaching the flame. To account for this dependence on quantity,
effectiveness was normalized by the amount of dopant calculated to reach the maximum temperature
contour of the flame. Argon’s normalized effcctiveness was found to be independent of Z,, of adiabatic
flame temperature, and of whether the oxidizer stream or the fuel stream is doped. DMMP’s normalized
effectiveness, however, was observed to be significantly greater when introduced in the oxidizer, rather
than fuel, stream. It also exhibits a marked dependence on adiabatic flame temperature, with lower values

at higher temperatures.

Introduction

Restrictions on the production of the fire sup-
pressant CF3Br have spurred interest in finding ef-
fective ozone-friendly replacements for it. Extinc-
tion measurements in opposed-jet diffusion flames
[1-6] and laminar and turbulent coflow flames [7,8]
have been used to test the effectiveness of CF3Br
and candidate replacements and to shed light on
their mechanisms of action. Oxidant-side doping of
pure fuel versus pure air flames is the most relevant
configuration for fire-fighting applications. Fuel-side
doping is also of practical interest for compounds
that are used as flame retardants in plastics [9]. Sev-
eral studies [1,2,7] of both fuel-side and oxidant-side
doping of various fuel-inert versus oxygen-inert
flames have found dramatic changes in additive ef-
fectiveness with these changing conditions.

A key factor affecting suppression is the amount
of the additive reaching the non-premixed flame
[1,2,6-8]. When hydrocarbons are burned in air, the
stoichiometric contour, where the flame is assumed
to be, is situated on the oxidant side of the stagnation
plane. Fuel-side additives must diffuse across the
stagnation plane to reach the flame, while air-side
additives are convected through the flame. The re-
sult is that fuel-side additive mole fractions at the

flame are substantially reduced from their fuel-
stream values, while oxidizer-side additive mole frac-
tions are only slightly reduced from their oxidizer-
streamn values. The extent of this additive loading
reduction at the flame location varies with the stoi-
chiometric mixture fraction (Z,,), defined as the mass
fraction of material originating from the fuel stream
at the location where the concentrations of reactants
are in stoichiometric proportions. For hydrocarbon-
air flames, Z,, is typically <0.1. Considerably differ-
ent values of Z,, can be achieved by varying the com-
positions of the fuel and oxidant streams, either via
dilution or enrichment. For Z,, > 0.5, the flame is
on the fuel side of the stagnation plane, and additive
loading reduction at the flame is more severe for
oxidant-side additives than for fuel-side additives.
In several experimental studies of flame extinction
by CF3Br, the effect of additive loading reduction at
the flame location has been quantified, assuming
unity Lewis number. Results have been mixed. For
methane-air opposed-jet diffusion flames, Trees et
al. [1] found that CF3Br was roughly twice as effec-
tive as an air-side additive than as a fuel-side addi-
tive, when the quantity of additive at the stoichio-
metric contour is compared for equal extinction
strain rates. Work by Masri [7], on the other hand,
found that oxidizer-side and fuel-side addition of
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CF3Br had very similar effectiveness in extinguish-
ing turbulent natural gas and air piloted jet flames,
when corrected for additive concentrations at the
flame location. Niioka et al. {2] report comparable
effectiveness for fuel-side and oxidizer-side addition
in extinguishing various ethene—nitro‘%en VETSUS OX-
ygen-nitrogen opposed-jet diffusion flames, includ-
ing one with Z, > 0.5. Close examination of the
Niioka data shows that the fuel-side addition is gen-
erally less effective than oxidizer-side addition.

In this study, we systematically investigate the ox-
idizer-side and fuel-side effectiveness of two addi-
tives in extinguishing methane—-nitrogen versus oxy-
gen-nitrogen opposed-jet diffusion flames. One
additive, dimethyl methylphosphonate (DMMP), is
chemically active; the other, argon, is inert. Sup-
pressant effectiveness is defined as the change in ex-
tinction strain rate when the additive is introduced,
normalized by the undoped extinction strain rate,
a40- Previous studies [1,4,10] indicate that for low
loadings of marclff suppressant a%ents, the effective-
ness, using this definition, varies linearly with dopant
loading. By varying the dilution level of the fuel and
oxidizer streams, we investigated how the effective-
ness of the two additives changes as a function of the
adiabatic flame temperature, T4, and Z. In the pro-
cess, we also explore the interdependencies of T,
and Z,, along with the a,; parameters that charac-
terize the flame.

