Inhibition of Nonpremixed Flames by
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Phosphorus-containing compounds (PCCs) are proposed as viable alternatives to current, ozone-destroying,
flame-inhibiting agents. An opposed-jet burner apparatus was used to study the effectiveness of two
low-vapor-pressure PCCs, dimethyl methylphosphonate (DMMP) and trimethyl phosphate (TMP), in extin-
guishing a nonpremixed methane-air flame. The global extinction strain rate was determined as a function of
dopant loadings. Tests were also conducted using nitrogen as an inert additive for reference. Results
demonstrate that these phosphorus-containing compounds are significant inhibitors of nonpremixed methane—
air flames when introduced into the oxidizer stream, 40 times more effective than nitrogen on a molar basis. A
novel technique for measuring the extinction strain rate while maintaining a constant dopant level in one gas
stream was developed. © 1998 by The Combustion Institute

INTRODUCTION

The manufacture of widely used fire-extinguish-
ing agents CF;Br (Halon 1301) and CBrCIF,
(Halon 1211) has recently been banned in the
United States because of these compounds’
deleterious effect on the ozone layer. Conse-
quently, there is great interest in finding highly
effective, ozone-friendly alternative agents [1].
At first, much effort was directed toward inves-
tigating ozone-friendly alternatives among halo-
genated compounds with physical properties
similar to those of CF;Br and CBrCIF,. How-
ever, the relatively poor flame-suppression per-
formance of these alternatives [2] has led to
interest in other families of chemicals, despite
less favorable physical or toxicological proper-
ties in many cases. These other families of
candidates include: metal compounds such as
iron pentacarbonyl, powders such as sodium
bicarbonate, and phosphorus-containing com-
pounds (PCCs). In this paper we report on an
experimental investigation of the gas-phase
flame-suppression effectiveness of two PCCs.
This is, to our knowledge, the first study in
which PCCs’ effects on the extinction of a
counterflow flame have been determined. We
also report a novel method of approaching
extinction that is convenient for evaluating the
effectiveness of low-vapor-pressure additives.
PCCs are used in several practical applica-
tions in fire fighting, but there is some ambiguity
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-as to whether their effectiveness in these appli-

cations can be attributed to gas-phase reactions
involving phosphorus. The use of various PCCs
as fire retardant additives to plastics [3, 4] has =
increased dramatically [5] in recent years, with
the 1998 estimated U.S. market for organophos-
phorus fire retardants at 80 million pounds per -
year [6]. In this application, the relative impor-
tance of gas-phase chemistry and solid-phase
effects such as char promotion has been de- =
bated, with recent work suggesting comparable -
importance for the two mechanisms [4, 7-10].
The PCC monoammonium phosphate has been
used for many years as a dry chemical fire-
extinguishing agent [11], and has also been
found to be very effective in preventing dust
explosions [12, 13]. Since it is applied as a
powder, it is possible that physical properties .
may contribute substantially to its effectiveness. -
Finally, phosphorus is often applied in combi-
nation with halogens, making it difficult to -
assess the contribution of the phosphorus. For
example, a mixture of trialkyl phosphates and .
CF;Br for fire-fighting applications has been
patented [14]. Phosphorus and halogens often
appear in the same molecule as well: a recent -
evaluation of phosphorus compounds as halon
replacements focused on fluorinated phospha
zenes and phosphines, showing good flame sup
pression properties for these compounds in cup
burner and streaming tests [15, 16]. ;
Well-characterized laboratory-scale investi- &
gations of the gas-phase flame inhibition prop- &
erties of PCCs are sparse, and in some cases |
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ambiguous or contradictory. Korobeinichev et
al. investigated the flame structure of low-pres-
sure, premixed stoichiometric H,/O,/Ar flames
with the nonhalogenated PCC additives trim-
ethyl phosphate (TMP) [17] and dimethyl meth-
ylphosphonate (DMMP) [18]. They compared
molecular oxygen profiles in flames with and
without the PCC additive, interpreting more
rapid oxygen consumption as flame promotion
and less rapid oxygen consumption as flame
inhibition. Both DMMP and TMP acted as
inhibitors in the low-temperature zone near the
burner surface and as promoters in the higher-
temperature region downstream. In contrast,
Fenimore and Jones [19] found that TMP addi-
tion produced no change in the oxygen con-
sumption rate in a low-pressure, rich, H,/O,/Ar
flame. However, in an atmospheric-pressure
flame with higher argon levels, they observed a
reduction in the oxygen consumption rate with
increasing TMP loading. A more comprehen-
sive study was conducted by Hastie and Bonnell
[20] with TMP, triphenylphosphine oxide, and
POCIl; additives in premixed and nonpre-
mixed atmospheric-pressure propane, meth-
ane, and hydrogen flames. PCC effects were
evaluated from measurements of H radical
concentrations and burning velocities. Inhibi-
tion was observed for rich and lean flames with
temperatures up to 2350 K. At higher temper-
atures, well above those typically of concern in
fire suppression applications [21], flame promo-
tion was observed. Lask and Wagner reported
inhibition of premixed hexane/air flames by
air-side addition of several halogenated PCCs
and one nonhalogenated PCC, TMP, on the
basis of their observations of laminar flame
speeds [22].

