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Abstract

The inhibition/extinction of various flames—premixed stoichiometric CsHg/air, nonpremixed counterflow
CH4/O,/N,, and nonpremixed coflow n-heptane/air cup-burner flames doped with a number of phosphorus-
containing compounds (PCCs)—has been investigated experimentally. More than 20 PCCs (organic phos-
phates, phosphonates, phosphates) and their fluorinated derivatives were studied. All PCCs exhibited similar
dependencies in burning velocities, extinction strain rates, and extinction volume fractions of CO, upon PCC
loading in the range of mole fractions of 0—7000 ppm within an experimental deviation of +5%. This confirms
that the inhibition effectiveness of the PCCs is influenced by the phosphorus content in the PCC molecule
rather than by the structure of the molecule. The burning velocity of a stoichiometric C3Hg/air mixture
and the extinction strain rate of a nonpremixed counterflow CH4/O,/N, flame doped with trimethylphosphate
were calculated. Satisfactory agreement between experimental and modeling results confirms the conclusion

that the reactions of phosphorus oxyacids with radicals are responsible for flame inhibition.
© 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Phosphorus-containing compounds; Inhibition; Suppression; Burning velocity; Extinction strain rate

1. Introduction

In the search for fire suppressants (FS) to re-
place halon 1301 (CF;Br), a number of chemical
compounds have been examined [1,2]. Among
the most promising alternatives are phosphorus-
containing compounds (PCCs). The synthesis of
these compound is difficult, and thus they have
not been thoroughly investigated. It has been
shown previously [3-6] that the inhibition effect
of PCCs is related to the catalysis of H and OH
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recombination by phosphorus oxides and oxy-
acids. In premixed flames, the catalytic cycle
involving the reactions H + PO, + M — HO-
PO+ M and HOPO + OH — H,O + PO, pre-
vails. In a nonpremixed methane/air flame, there
is a different set of key reactions responsible for
inhibition: H + PO, + M — HOPO + M and HO-
PO + H — H, + PO, [3]. In addition, it has been
shown [6] that P-bearing oxyacids such as HOPO,
play an important role in flame suppression.
Although a considerable number of papers have
been published in this area, there are still many
problems to be solved.

The primary methods for evaluating the
effectiveness of FS compounds consist of determin-
ing: (1) the extinguishing concentration of FS
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(cup-burner), (2) thedependence of extinction strain
rate (ESR) on dopantloadingin nonpremixed coun-
terflow flames, and (3) the dependence of premixed
flame speed on inhibitor loading. In fact, these tech-
niques simulate various types of flames.

The goal of the present study was to improve our
understanding of the inhibition mechanism by
investigating the inhibition effectiveness of PCCs
of various molecular structures in various types of
flames (premixed and nonpremixed) and by com-
paring experimental and modeling data on the
burning velocity of a premixed C;Hg/air mixture
and the extinction strain rate of a nonpremixed
counterflow CH4/O,/N, flame doped with PCCs.

2. Experimental
2.1. Premixed burner

Burning velocity was measured using a
Mache-Hebra nozzle burner [7] and the total area
method [8] from flame images, as was done by
Linteris and Truett [9]. The burner consisted of
a 27-cm quartz tube with an area contraction ratio
of 4.7 (over a 3-cm length) and a nozzle exit with
an inner diameter of 1 cm. The nozzle contour was
designed to obtain a straight-sided visible image
of the flame cone. The burning velocity was mea-
sured using digitized images of visible cones ob-
tained by CCD. The estimated confidence
interval for burning velocity was about 5%. To
evaluate the influence of heat losses from the
flame to the burner on measured values, the speed
of propane/air undoped flames of various stoi-
chiometries was measured at 7, = 298 K. The re-
sults were compared with experimental data
obtained using alternative techniques [10,11]. In
the equivalence ratio range (0.9-1.2) of combusti-
ble mixtures, there is good agreement between the
literature and our data. For combustible mixtures
having equivalence ratios of 1.3 and 0.8, the devi-
ation is 15-20%. The comparison of the data ob-
tained shows that the total area method from an
image of a flame stabilized on a Mache-Hebra
nozzle burner is suitable for measuring speeds of
near-stoichiometric flames. To verify the measure-
ment accuracy, an image of the flame was taken
through a light filter. The filter isolated the emis-
sion of radiation by CH radicals at 431.4 nm. It
was demonstrated that the total areas of the flame
cone measured from visual images and using the
filter differ by * 2%. The combustible mixture in-
cluded dry air and C;Hg containing about 4%
C4H; (. Gas flows were measured with a mass flow
controller (MKS Instruments, model 1299S) cali-
brated with a wet gas meter with an accuracy of
+ 1%. The volumetric flow rate of the combustible
mixture was 3.3 slpm. The burner temperature
was maintained at 95 °C. Table 1 lists the tested
organophosphorus compounds and their boiling