Dimethyl methylphosphonate (DMMP) has pre-
viously been shown to Ee a highly effective flame
suppressant in non-premixed methane-air Hames
[4{ 1ts effectiveness is linear with loading in the air
stream over the range 0-1000 ppm, with more than
a 25% reduction in the extinction strain rate at the
highest loading. This effectiveness is between two
and four times that of CF3Br [3,10,11]. Phosphorus-
containing compounds, such as DMMP, are among
the families of chemicals under consideration as re-

lacements for CF3Br in fire-fighting applications
4,12].

Experimental

Experiments were conducted with an oEposed—jet
bumer. Methane (99% pure) diluted with nitrogen
(99.998% pure) was used as the fuel and a mixture
of oxygen (99.994% pure) and nitrogen as the oxi-
dizer. Variable dilution with nitrogen of both reac-
tants allows for non-premixed flames to be stabilized
on either the oxidizer or the fuel side of the stag-
nation plane. The burner was aligned vertically with
the lower tube used as the fuel source and the upper
tube as the oxidizer source. The burner was con-
structed from straight, open glass tubes 30 cm long
with an 1D of 0.98 em and a separation distance of
0.95 cm between opposing nozzles. Annular sheath
flows of nitrogen are provided through 2.22-cm-ID
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glass tubes. The entire burner is isolated in a glass
enclosure with nitrogen purge. Reactant flow rates
were measured with calibrated mass-flow controllers
that have a manufacturer’s stated repeatability of
+0.2% of full scale.

The chemically active flame suppressant used dur-
ing this investigation, DMMP (97% pure), is a liquid
at room temperature with a low vapor pressure. In
order to maintain sufficient concentrations of
DMMP in the vapor phase, the reactant lines were
heated to approximately 100 °C with electrical heat-
ing tapes. DMMP, which does not pyrolize below
910 K [13], is not expected to decompose before it
enters the flame zone. The temperature of the re-
actant streams 10 cm upstream from the exit of the
nozzles was maintained at 100 * 1 °C via active
control of the sheath flow temperature. For all tests
of chemically suppressed flames, a constant loading
of 500 ppm of DMMP was added, via a commer-
cially available syringe pump, to one of the reactant
streams. Argon additive testing was conducted with
a loading of 25,000 ppm. The disparity between
DMMP and argon concentrations is required be-
cause of the strong suppression effect of DMMP.

For each set of measured extinction conditions, a
global extinction strain rate was calculated from re-
actant stream flow rates and nozzle geometry and is
denoted a,. We use equation 1 [14] to evaluate a:

AV i 1/2
a=——9,:l+ﬁ(£[>] (1)
? L Vo Vo

L refers to the separation distance between the noz-
zles, V is the stream velocity, and p is the stream
density, with the subscripts O and F referring to ox-
ygen and fuel, respectively. Equation 1 assumes
plug-flow boundary conditions at the nozzle exit
planes.

For a fixed I, extinction is approached by increas-
ing the reactant velocities untif)the critical strain rate
is achieved. In most studies [3,15], the velocities of
the fuel and oxidizer streams are increased propor-
tionally such that the flame or stagnation plane po-
sition is maintained near the center of the burer.
Because in our study DMMP is injected with a con-
stant mass flow syringe pump, changing the doped
reactant flow rate would change the %lopant concen-
tration, leading to transients in adsorption or de-
sorption of DMMP from the walls of the tubing
downstream of the injection site. Because the time-
scale of these transients is fairly long (on the order
of tens of minutes), accurate determination of the
effectiveness of DMMT using the traditional
method of approaching extinction is impractical. To
circumvent this difficulty, a novel method of per-
forming extinction measurements was developed
and is described in detail elsewhere [4]. With this
method, only the undoped reactant flow rate is al-
tered, resulting in movement of the flame and stag-
nation plane. For the variety of flame conditions
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relevant to this study, this method yields global ex-
tinction strain rates that agree to within *2% with
the value found using the traditional method, pro-
vided that the location of the flame and stagnation
plane at extinction is within a specified range. The
deviation of up to 2% varies systematically with
flame position but is difficult to correct for. The con-
sequences of this effect are discussed in more detail
later.