It is thought that phosphorus-containing rad-
icals, such as HOPO and HOPO, (formed from
PCCs during combustion [17, 18]) catalyze the
recombination of the important combustion
radicals, H and OH, slowing the overall reaction
rate and thus inhibiting the flame [20]. Several
mechanisms for catalytic cycles resulting in H +
OH — H,0 and H + H — H,, have been
suggested [20, 23-26]. Since it is the phospho-
rus-containing radicals that participate in the
recombination mechanism and not the parent
PCC, it has been hypothesized that the form of
the parent compound is relatively unimportant

(27]. Partial validation of the radical recombi-
nation hypothesis is provided by flow reactor
experiments showing that the addition of PH,4
(phosphine) to H,—O, combustion product
gases increases H + OH recombination rates
following laser photolysis [26]. Flame experi-
ments have also shown that the presence of
PCCs affects radical levels. The addition of
small quantities of POCl,, a halogenated PCC,
produced lower OH levels in nonpremixed
methane and ethene flames than did other
halogenated compounds not containing phos-
phorus [28]. The addition of TMP lowered H
levels in premixed low-pressure H,/O,/N,
flames under rich conditions with high levels of
nitrogen dilution, and raised H levels under
stoichiometric, less dilute conditions [20]. This
result agrees qualitatively with temperature de-
pendence of inhibition observed by Hastie and
Bonnell, described above [20].

A significant obstacle to the use of PCCs as a
flame-inhibiting agent is that many of these
compounds, including the two investigated
herein, have low vapor pressures (<1 torr) at
ambient temperature [29]. Some PCCs also
have a significant heating value due to alkyl and
alkoxy groups attached to the phosphorus atom,
and some, especially halogenated PCCs, are
highly toxic [15]. However, if supporting evi-
dence is found for the hypothesis that the only
important contribution of the PCC to flame
inhibition is the central phosphorus atom, then
further studies of flame inhibition by PCCs
can investigate alternative forms of the parent
compounds that might be less toxic and more
amenable to delivery to the flame. It is impor-
tant to note that not all PCCs exhibit high
toxicity. PCCs range in their toxicity from
nontoxic, essential food constituents and FDA-
approved additives, to some of the most toxic
compounds (chemical warfare agents) known
[30].

In this study, a nonpremixed methane—air flame
was used to study the inhibiting effects of two
PCCs: dimethyl methylphosphonate (DMMP)
[CAS #756-79-6, P(=0)(CH;)(OCHa;),], and
trimethyl phosphate (TMP) [CAS #512-56-1,
P(=0)(OCH;);]. Experiments were performed
using an opposed-jet burner apparatus. This
configuration has been used extensively to eval-
uate the performance of flame inhibitors using
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Fig. 1. Schematic of opposed-jet burner.

experimental, numerical, and analytical tech-
niques, (e.g. [2, 31-33]). The counterflow con-
figuration is useful for studying flame-suppress-
ing agents because the flame is thermally
isolated and quasi-one-dimensional along the
centerline [34, 35]. The flame strength can be
characterized by the strain rate at extinction [36,
37

The usual method of performing extinction
measurements is to slowly increase both reac-
tant flowrates until the flame abruptly extin-
guishes [38]. This approach poses practical dif-
ficulties in establishing and maintaining
constant inhibitor loadings for low-vapor-pres-
sure flame-inhibiting compounds. An alterna-
tive, novel method for performing extinction
measurements is presented herein which pro-
vides a convenient method for achieving con-
stant inhibitor loadings.

EXPERIMENTAL
Apparatus and Materials

Experiments were conducted with an opposed-
jet burner, shown schematically in Fig. 1. Mass-
flow controllers, supplied by MKS Industries,
were used to measure reactant flow rates. Most
of the extinction measurements were conducted
using premixed oxygen and nitrogen (21 = 0.2%
oxygen mole fraction) or Ultra Zero Grade air
(21 = 2% oxygen mole fraction, total hydrocar-
bon content <0.1 ppm) as the oxidizer and
methane (99% pure) as the fuel. All gases were
supplied by MG Industries. For the extinction
measurements with flame and stagnation plane
coincident, oxygen (99.994% pure) was mixed
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with nitrogen (99.998% pure) in measured pro-
portions to form the oxidizer stream, and the
methane  fuel was diluted with nitrogen
(99.998% pure). The burner was aligned verti-
cally with the lower tube used as the fuel source
and the upper tube as the oxidizer source,
Results of a few experiments conducted with
the reverse orientation to study the effect of
buoyancy showed no significant change in ex-
tinction strain rate. The burner was constructed
from straight, open glass tubes 30 cm long with
an ID of 0.98 cm, and a separation distance of
0.95 cm between opposing nozzles. Annular
sheath flows of nitrogen are provided through
2.22-cm-ID glass tubes. The sheath tube exits
are offset by approximately 1 ¢cm, upstream of
the reactant tube exits, to minimize the impact
of the sheath flow on the development of the
reactant flows. A flat flame is produced when
the oxidant and fuel stream velocities are such
that the flame is situated in the central 6 mm of
the space between the burner nozzles. When
the flame is close to either nozzle, it exhibits
curvature toward that nozzle; curvature is
pronounced when the flame is within 0.2 mm
of the oxidizer nozzle or within 1.9 mm of the
fuel nozzle. The entire burner is isolated in a
glass enclosure for control of exhaust gases.
This enclosure is purged with nitrogen and
maintained slightly below atmospheric pres-
sure.