Table 1
PCCs investigated and their boiling points

No. PCC

Boiling point (°C)
at pressure (Torr)

1 (CH;0);PO, TMP 180/760
2 (C,Hs0);PO 215/760
3 (CFsCH,0);PO 187/760
4  (HCF,CF,CH,0);PO 90/0,5
5 (C3F,CH,0);PO 97/2,5
6 (CH;0), P(O)CHs, DMMP  181/760
7 (C,Hs0),P(0)CH; 194/760
8  (CFsCH,0),P(0O)CH; 193/760
9 (C3F,CH,0),P(0); 92/9

10 (C5F5);PO 144/760

11 (CH;0)P 111/760

12 (C,H;0),P(O)H 204/760

13 (CF5CH,0),P(O)H 194/760

14 (C,Hs0)P 158/760

15 (CF;CH,0);P 131/760

16  (HCF,CF,CH,0);P 95/3
17  (CF;CH,0),P(O)CF; 1477760
18  (CF3CH,0),PO(OCH(CF3;),) 83/10
19  POClL 105/760
20 H;PO,4 60% water solution —
21 (HCF,CF,CH,0),P(O)CH3 115/6

points. In addition, POCl; and a 60% water solu-
tion of H;PO, were tested. PCCs were introduced
into the gas flow using a nebulizer and a syringe
pump. The inner diameter of the nebulizer nozzle
was 0.1 mm, the walls of the central capillary were
0.04 mm thick, and the annular gap was 0.05 mm.
The working pressure of the nebulizer was 5 atm.
The mass-median diameter of the aerosol droplets
of 30 and 80% solutions of glycerin in water var-
ied from 10 to 20 um, as determined by a five-
stage cascade impactor [12]. The solution viscosity
approximated the viscosity of trimethylphosphate
(TMP) and (HCF,CF,CH,0);PO. The nebulizer
was installed in the lower part of the burner.
The evaporation time for the aerosol drops was
evaluated from the formula

__pdg
8Dc¢’

where dj is the drop diameter, p is the density of a
liquid PCC, D is the diffusion coefficient, and c is
the saturated vapor concentration of the PCC.
For evaluation of evaporation rate of OPC, the
diffusion coefficient D = 0.1 cm?/s was taken. This
value is typical for the species with molecular
mass of about 140. Estimates show that at the gi-
ven temperature, the evaporation time of PCC
drops was much less than the residence time of
the drops in the combustible mixture flow. Thus,
when a PCC reached the flame, it was in the vapor
state. The accuracy of PCC loading into the un-
burned gases was about * 40 ppm. At 25 °C, the
unburned gases reaching the flame contained both
saturated PCC vapor and aerosol. To account for
the deposition of PCCs inside the burner, the
combustible mixture flow was passed through a
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filter that entrapped the PCC vapor and aerosol
drops. This allowed us to determine the actual
PCC concentration in the flame.

2.2. Counterflow burner

The effect of PCC fire suppressants on the ESR
of an atmospheric nonpremixed counterflow CH,/
N>-O,/N, (0.2/0.8-0.4/0.6) flame was studied
using a counterflow burner similar to that de-
scribed by MacDonald et al. [13]. The inner diam-
eter of the burner nozzles was 6.8 mm and the
distance between the nozzles was 6.8 mm. The
nitrogen flow was used as a sheath. The burner
was aligned upright. The temperature of the oxi-
dizer flow was kept at 100 °C to prevent PCCs
condensation inside the burner. The oxidizer and
fuel flow rates were set and controlled by mass
flow controllers, which were operated by a com-
puter. PCCs were added to the oxidizer using of
a nebulizer and a syringe pump as described
above. The ESR was measured by increasing the
flow rates of the flame components until the flame
was quenched. The procedure for evaluating the
ESR was described earlier in [14]. The strain rate
was calculated according to the equation [15]