One of the difficulties in conducting experiments
such as these, with oxidizer streams formed by mix-
ing oxygen and nitrogen flows, is the extreme sen-
sitivity of the extinction strain to the mass fraction
of oxygen in the oxidizer stream [15]. This effect
requires very precise metering of reactant flow rates
in order to achieve repeatable results. Even with
mass-flow controllers, an appreciable variability
{£3%) in the global extinction strain has been ob-
served at identical Aow-rate settings. We have found
a similar sensitivity to dilution of the fuel stream.
Consequently, measurements comparing doped and
undoped flames were conducted by first evaluating
the undoped extinction strain and then adding the
dopant to one reactant stream without altering the
composition of either stream. This technique mini-
mizes the impact of the sensitivity to stream com-
position,

Experiments were performed for stoichiometric
mixture fractions, Z,,, ranging from 0.055 t0 0.7. Z,,
can be evaluated from reactant compositions in the
nozzles and the stoichiometry of the overall com-
bustion reaction, using Eq. 2:

Yo,

(2)
S

Zsi =

((MVVOvO
MWgpvg

In this equation, Y is mass fraction, MW is molecular
weight, v is the stoichiometric coefficient for com-
plete combustion, and the subscripts o refer to
conditions at the fuel and oxidizer nozzles. Changin,
Z by varying the dilution of the oxidizer and fue
streams moves the location of the stoichiometric
contour, and thus the flame, relative to the stagna-
tion plane. Adiabatic flame temperatures for the
various values of 7, and overall dilution of the flames
considered herein were evaluated for the undoped
case using the STANJAN code [16].

To accurately estimate the quantity of dopant at
the flame surface, numerical calculations using the
OPPDIF code [17] were made with plug-flow ve-
locity boundary conditions, multicomponent diffu-
sion but no thermal diffusion, and detailed chemistry
(excluding phosphorus compounds), using the GRI
mechanism [18] with nitrogen chemistry omitted.
The mole fraction of dopant is evaluated at the max-
imum temperature in the reaction zone, taken to
represent the flame location. The estimated diffusiv-
ity of DMMP is based on the interaction potentials
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of similar molecular weight compounds. The nu-
merical calculations are required because this dif-
fusivity is significantly different from the rest of the
reactant stream components, making the effect of
preferential diffusion important [1].

In these calculations, the chemically reactive com-
pound DMMP is treated as inert because complete
chemical kinetic and transport data are not available
for it or its combustion products. This treatment
should give a reasonable estimate of the quantity of
phosphorus present in all chemical forms: In the ap-
proximation of equal diffusivities for all phosphorus
species, at a given position the DMMP mole fraction
obtained in calculations treating it as inert is equal
to the sum of the mole fractions of all phosphorus
species present. Furthermore, in studies of other
phosphorus-containing compounds [19,20], it has
been proposed that it is the phosphorus-containing
radicals formed in the flame that are responsible for
flame suppression. This implies that the form of the
phosphorus compound entering the flame is rela-
tively unimportant [21]. Therefore, modeling
DMMP as an inert compound for the numerical sim-
ulations is a reasonable approximation for estimating
relevant dopant Joadings.