The enclosure has a glass window on one end,
approximately 25 cm from the centerline of the
flow. A video camera, located a few centimeters
from this window, was used to measure flame
position. Measurements of flame position were
made from magnified images from the camera,
displayed on a television screen. Flame position
was measured relative to the oxidizer nozzle exit
plane using the separation gap between the
nozzles for reference.

The chemically active flame inhibitors used
during this investigation, DMMP and TMP,
supplied by Aldrich Chemical Company (each
97% pure), are liquids at room temperature
with low vapor pressures (less than 1 torr at
ambient temperature). In order to maintain
sufficient concentrations of the PCC in the
vapor phase, the reactant lines were heated to
approximately 100°C with electrical heating
tapes. Wall temperatures on the outside surface
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of the heated lines were measured with adhesive
thermocouples. The temperatures of the reac-
tant streams 10 cm upstream from the exit of
the nozzles were maintained at 100 = 1°C via
active control of the sheath flow temperature.
These gas temperatures were measured by
sheathed thermocouples in direct contact with
the gas flow. The liquid PCC dopant was added
to the reactant streams via a syringe pump that
provided a constant volume flow. The gas flow
at the injection site was preheated to approxi-
mately 130°C for a rapid vaporization of the
incoming liquid dopant. The liquid density, sy-
ringe size, and motor speed fixed the mass flow
rates of the dopants. Previous pyrolysis experi-
ments with DMMP and TMP [39, 40] have
shown that thermal decomposition is negligible
below 1000 K; thus the preheating of the reac-
tant streams should have no effect on their
chemical composition.

Determination of Extinction Strain Rates

The effectiveness of additives as flame inhibi-
tors is determined by measuring the depen-
dence of extinction strain rate on additive load-
ing. The inverse of the strain rate is one of
several related measures of the characteristic
diffusion time of the flame [41]. In many exper-
iments, the value of the strain rate is evaluated
experimentally as the velocity gradient on the
oxidant side of the flame, measured using laser-
Doppler velocimetry [31]. As our primary inter-
est is to determine the relative reduction of
extinction strain rate due to the additive, we
chose to approximate the strain rate at extinc-
tion using the following expression involving
global flame parameters [42]:

_Wo, , Vrpr
a,= 1 =1 (1)
L Vo VPo

In Eq. 1, L refers to the separation distance
between the nozzles, V' is the average stream
velocity at extinction, p is the stream density,
and the subscripts O and F refer to oxygen and
fuel respectively. This expression, derived by
Seshadri and Williams [42], will be referred to
as the global strain rate. It is equal to the
velocity gradient on the oxidant side of the
stagnation plane under certain restrictive con-

i

ditions: reactions, diffusion, and viscous effects
must be confined to a narrow region around the
stagnation plane, and plug flow boundary con-
ditions must be imposed at the nozzles. Even
under conditions where these restrictions do not
apply, the global strain rate expression is useful.
Recent measurements [43] performed in an
open-tube burner with geometry very similar to
our own have found a nearly proportional rela-
tionship between the a, of Eq. 1 and the
maximum local velocity gradient on the oxidant
side of the flame, as measured by laser-Doppler
velocimetry. The same proportionality was
found to hold for methane-air and propane-air
flames, with and without flame-inhibiting addi-
tives in the air stream. Thus it appears that Eq.
1 may be used to determine relative changes in
extinction strain rates obtained on the same
apparatus. In particular, the ratio of doped to
undoped global strain rate computed using Eq.
1 should be equal to the ratio of doped to
undoped local oxidant-side velocity gradients.
The validity of this approach is borne out by the
good agreement between our normalized results
and those of other researchers for inert addi-
tives, as described in the Results and Discussion
section.

In determining extinction conditions for use
in calculating a,, we made use of a novel
method of approaching extinction, motivated by
a need to minimize transient effects of dopant
loading. Commonly, extinction studies with op-
posed-jet burners adjust the strain rate by vary-

. ing both the oxidizer and fuel streams simulta-

neously so that the flame position remains
constant [31], or so that a momentum balance
between the two streams is maintained [38].
This requires varying the mass flow rates of both
reactant streams, and results in changing con-
centrations of the inhibiting agent when the
agent is delivered via a constant-mass-flowrate
syringe pump. The resulting transients in the
adsorption/desorption of the agent on walls
make it difficult to predict the concentration of
agent at the exit plane of the doped reactant
stream at extinction.

The novel method presented here is an alter-
native technique to circumvent the difficulties
associated with dopant loading transients. Dur-
ing our experiments, the concentration of do-
pant in the relevant reactant stream (fuel or
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oxidizer) was fixed by maintaining cornstant
flowrates of all the constituents of the doped
reactant stream. After waiting a sufficient time
for equilibrium conditions to be established,
we approached extinction by varying only the
flowrate of the undoped stream. One conse-
quence of using this method is that the posi-
tion of both stagnation plane and flame vary
during the extinction experiment. As de-
scribed in the following section, this was
found to have only a minor influence on the
measured extinction strain except when the
flame or stagnation plane was very close to
one of the nozzles.