= 2Vox (1 + Vlllel m)7
L Vox \ Pox

where V'is the stream velocity, p is the stream den-
sity, and L is the separation distance between the
nozzles. The typical value of the strain rate for
flames varied from 100 to 800 s~! and depended
on the fuel/oxidizer ratio and the burner design.
In our experiment without loading PCCs, the
ESR was 750"

2.3. Cup-burner technique

The effectiveness of PCC suppression of a
nonpremixed flame was determined using the
cup-burner technique. The cup burner used is a
reduced variant of a standard cup burner [16,17]
with some design changes. The fuel used was
n-heptane. The cup burner was used as a chimney
and consisted of a Pyrex tube with an inner
diameter of 5.5 cm and a length of about 65 cm.
The bottom of the tube was heated electrically
to prevent condensation of PCC vapors. PCCs
were introduced into the air flow using a nebu-
lizer, which was described above. The volumetric
flow rate of air through the nebulizer at the spec-
ified pressure was 1.0-0.95 slpm. Upon heating,
the air with PCC drops flowed upward at a rate
of 10 slpm moved. Although, PCCs usually evap-
orated, complete evaporation did not occur for
low-volatility PCCs or for H3PO,4. The cup has
an upward conical expansion with a 30° angle.
At the solution’s top edge, the cup diameter was
13 mm. The air temperature near the cup was kept

at 75 °C and the air velocity was ~10 cm/s. Feed-
ing of PCCs through the nebulizer was begun after
flame ignition and establishment of a steady-state
flame height of 4.5-5 cm, which took 2 min. The
CO, flow was introduced in the air flow in discrete
steps until the flame was extinguished. This meth-
od, described by Linteris [18], makes it possible to
compare the suppression effectiveness of different
FSs over a wide range of concentrations and to
determine the extinguishing concentrations of
FSs quite precisely. In studying flame suppression
with volatile PCCs, we did not need to take into
account deposition inside the chimney because
the drops evaporated in the flow at a temperature
of 75 °C. The mole fraction of the saturated vapor
of TMP at this temperature is 0.014. But in the
case of nonvolatile FSs such as a 60% water solu-
tion of orthophosphoric acid, part of the com-
pound deposited inside the chimney and did not
reach the flame. These losses were taken into ac-
count by measuring the concentration of the acid
(in the form of an aerosol) near the cup. For this,
a dye was added to the solution, and the aerosol
was trapped by a filter. An analysis of the quantity
of the aerosol deposited on a filter yielded the real
concentration of H3;PO, in the experiment. An
important parameter determining the drop size
distribution is the ratio of the flow rates of air
and liquid PCCs. It imposes restrictions on the
upper level of PCC concentrations investigated
in the present work.

3. Modeling

The burning velocity of a stoichiometric C3Hg/
air mixture was calculated as a function of TMP
concentration using the PREMIX and CHEM-
KIN-II codes [19,20], the kinetic model for flame
inhibition by TMP at atmospheric pressure pro-
posed and updated by Korobeinichev et al.
[21,22], and the mechanism for propane oxidation
developed by Konnov [23]. The ESR of a nonpre-
mixed counterflow CH4/O,/N, flame was modeled
using the OPPDIF code from the CHEMKIN II
Suite [24]. The GRI-MECH 3.0 mechanism for
methane oxidation [25] and the same kinetic mod-
el for flame inhibition by TMP [22] were em-
ployed. In the calculations of the ESR of the
counterflow flame mixture, averaged diffusion
velocities and a potential flow boundary condition
were used, and thermal diffusion was neglected.

4. Results and discussion

4.1. Effect of PCCs on burning velocity of
stoichiometric C3;Hglair mixture

The dependence of the burning velocity of a pre-
mixed stoichiometric CszHg/air mixture on PCC
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loading is given in Fig. 1. The data show that in
loading up to 4500 ppm, the examined PCCs,
including POCI; and water solutions of H;POy,
have similar inhibition effectiveness, which is higher
than that of CF3Br (per one molecule). Experimen-
tally, we have not observed any noticeable increase
of inhibition effectiveness of phosphorus com-
pounds due to presence of fluorine in the molecules.
For example, for pairs of compounds (C,Hs0);P—
(CF3;CH,0);3P, (C;H;50),P(O)H-(CF3;CH,0),
P(O)H the data are exactly the same, and for
(C,H50);PO—-(CF3CH,0);PO, the effectiveness of
the fluorinated compound is 3% higher in the pre-
mixed flame. The calculated speed of the TMP-
doped flame is presented in Fig. 1. The modeling
and experimental results are in good agreement.
Sensitivity analysis [26] of the speed of a stoichi-
ometric premixed C3;Hg/air flame was performed to
specify the most important stages responsible for
inhibition. To make a correct conclusion about
importance of the stage, sensitivity coefficients of
flame speed were evaluated by increasing and
decreasing the rate constants of key reactions five