Results and Discussion

Two types of measurements were performed. The
first test varied Z,, from 0.055 to 0.7. At each Z,,, a,o
was matched to 350 * 10 s-!, by trial-and-error
variation of the dilution of both reactants. This pro-
cess entails changing the overall dilution, a param-
eter that is independent of Z,. Due to the high sen-
sitivity of a, to Teactant composition, it is expected
that this narrow range in allowed 40 Tesults in an
even narrower range of allowed reactant composi-
tions at a given Z,. Experimentally determining
those allowed compositions accurately becomes dif-
ficult, however, at high Z,, where the low methane
flow rates result in a higher percentage uncertainty
in their values.

As 7, is increased with fixed ay, T,, declines
steadily, as seen in Fig, 1. Calculations by Grudno et
al. [22] for a fixed T, are qualitatively consistent
with this result, finding that a_ increased monoton-
ically as Z,, was increased from 0.055 to 0.4. This
variation in a.9 and T,y with Z,, is attributed to the
changing relationship between the strain rate and
the appropriate timescale for diffusion of reactants.
While the strain rate is always considered to be a
good measure of that timescale, the relationship be-
tween the two depends on 7, [22-25]. Error bars in
Fig. 1 represent standard deviations of the measure-
ments. The large error at high Z,, represents the
methane flow-rate uncertainty previously described.

The second type of test varied only the adiabatic
flame temperature at a fixed Z,,. This was accom-
plished in two ways: changing the overall dilution of
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FIG. 1. Adiabatic flame temperature versus stoichiomet-
ric mixture fraction for a methanc—nitrogen versus oxygen—
nitrogen flame with the extinction strain rate held constant
at 350 = 10 s~'. Error bars rcpresent standard deviation
of data.
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FiG. 2. Flame-suppression effectiveness of 25,000 ppm
argon as an oxidant-side or fuel-side additive versus stoi-
chiometric mixture fraction. Effectiveness is defined as
[{ag — a,Va,). Flames are methane-nitrogen versus ox-
ygen-nitrogen; a,9 = 350 + 10 s~1. Error bars represent
standard deviation of data.

the flame at a fixed Z,, and manipulating the tem-
perature of the reactant streams. These experiments
were intended to isolate the temperature depen-
dence of the suppression from other effects.

Inert Tests

Argon was introduced as an inert suppressant for
both tests previously described. In these measure-
ments, we expected the inert dopant’s effectiveness
to depend soi)ely on the quantity of dopant present
at the flame. Previous experiments have demon-
strated that, for a range of loadings greater than that
considered in the current study, the effectiveness of
the inert suppressant nitrogen increases linearly with
dopant loading, at fixed Z, [4,15,22]. Because flame
temperature is reduced by the addition of dopant,
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FIG. 3. Normalized flame-suppression effectiveness of
argon-doped flames versus stoichiometric mixture fraction
at fixed o, Effectivencss is normalized by the quantity of
argon at the maximum temperature contour in flame, as
predicted by a numerical simulation. Error bars represent
standard deviation of data and uncertainty in calculated
loading.

this implies temperature invariance of suppression
effectiveness over that loading range. Results from
the first series of tests in which Z,, varied from 0.2
to 0.7 are shown in Fig. 2. The effectiveness of the
argon, with both the oxidizer- and fuel-side addition,
is illustrated. Each data point represents the average
of four extinction measurements. The error bars on
the figures represent the standard deviation of the
observed values, which in this case is larger than the
systematic error due to the method of approaching
extinction. As expected, effectiveness with oxidant-
side doping decreases as the flame moves toward the
fuel side (increasing Z;). The converse is true with
fuel-side doping. Argon has a diffusivity similar to
that of the reactants; thus, the quantity present at
the stoichiometric contour, which determines its ef-
fectiveness, will vary linearly with Z,.