RESULTS AND DISCUSSION

Validation of Method of Approaching
Extinction

We took an empirical approach to validating
our novel method of approaching extinction.
Experiments were performed over a large range
of flow rates of the methane and air streams,
achieving extinction with the flame in a variety
of positions. To our knowledge, this is the first
experimental extinction study in which flame
position is varied systematically over a broad
range. Figure 2 shows the resulting global ex-
tinction strain rates (a,) as a function of the
observed flame position. In this figure, flame
positions inside either nozzle are plotted at the
appropriate nozzle location (0 or 9.5 mm from
oxidizer nozzle). Extinction strain varies system-
atically with flame position, but the variation is
small over a large central portion of the region
between the burner nozzles. The global extinc-
tion strain rate varies less than =2% from a
mean value of 359 s~! for flame positions
between 0 and 7 mm from the oxidizer nozzle.
This region of nearly constant global extinction
strain rates will be referred to as the acceptable
region. For experiments in which extinction
occurs with the flame outside the acceptable
region, large deviations in a,, are observed. Also
shown in Fig. 2 are sets of data from two series
of experiments conducted with a 300 ppm dop-
ing of DMMP and 50,000 ppm doping of N,,
both added to the oxidizer stream. The limited
number of data points in the DMMP series is a
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Fig. 2. Variation of global extinction strain, a,, with ob-
served flame position at extinction. Results shown are for
undoped nonpremixed methane-air flames, with air-side
loadings of 300 ppm DMMP and with 50,000 ppm N,. Z_, =
0.054.

result of the coarsely quantized mass flow rates
of dopant available from the syringe pump.
Because of the inhibitory effect of the DMMP
or N, additive, these data sets have markedly
lower mean global extinction strain rates than
the data for undoped methane vs. air flames.
However, both data sets show very similar sys-
tematic trends with flame position, and both
have only small variations in extinction strain
over the central acceptable region between 0
and 7 mm.

The existence of the same acceptable region
for a range of flame extinction strain rates
establishes the validity of our method for ap-
proaching extinction. Provided that the flame
position at extinction lies within this region, the
results should be consistent to within 2% of
those obtained using more conventional meth-
ods that maintain a nearly constant flame posi-
tion. Caution should be exercised in using this
method to measure small changes in strain rate

because of the systematic variation of a, within

the acceptable region.

The nearly constant extinction strain rates
over the central region are consistent with pre-
vious computational findings. Nishioka et al.
compared two methods of approaching extinc-
tion: increasing air and fuel stream velocities

L R S e S

FA e A

e e

e



2]
10

h ob-
re for
r-side

rates
imp.
IMP
edly
than
mes.

sys-
both
train
zn 0

gion
-ates

ap-
ame
, the
2 of
ieth-
J0SI-
this
rate

ithin

‘ates
pre-
t al.
tinc-
ities

i ) bR R s e e SR e s R e S S ¢

FLAME INHIBITION BY PHOSPHORUS COMPOUNDS _ 171

while keeping them equal to each other, and
increasing air stream velocity while holding fuel
stream velocity constant [44]. The resulting cal-
culated global extinction strain rates for H,/N,
vs air flames differed by less than 1%. Our
larger (£2%) experimentally observed variation
of extinction strain rates with flame position can
tentatively be attributed to effects not modeled
in the flame calculations of Nishioka et al.,
notably the effects of the flame on velocity
boundary conditions and heat losses to the
burner nozzles. Of these, effects on the flow
field appear to be more important. Laminar
convective heat transfer losses are estimated to
amount to only a few percent of the chemical
enthalpy released during combustion, even if
the flame is inside the nozzle.

The asymmetrical dependence of extinction
strain rate on flame position appears to be due
to the displacement of the flame to the oxidant
side of the stagnation plane, which is conve-
niently characterized using the stoichiometric
mixture fraction, Z,,. The stoichiometric mix-
ture fraction, Z,, is the fraction of the material
present at the stoichiometric contour that orig-
inated in the fuel stream. Z,, can be evaluated
from reactant compositions in the nozzles and
the stoichiometry of the overall combustion
reaction, using Eq. 2:

T ’ MW g : 3 ’
(2)

where Y is mass fraction, MW is molecular
weight, v is the stoichiometric coefficient for
complete combustion, the subscripts O and F
refer to oxygen and fuel respectively, and the
subscripts *o refer to conditions at the fuel and
oxidizer nozzles. The undiluted methane-air
flame used for the first series of experiments in
Fig. 2 has Z,, = 0.054. Other researchers have
found that, near extinction, this corresponds to
a displacement of the flame of approximately 1
mm to the oxidizer side of the stagnation plane
[34, 35].