CF,Br  emmm= TMP, model
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Fig. 1. Normalized burning velocity of stoichiometric
premixed C3;Hg/air flame as a function of PCCs loading.
Numbering of the compounds corresponds to that in
Table 1.

Table 2
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times. The rate constants of the most important
six reactions and sensitivity coefficients ¢ are pre-
sented in Table 2. Here &5 = [(ux — ugss)/ug] x 100
and & w5 = [(ux — Uy x 5)ux] X 100%, where uy is
the burning velocity at a specified rate constant,
uys and uy, « 5 are the burning velocities at rate con-
stants decreased and increased by a factor of 5,
respectively. An increase of the pre-exponential fac-
tor A of reaction one (which is a stage of the cata-
lytic cycle with participation of HOPO) from A/5
to A x 5, results in a decrease of calculated burning
velocity from 40 to 31 cm/s (burning velocity in the
undoped mixtureis 44.3 cm/s). The effect of the rate
constant of the first reaction on the burning velocity
is much higher than that of the other reactions.
Calculations of the burning velocity of the
mixture doped with TMP and dimethyl methyl-
phosphonate (DMMP) using the kinetic mecha-
nisms for flame inhibition [4,27,28] also
demonstrated good agreement with experimental
results. The discrepancy between numerical and
experimental data is less than 5%. These mecha-
nisms differ from the mechanism of [21] in the initial
stages of DMMP and TMP destruction. The rate
constants of the key reactions (final conversions
of oxyacids) in the mechanism of [21] differ slightly
from those in [4,27,28]. For example, the pre-expo-
nential factors of the most important reaction
H + PO, + M = HOPO + M varies by a factor of
1.5-2 in all above kinetic models. This supports
the theory that the inhibition effectiveness is deter-
mined by the presence of phosphorus atoms in a
PCC molecule but not by the structure of the
molecule. The inhibition is caused by catalytic
cycles of reactions of P-bearing species with H
and OH radicals (for example, reactions 1 and 4
in Table 2), resulting in chain termination [3,27].

4.2. Extinction strain rate of a nonpremixed
counterflow CHN>—OIN, flame

Normalized ESRs for a CH4/N,-O,/N, flame
versus OPC loading are presented in Fig. 2. The

The rate constants [expressed as k = 4 T" exp(—E/RT)] of elementary reactions responsible for inhibition effect and ¢-
coeflicients of sensitivity for burning velocity (in %) of stoichiometric CsHg/air flame doped 1000 ppm of TMP

No. Reaction A* n E° Cuis = Upys Ckxs= Upe x5
(e — uggsliu) (e — e  slug)
x 100%° x 100%°
1 H + PO, + M = HOPO + M 9.73%x10**  —2.04 2696 —12.7 40 12.4 31.1
2 O + HOPO = PO, + OH 1.58x 10 0.00 0 —4.6 37.1 7.5 32.73
3 OH + PO, +M =HOPO,+M  1.6x10** —228 1191 1.8 349 5.1 37.3
4 OH + HOPO = H,0 + PO, 3.16x 10 0.00 0 -21 36.2 4.76 33.8
5 H + HOPO, = H,0 + PO, 6.32x10"2  0.00 49867 —1.7 36.1 3.5 34.25
6 O + HOPO, = O, + HOPO 6.32x102  0.00 34426 0.3 3539 0.34 35.36

a - 3
& Units are mole, cm”, s, J.

b u—burning velocity at recommended rate constant (x4, = 35.5 cm/s); u;s—burning velocity at rate constant reduced
five times, u; » s—burning velocity at rate constant increased five times. Units are cm/s.