Figure 3 depicts the argon results, normalized by
the numerically predicted quantity of argon present
at the maximum temperature contour. The uncer-
tainty in the calculated mole fraction of dopant at
the flame should be dominated by the uncertainty
in the experimental flow rate of the dopant: £10%
as determined by the manufacturer’s stated repeat-
ability of the mass-flow controller. However, the
smooth trends in the data indicate a significantly bet-
ter repeatability. The normalization process reveals
the anticipated behavior for the effectiveness of ar-
gon. The effectiveness curves show no trend with Z,,
indicating that the concomitant changes in T, and
flame structure, collectively, have no significant in-
fluence on the argon effectiveness. Other tests, sub-
sequently described, further demonstrate that the
argon effectiveness is independent of T,,. In addi-
tion, Fig. 3 shows no significant difference, in view
of the experimental uncertainty, between the effec-
tiveness of argon with oxidizer- or fuel-side addition.
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F1c. 4. Flame-suppression effectiveness of 500 ppm
DMMP as an oxidant-side or fuel-side additive versus stoi-
chiometric mixture fraction. Effectiveness is defined as
flag — rlq)/ﬂqo]. Flames are methane-nitrogen versus ox-
ygen-nitrogen; a,o = 350 + 10 s~ Error bars represent
standard deviation of data.

To further clarify the influence of temperature on
this system, a series of tests were performed for a
fixed Z,, = 0.055. T,; was manipulated by varying
the reactant stream temperature from 22 to 112
(1) °C. This resulted in a range of T, from 2237
to 2283 K. There was a significant influence on the
overall flame strength, as seen in the variation of a.
from 254 to 375 s—1. However, the effectiveness for
argon at different temperatures varied less than 4%
and showed no trend with T,,;. These results con-
firmed that argon’s effectiveness displays no tem-
perature dependence.

Chemically Active Dopant

Having shown that our experimental and normal-
ization techniques produce the expected result of no
temperature or Z, dependence for an inert sup-
pressant, we next considered the chemically active
agent, DMMP, Figure 4 shows the results from ex-
tinction measurements performed with DMMP for
7., between 0,055 and 0.7. The observed effective-
ness variation with Z, is somewhat more compli-
cated than for the inert tests, although it still follows
the same general trend. Each data point in Fig. 4
represents the average of eight extinction measure-
ments, with error bars representing the standard de-
viation of the measured values. Differences between
individual data points at a given Z, show that tests
repeated at identical conditions yielded slightly dif-
ferent results. This variation is attributed largely to
the repeatability of the dopant injection system. The
dopant effectiveness may also be influenced by small
changes in flame temperature resulting from lack of
repeatability of the reactant stream compositions.
The resulting overall experimental scatter that we
observed was significantly higher than the inert tests.
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Fic. 5. Normalized flame-suppression effectiveness of
DMMP-doped flames versus stoichiometric mixture frac-
tion at fixed a . Effectiveness is normalized by the quantity
of nonreacting DMMP at the maximum temperature con-
tour in flame, as predicted by a numerical simulation. Error
bars represent standard deviation of data and uncertainty
in calculated loading,

The systematic uncertainty due to the method of ap-
proaching extinction becomes significant for the ox-
idizer-side addition tests due to the high observed
effectiveness. We estimate an overprediction be-
tween 3% and 15% of DMMP effectiveness for this
range of conditions due to this systematic uncer-
tainty. The effect is small for the t)uel-side addition
data.

The normalized effectiveness results for DMMP
(seen in Fig. 5) have some interesting features. First,
it is notable that the DMMP effectiveness per unit
mole fraction is roughly 100 times that of argon, in-
dicating strong chemical suppression by DMMP.

Second, the curves for oxidizer- and fuel-side ad-
dition are offset significantly with respect to one an-
other. This increased oxidizer-side efkf)ectiveness has
also been observed for the chemically active agent
CF;Br [1]. The oxidizer-side curve in Fig. 5 diséays
an effectiveness roughly twice that of the fuel-side
curve. The slight systematic overprediction of the
oxidizer-side addition effectiveness, described ear-
lier, would reduce the magnitude of this disparity but
would not reconcile the difference in these curves.
It is possible that because the chemically active sup-
pressant works by interfering with the radical chem-
istry rather than as a heat sink within the flame, the
maximum flame temperature contour may not be
the most relevant location for evaluating the mole
fraction of dopant. Rather, the appropriate normal-
ization depends on the quantities present in the
reiions of the flame where the most important rad-
ical chemistry occurs. Because key radical reaction
rates peak on the oxidizer side of the flame, a more
appropriate normalization might involve mole frac-
tions at some location to the oxidizer side of the max-
imum temperature contour. We examined an alter-
native normalization using mole fractions at the
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F1G. 6. Normalized effectiveness of DMMP-doped
flames as a function of adiabatic flame temperature. A rep-
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571, and # represents a fixed Z,, = 0.5, changing 4, from
294 to 572 s~! by varying mass fraction of oxygen. Error
bars represent standard deviation of data for each set of
data runs.