The importance of this displacement was
investigated by performing a series of measure-
ments in which flame and stagnation plane were
coincident. By varying the dilution of the fuel
and oxidizer streams it is possible to move the
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Fig. 3. Variation of global extinction strain, a,, with ob-
served flame position at extinction. Results shown are for
nonpremixed methane/nitrogen—oxygen/nitrogen flames,
with Z,, = 0.50.

location of the stoichiometric contour (the pre-
sumed flame location), relative to the stagna-
tion plane. If the reactants have equal diffusivi-
ties, setting Z,, = 0.50 places the flame at the
stagnation plane. Since the value of Z,, depends
on two independent variables, Y. and Y,,, fixing
Z,, leaves one degree of freedom on reactant
concentrations. Unique conditions for the Z,, =
0.50 tests were established by choosing the mass
fraction of oxygen to give approximately the
same undoped global extinction strain rate as
was obtained for the undiluted methane-air
flame. Results from these conditions, Z,, =
0.50 with Y, = 0.387 and Y = 0.097, are
shown in Fig. 3. During these experiments, in
which the oxidizer stream was mixed from sep-
arate oxygen and nitrogen source bottles, it was
found that the global extinction strain rate was
very sensitive to the concentration of oxygen,
consistent with experimental results from Puri
and Seshadri for diluted methane-air flames
[38]. This sensitivity contributed to the greater
scatter in the Z;, = 0.50 tests than in the Z,, =
0.054 tests, which were conducted with a pre-
mixed oxidizer source. Nonetheless, the global
extinction strain rate varies less than 3% of the
mean value of 336 s™' for flame locations
between 0 and 9 mm from the oxidizer nozzle.
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nitrogen flames, (Z,, = 0.50), near extinction.

Within experimental scatter, results with Z;, =
0.5 are symmetrical about the center of the
region between the two burners, as would be
expected for a flame coinciding with the stagna-
tion plane.

Although the acceptable region of Fig. 2 is
defined in terms of the observed flame position,
in practice it is not necessary to determine by
experimental observation the flame location at
extinction for all measurements. Rather, a pa-
rameter S is introduced which can be calculated
from the reactant stream properties at the noz-
zles. § approximates the distance from the
oxidizer nozzle to the stagnation plane and is
given by the expression in Eq. 3, again derived
by Seshadri and Williams for plug flow bound-
ary conditions [42]:

S=L/(1+L\{B;). )

o VPo

Figure 4 shows a plot of observed flame location
for both Z,, = 0.50 and Z,, = 0.054 against the
parameter S. It is interesting to note that the
observed flame location does not vary linearly
with the predicted location of the stagnation
plane, but instead follows a sigmoidal curve,
being much more sensitive to flow variations

M. A. MACDONALD ET AL,

when it is near the middle of the separation gap,
The data presented in Fig. 4 shows flame posi-
tions for only high strain cases (275-360 s~ '). It
was found that, in general, the steepness of the
sigmoidal curve increased with increasing strain
rates. For purposes of conducting experiments
with the new method, it suffices to observe that
the flame location, for each condition, is g
well-correlated one-to-one function of this pa-
rameter S. Therefore, one can map the experi-
mentally determined acceptable region in terms
of §, and direct observation of flame position
becomes unnecessary. For Z,, = 0.0544, this'
region is 3.50 mm < § < 5.25 mm. All extinc-
tion results reported below were for flames
inside this acceptable region.

Extinction Results

Initial tests were conducted with undoped reac-
tant streams at ambient temperature to com-
pare results from our experimental apparatus
with those of other researchers. For undiluted
methane burning in air, our measured global
extinction strain rate was 296 s~ '. When the
reactant streams were preheated to 100°C, the
measured value for a, increased to 360 s~
Variations ina, up to 80 s~ ! were observed with
different bottles of high purity compressed air,
and are attributed to slightly different batch
mass fractions of oxygen. However, extinction
measurements on undoped flames using the
same oxidizer source are consistent to within *5
s7'. All results for doped flames presented
herein are normalized to undoped experiments
under identical conditions, i.e., using the same
oxidizer source.

The unheated global extinction strain value
we measured is comparable to the value found
by Puri and Seshadri [38] of 280 s™' and to the
value of 255 s~ !, computed from flow rates at
extinction reported by Papas et al. [31] using
Eq. 1. All three numbers fall within the range
of variation attributed to differences in com-
position of high purity air batches. This agree-
ment is surprisingly good in light of the
significantly different boundary conditions
and aspect ratio of the burner used relative to
that of Puri and Seshadri. Agreement with
literature values of local extinction strain rate
is not as good; measurements and calculations
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Fig. 5. Inhibition of nonpremixed methane-air flames,
based on reduction in the global extinction strain rate, by
oxidizer-side addition of nitrogen with and without pre-
heated reactants. Also shown are reported literature values
for nonpremixed methane—air flames diluted with nitrogen.

range from 340 to 400 s~' [31, 35, 45] and
from 354 to 544 s~' [35], respectively. We
attribute the discrepancy of our measurements
with these values to our use of the global strain
expression under conditions where it is not
strictly valid, as discussed in the Experimental
section. Comparable differences between global
and local strain rates are observed by other
researchers [31].