point of the maximum reaction rate for the chain-
branching reaction Oy + H — OH + O. Because
the concentration gradients of oxidizer- and fuel-side
dopants have opposite directions, this shift in loca-
tion toward the oxidizer side brings the two curves
in Fig. 5 closer together. However, even considering
systematic error, oxidant-side doping remains more
effective.

The disparity between oxidizer- and fuel-side ad-
dition may also be associated with the types and
quantities of radicals and products that are formed
from the parent molecule as it approaches the flame
from different directions and their relevance to the
suppression action [7]. If we assume that the impor-
tant suppression action takes place on the oxidizer
side of the flame, then additives to the fuel stream
must travel through the flame to reach this point.
This may have a significant effect on what phospho-
rus-containing species are present in the region of
important radical chemistry for different modes of
addition, that is, oxidizer- or fuel-side doping,

A third feature of Fig. 5 is that for both the oxi-
dizer- and fuel-side tests, the normalized effective-
ness increases with Z,. The existence of this slope
implies that the suppressant effectiveness varies with
either temperature or structure of the lame or both.
Studies in a variety of premixed flames have indi-
cated that at high temperatures (above 2350 K)
[20,27], DMMP can become a flame promoter.
Thus, presumably, the suppression effectiveness of
DMMP should decrease with increasing flame tem-
perature. Figure 5 is consistent with this expectation,
showing decreasing suppressant effectiveness with
increasing adiabatic flame temperature (lower Z,,
values). However, it is possible that changes in flame
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structure, which occur at different Z,, values, may
be influencing suppressant effectiveness as well.

Further tests were conducted to clarify this tem-
perature dependence. Due to condensation of the
dopant below 80 °C, we were unable to use control
of the reactant temperatures to vary T, over a sig-
nificant range. Instead, the overall dilution of the
flame, at a fixed value of Z,, = 0.5, was used to vary
T,q4- Tn this experiment, the mass fraction of oxygen
in the oxidizer stream ranged from 0.39 to 0.44, re-
sulting in a T, ranging from 2132 to 2261 K and an
ago Tange of 204-572 s~1. Unfortunately, the varia-
tion in reactant stream compositions increased the
susceptibility of the results to the sensitivity to ran-
dom uncertainties in relative flow rates, producing
considerable scatter. The results from this experi-
ment are shown in Fig. 6, along with the data for
oxidizer-side addition at fixed a,q, but varying Z, val-
ues; all plotted against 7, Although the large ex-
perimental scatter makes it difficult to draw quan-
titative conclusions, a clear trend of decreasing
effectiveness with increasing 7, is observed, com-
parable to that seen in the constant a, data. How-
ever, these results do not conclusively eliminate the
possibility of flame structure and the detailed chem-
istry of dopant action influencing dopant effective-
ness.

Conclusions

Experimental results indicate that the flame-sup-
pression properties of an inert compound, argon,
added to methane-nitrogen versus oxygen-nitrogen
non-premixed flames can be characterized solely by
the quantity of suppressant present at the flame sur-
face. There was no significant observed dependence
on adiabatic flame temperature or mode of delivery,
that is, oxidizer- or fuel-side doping. There was also
no dependence on the value of the stoichiometric
mixture fraction, excepting that related to its influ-
ence on the quantity of dopant reaching the flame
surface.

Determination of effectiveness for the chemically
active flame-suppressant compound DMMP is more
complex. Even when normalized by the quantity at
the flame, the suppressant is significantly more ef-
fective when added to the oxidizer-side, rather than
fuel-side, of the flame. This disparity in effectiveness
is consistent with other researchers’ observations for
the chemically active flame-suppressant CF3Br. Ex-
periments also indicate that the effectiveness of
DMMP has a strong temperature dependence, with
lower effectiveness at higher adiabatic flame tem-
peratures.
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COMMENTS

Yuko Saso, National Research Institute of Fire and Dis-
aster, Japan. T am interested in the strong temperature de-
pendence of DMMP cffectiveness. Our recent work sug-
gests that the temperature dependence of CF3Br
cffectiveness is caused by the inhibitor regeneration cycles,
which are enhanced at lower temperatures.

Recognizing that DMMP oxidation kinetics is not well
known, if you compare the magnitude of temperature de-
pendence of DMMP with that of CF3Br, rough estimation

of contribution of catalytic inhibition cycle with DMMP
would be possible.

Is the magnitude of the temperature dependence of
DMMP larger than that of CF3Br?

Anthor’s Reply. The temperature dependence of
CF3Br’s effectiveness has been investigated cxperimentally
in cup burner extinction tests [1] and in laminar flame-
spced experiments [2]. Effectiveness is evaluated in terms
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of suppressant concentration at extinction for the cup
burner tests and as the fractional change in laminar flame
speed for the premixed flame experiments. In both cascs,
effectiveness was found to have a significant dependence
on temperature, dropping by 15-35% with a rise of 100 K
in adiabatic flame temperature. Although these results are
comparable to our observations for DMMP, based on frac-
tional reduction in extinction strain rate, caution must be
used when making comparisons across three different mea-
sures of effectiveness. There is also a serious difficulty in
consistently evaluating the temperature range over which
the change in effectiveness is observed. In the casc of the
cup burner and premixed flames, the adiabatic flame tem-
perature is more representative of the actual flame tem-
perature than in our highly strained flames. We look for-
ward to seeing your results, which may shed light on the
relationship between catalytic recombination mechanisms
and the temperature dependence of suppressant effective-
ness.
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Sandra Olson, NASA Lewis Research Center, USA. How
does DMMP toxicity compare to Halon 1301, which was
fairly benign in its unreacted state?

Author’s Reply. CF3Br is almost completely inert under
ambient conditions. In contrast, DMMP is classed as an
irritant to the eyes, skin, and respiratory system. There is
also'evidence from animal studies that DMMP may be car-
cinogenic and have reproductive effects {1,2]. Our recent
unpublished work indicates that several organic phosphates
and phosphonates perform very similarly to DMMP as
flame suppressants. This finding supports the hypothesis
that it is the phosphorus content of a molecule, not its
structure, that is of primary importance in dctcrmining
fire-suppression effectiveness. This suggests the possibility
of identifying a less toxic phosphorus-containing compound
with flame-suppression effectiveness comparable to that of
DMMP.

CHEMICAL FLAME INHIBITION
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Dave Zerkle, Los Alamos National Iaboratory, USA. The
flame inhibitor is a benign chemical. Where does the phos-
phorus end up after the flame? Comment on the toxicity
of these compounds.

Author’s Reply. Thermochemical equilibrium caleula-
tions indicate that the preferred product of phosphorus
combustion is PyOs, or PyO; for rich flames [1]. We have
measured combustion products from DMMP-doped
slightly subatmospheric premixed flames using extractive
sampling followed by chemical derivatization and GC/MS
analysis [2]. These measurements showed significant quan-
tities of orthophosphoric acid [P(O)(OH);] and methyl-
phosphonic acid [P(CH;)(O)OH)y}; PyO5 and PyOy arc
not likely to be detectable with this technique. All thesc
phosphorus oxides and acids have significantly higher tox-
icities and corrosivities than the parent compound. Avail-
able health and safety information [3] indicates that health
risks for these compounds are comparable to the products
of combustion of CF3Br (i.e., HBr and HF).
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