Further validation experiments were con-
ducted with nitrogen as a chemically inert
flame-inhibiting additive. Normalized extinction
strain rates for nitrogen addition to the air side
of a methane-air flame are shown in Fig. 5. Each
data point represents the average of at least
three measurements, and is normalized by the
extinction strain rate for a pure methane-air
flame. Extinction strain rate drops linearly with
increasing loading of this additive. Results are
the same regardless of whether or not the
reactants are preheated to 100°C, consistent
with the findings of Trees et al. [46]. The
nitrogen dilution data can be compared to
room-temperature data of Puri and Seshadri
[38], also shown in Fig. 5. Agreement is good,
with least-mean-square slopes agreeing within
7%. However, it should be noted that the

. diluted flame experiments of Puri and Seshadri

were conducted at a fixed value of Z,, =
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Fig. 6. Inhibition of nonpremixed methane-air flames,
based on reduction in the global extinction strain rate, by
oxidizer-side addition of the phosphorus-containing com-
pounds TMP and DMMP. Also shown are reported litera-
ture values for inhibition by CF;Br.

0.0544. This requires some nitrogen addition to
the fuel-side flow in contrast to our experiments
in which nitrogen was added only to the oxidizer
stream. Previous experiments by the authors
[47] indicate that correcting for the effect of this
fuel-side addition would lower our measured
extinction strain rates by about 3%, resulting in
an overall discrepancy of 10% with the Puri and
Seshadri data.

Figure 6 shows our results for PCC addition
to the air stream of methane-air flames. Again,
points represent averages of at least three
measurements, and are normalized by the
undoped extinction strain. For DMMP addi-
tion, the global extinction strain rate is ob-
served to decrease linearly with additive mole
fraction. Experiments indicate that at a mole
fraction of 1500 ppm, a, is reduced by 35% of
the undoped value. Detectable inhibition
(~3% reduction in a,) is found at loadings as
low as 100 ppm. For mole fractions below 100
ppm, preheating of reactants was not neces-
sary to prevent condensation of DMMP. This
allowed for ambient-temperature testing of
low DMMP loadings which demonstrated in-
hibition effectiveness similar to that found in
the preheated experiments. Figure 6 also shows
the results from TMP-doped flames. TMP is
seen to exhibit similar inhibitory properties to
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DMMP over the common range of loadings.
This is consistent with the hypothesis [27] that it
is phosphorus radicals formed in the flame that
are important and not the parent compound.
Consistent flame inhibition was observed, with
no sign of the flame promotion noted by others
[18, 20]. A possible explanation is that the
relatively low peak temperatures typical of
highly strained methane-air flames [48] are be-
low the 2350 K transition between inhibition
and promotion observed by Hastie and Bonnell
[20].

Also shown in Fig. 6 are literature flame
inhibition data for CF;Br, the current agent in
many fire-suppression systems [31, 49, 50]. The
flame inhibition properties of DMMP and TMP
are two to four times better, on a molar or mass
basis, than those reported in the literature for
CF;Br. Comparisons of these PCCs with
Fe(CO)s, one of the most effective flame inhib-
itors known, show that Fe(CO)s is a stronger
inhibitor at low loadings: inhibition at 200 ppm
[51] is comparable to the PCC’s effectiveness at
1500 ppm. However, the effect of Fe(CO)s as an
inhibitor plateaus for mole fractions between
200 and 500 ppm, the highest gas-phase concen-
tration achievable with ambient temperature
reactants [51]. The PCCs’ inhibition perfor-
mance can also be compared to the N, data
presented in Fig. 5: DMMP and TMP are
approximately 40 times more effective than N,
on a molar basis (~10 times as effective on a per
mass basis). It is important to note that the
range of extinction strain rates achieved in these
PCC experiments represents only the upper
portion of the range of local strain rates encoun-
tered in a realistic, turbulent fire [52]. Extending
the experimental range to much lower strains
would require a different method of introducing
the PCC.

We performed an experiment to determine
whether the hydrocarbon content of the PCCs
contributes significantly to the inhibition ef-
fectiveness. In certain chemical systems, such
as carbon monoxide—air combustion, trace
amounts of hydrocarbons have been observed
to inhibit combustion [53, 54]. It is thought
that the inhibition occurs because the hydro-
carbon acts as a radical sink. Hastie et al. [20,
25] attribute 8% of TMP’s inhibition effec-
tiveness in hydrogen flames to this effect. In

M. A. MACDONALD ET AL,

order to determine whether radical scaveng-
ing by the methyl groups, found in the PCCg
under Investigation, may be responsible ip
part for the PCCs’ inhibition observed here,
tests were conducted with isooctane as the
dopant. Isooctane has a similar structure to
the PCCs but lacks the central phosphorus
atom. It is expected that any contribution from
methyl groups to flame inhibition by the PCCs
would be observed during the isooctane tests,
However, these tests showed a 4% increase in
the global extinction strain at a loading of 400
ppm, indicating that the effect of the hydrocar-
bon was to promote the flame, not to inhibit it
This result provides further support for the
hypothesis that the phosphorus atom is crucial
to the flame inhibition effects of the PCCs
studied here.

SUMMARY

The present study used an-opposed-jet burner
configuration to investigate the effectiveness of
two PCCs—DMMP and TMP—as flame inhib-
itors. The global extinction strain rate, used as a
measure of flame strength, was estimated in
terms of the flow rates of fuel and oxidizer. A
novel method for performing extinction mea-
surements was developed to maintain constant
PCC loadings in the oxidizer stream with sy-
ringe pump PCC delivery. This method causes
the locations of the flame and stagnation plane
relative to the nozzles to change during an
extinction measurement. It has been found that
the global extinction strain rate is approximately
invariant (within =2%) over a broad range of
flame locations for methane-air nonpremixed
flames. This technique for performing extinc-
tion measurements is shown to give consistent
and repeatable results.

Global extinction strain rates were measured
for flames doped with PCC loadings from
0-1500 ppm. As a flame inhibitor on a molar
basis, PCCs were found to be 40 times more
effective than nitrogen and two to four times
more effective than the literature values for
CF;Br. The high level of effectiveness of the
PCCs (35% reduction in global extinction
strain rate at 1500 ppm) encourages the in-
vestigation of other phosphorus-containing
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compounds as alternatives to halogenated
flame inhibitors.

This research is part of the Department of

Defense’s Next Generation Fire Suppression
Technology Program, funded by the DoD Strategic
Environmental Research and Development Pro-
gram under DARPA Contract MDA972-97-M-
0013. Additional support was provided by the
Army Research Office under Contract DAALO3-
92-G-0113. The authors wish to thank J. Fleming
and B. Williams at Naval Research Laboratory for
useful discussions. Further appreciation is ex-
tended to W. McKeon from the University of
Buffalo for his experimental assistance.

REFERENCES

1.

oot

10.
11.

12.

13.

14.

15;

16.

17.

Pitts, W. M., Nyden, M. R., Gann, R. G., Mallard,
W. G., and Tsang, W. (1990) Construction of an
Exploratory List of Chemicals to Initiate the Search for
Halon Alternatives. NIST, Washington, DC, Technical
Note NIST/TN-1279.

Hamins, A., Trees, D., Seshadri, K., and Chelliah,
H. K., Combust. Flame 99:221-230 (1994).
Staendeke, H., and Scharf, D. J., Kunstst. Ger. Plast.
79:59-61 (1989).

Avondo, G., Vovelle, C., and Delbourgo, R., Combust.
Flame 31:7-16 (1978).

Sherman, L. M., Plast. Tech. 38:102-105 (1992).
Shelley, S., Chem. Eng. 100:71-73 (1993).

Brauman, S. K., J. Fire Retard. Chem. 4:18-37 (1977).
Green, J., J. Fire Sci. 14:426-442 (1996).

Kashiwagi, T., Gilman, J. W., McGrath, J. E., and
Wan, L.-Y., Flammability Properties of Phosphine Oxide
Copolymers and of Commodity Polymers with New
Flame Retardant Additives, presented at 1996 FRCA
Fall Meeting, Naples, FL, 1996.

Peters, E. N., J. Appl. Polym. Sci. 24:1457-1464 (1979).
Haessler, W., in Fire Protection Handbook, 16th ed.
(A. E. Cote and J. L. Linville, Eds.), National Fire
Protection Association, Quincy, MA, 1986, pp. 19-31.
Kordylewski, W., and Amrogowicz, J., Combust. Flame
90:344-345 (1992).

Amrogowicz, J., and Kordylewski, W., Combust. Flame
85:520-522 (1991).

Song, C.E., Kim, I. O., Lee, J. K., Kim, T. K., and Lee,
S. G., U.S. Patent 5219474 (1990).

Kaizerman, J. A., and Tapscott, R. E. (1996). 4d-
vanced Streaming Agent Development, Vol. II: Phospho-
rus Compounds. NMERI 96/5/32540.

Lifke, J. L., Moore, T. A., and Tapscott, R. E. (1996).
Advanced Streaming Agent Development, Vol. V: Labo-
ratory-Scale Streaming Tests. NMERI 96/2/32540.
Korobeinichev, O. P., Chernov, A. A., and Shvarts-
berg, V. M., Destruction Chemistry of Trimethyl Phos-
phate in H2/O2/Ar Flame Studied by Molecular Beam

18.

19.

20.

21.

22.

23;
24.
25,

26.
27

28.

29.

30.

31.

32

33.

34.

35.

36.

37.
38.

39.

40.

41.

Mass-Spectrometry, presented at 3rd Asia-Pacific Inter-
national Symposium on Combustion and Energy Uti-
lization, 1995,

Korobeinichev, O. P., IIin, S. B., and Mokrushin,
V. V., Combust. Sci. Technol. 116-117:51-67 (1996).
Fenimore, C. P., and Jones, G. W., Combust. Flame
8:133-137 (1964).

Hastie, J. W., and Bonnell, D. W. (1980) Molecular
Chemistry of Inhibited Combustion Systems. National
Bureau of Standards, Final NBSIR 80-2169; PB8I1-
170375.

Audouin, L., Kolb, G., Torero, J. L., and Most, J. M.,
Fire Safety J. 24:167-187 (1995).

Lask, G., and Wagner, H. G., Eighth Symposium
(International) on Combustion, The Combustion Insti-
tute, Pittsburgh, 1960, pp. 432-438.

Twarowski, A., Combust. Flame 102:55-63 (1995).
Twarowski, A., Combust. Flame 102:41-54 (1995).
Hastie, . W., and McBee, C. L. (1975) Mechanis-
tic Studies of Triphenylphosphine Oxide-Poly(Ethyl-
ene-terephthalate) and Related Flame Retardant Sys-
tems. National Bureau of Standards, Final NBSIR
75-741.

Twarowski, A., Combust. Flame 94:91-107 (1993).
Marolewski, T. A., and Weil, E. D., in Fire Resistance
of Industrial Fluids, vol. ASTM STP 1284 (G. E. Totten
and R. Jurgen, Eds.), American Society for Testing
and Materials, Philadelphia, 1996, pp. 102-109.
Ibiricu, M. M., and Gaydon, A. G., Combust. Flame
8:51-62 (1964).

Jordan, T. E., in Vapor Pressure of Organic Compounds,
1st ed., Interscience Publishers, New York, 1954, pp.
248-253.

Weil, E. D., in Handbook of Organophosphorus Chem-
istry (R. Engel, Ed.), Marcel Dekker, New York, 1992,
pp. 683-738.

Papas, P, Fleming, J. W., and Sheinson, R. S., Twenty-
Sixth Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, 1997, pp. 1405-1412.
Masri, A. R., Combust. Sci. Technol. 96:189-212
(1994).

Seshadri, K., and Ilincic, N., Combust. Flame 101:271-
294 (1995).

Otsuka, Y., and Niioka, T., Combust. Flame 21:163-
176 (1973).

Chelliah, H. K., Law, C. K., Ueda, T., Smooke, M. D.,
and Williams, F. A., Twenty-Third (International) Sym-
posium on Combustion, The Combustion Institute,
Pittsburgh, 1990, pp. 503-511.

Carrier, G. F., Fendell, F. E., and Marble, F. E., SLAM
J. Appl. Math. 28:463-500 (1975).

Linan, A., Acta Astronautica 1:1007-1039 (1974).
Puri, I. K., and Seshadri, K., Combust. Flame 65:137—
150 (1986).

Zegers, E. J. P., and Fisher, E. M., Combust. Sci.
Technol. 116-117:69-89 (1996).

Zegers, E. 1. (1997). Ph.D. thesis, Mechanical Engi-
neering, Cornell University, Ithaca, NY.

Grudno, A., and Seshadri, K., Combust. Sci. Technol.
112:199-210 (1996).




176

42.

43.

44,
45,

46.

47.

Seshadri, K., and Williams, F., [nt. J. Heat Mass
Transfer 21:251-253 (1978).

Fisher, E. M., Williams, B. A., Fleming, J. W. Deter-
mination of the Strain in Counterflow Diffusion Flames
from Flow Conditions, presented at Fall Technical
Meeting of the Combustion Institute, Eastern States
Section, Hartford, CT, 1997.

Nishioka, M., Law, C. K., and Takeno, T., Combust.
Flame 104:328-342 (1996).

Yang, G., and Kennedy, I. M., Combust. Flame 92:187-
196 (1993).

Trees, D., Seshadri, K., and Hamins, A., in Halon
Replacements: Technology and Science, ACS Sympo-
sium Series 611, (A. W. Miziolek, and W. Tsang, Eds.),
American Chemical Society, Washington, DC, 1995,
pp- 190-203.

MacDonald, M. A., Jayaweera, T. M., Fisher, E. M.,
and Gouldin, F. C., Inhibited Counterflow Non-Pre-
mixed Flames with Variable Stoichiometric Mixture
Fractions, presented at Fall Technical Meeting of the
Combustion Institute, Eastern States Section, Hart-
ford, CT, 1997.

48.

49,

50.

51,

52.

wun
[V

M. A. MACDONALD ET AL,

Puri, I. K., Seshadri, K., Smooke, M. D., and Keyes,
D. E., Combust. Sci. Technol. 56:1-22 (1987).

Milne, T. A., Green, C. L., and Benson, D. K,
Combust. Flame 15:255-264 (1970).

Trees, D., Grudno, A., and Seshadri, K., Combust. Sci.
Technol. 124:311-330 (1997).

Reinelt, D., and Linteris, G. T., Twenty-Sixth Sympo-
sium (International) on Combustion, The Combustion
Institute, Pittsburgh, 1997, pp. 1421-1428.
Grosshandler, W. L., Gann, R. G., and Pitts, W. M.
(1994). Evaluation of Alternative In-Flight Fire Suppres-
sants for Full-Scale Testing in Simulated Aircraft Engine
Nacelles and Dry Bays. NIST, Washington, DC, NIST/
SP-861.

Baldwin, R. R., Hopkins, D. E., and Walker, R. W,
Trans. Faraday Soc. 60:189-203 (1969).

Yetter, R. A., and Dryer, F. L., Twenty-Fourth Sympo-
sium (International) on Combustion, The Combustion
Institute, Pittsburgh, 1992, pp. 757-767.

Received 2 September 1997; accepted 9 March 1998

T

*C
Pr
sit
e
D1

Ct
©
Pu