A.G. Shmakov et al. | Proceedings of the Combustion Institute 30 (2005) 2345-2352 2349

L 7 CF 3Br
o 108
o
£
©
+ 09
wv
c
K]
T o8
[
i A
*5 Ny ﬁ'ﬂ
07 {0 -1
b o -3 v -1 ba
N v -4 A -13 A 4
= o -5 & -15 o
g osqla -6y -1 AD
S S 6 n
z Y 0 e -Fe(co) A
05 T . . . .
0 1000 2000 3000 4000 5000 6000

PCC loading, ppm

Fig. 2. Normalized extinction strain rate of the meth-
ane/O,/N, flame as a function of PCCs and other
suppression additives loading. Numbering of com-
pounds corresponds to that in Table 1.

figure also gives our experimental results for
CF;Br and literature data for iron pentacarbonyl
(Fe(CO)s) obtained by Reinelt and Linteris [29]
using a burner of different design and different
composition of gas flows. The fire suppression
effectiveness in terms of ESR was defined as the
fractional reduction in global ESR divided by the
mole fraction of phosphorus yp in the flame [3]:

g0 — dq i

Effectiveness, = .
aqo  Ap

The subscript ¢ indicates that the strain rate
measurement was made under extinction condi-
tions, and the subscript 0 denotes the value for the
undoped flame. All tested PCCs show similar fire
suppression effectiveness (within a confidence inter-
val of * 5%) in loading up to 1000 ppm. For this
flame with dopant loading below 1000 ppm, all
tested compounds are approximately seven times
more effective than halon 1301 and about three
times less effective than Fe(CO)s [29]. This result
supports the suggestion that the fire suppression
effectiveness is determined by the concentration of
phosphorus oxides and oxyacids, which in turn de-
pends weakly on the structure of PCCs molecule.

The normalized ESR for TMP-doped (1200
and 2500 ppm) flames was calculated and com-
pared with experimental results, as was done by
Wainner et al. [27]. Similar results were reported
by Wainner et al. [27] and Jayaweera [30]. As
can be seen from Fig. 2, the modeling results are
in good agreement with experimental data. Thus,
the experiment shows that the ESR decreases by
10 and 20% for dopant concentrations of 1200
and 2500 ppm, respectively, whereas numerical
calculations predict a decrease of 9.4 and 18.8%
for the same TMP concentrations.

To specify the most important reactions for
suppression of diffusive counterflow flame, the
sensitivity coefficients of ESR change with respect
to variation of rate constants of six reactions were

evaluated using the procedure similar to sensitiv-
ity analysis for the premixed flame. The preexpo-
nential factors of the rate constants were in turn
increased and decreased in four times, and ESRs
were estimated for initial, increased, and de-
creased rate constants. The sensitivity coefficients
were defined as

ESR, — ESRy 4

Ck/4 = ESRk x 100 and
. ESR;, — ESR;. « 4
= "7 x 100
Ck x 4 ESR, X %o,

where ESR;4 and ESR . 4 correspond to the pre-
exponential factors of the rate constants decreased
and increased by a factor of 4, respectively, ESRy
corresponds to the initial value of the rate con-
stants. The sensitivity coefficients { and ESRs cal-
culated are given in Table 3. The data presented in
Table 3 demonstrate that the decrease in rate con-
stants of all reactions results in a fourfold increase
in ESR, in other words, in a reduction of the flame
suppression effectiveness. The effect of the change
in the rate constant of reaction 1 is the most sig-
nificant. However, the fourfold increase all of
the rate constants showed that increasing the rate
constant of only reaction 1 results in a rise of sup-
pression efficiency. The increase in the rate con-
stants of other reactions reduces the flame
suppression effectiveness. This agrees with the re-
sults on the influence of this reaction on the speed
of the premixed flame (Table 2). ESR change is
apparently most sensitive to increasing the rate
constant of reaction 3. However, the increase in
the rate constant of reaction 3 in four cases re-
sulted not an increase but a decrease in suppres-
sion efficiency. Here, the ESR value at the
increased rate constant exceeded the ESR value
in an undoped flame. Thus, the reasonable value
of a rate constant of reaction 3 should not consid-
erably exceed its value represented in Table 2.
Apparently, the ESR is more of a function of rate
constants of the above reactions than the speed of
a premixed flame.

4.3. Suppression of a nonpremixed coflow n-heptane
Sflame

The results of investigation of the FS effective-
ness in cup-burner tests are presented in Fig. 3 as
curves of the CO, extinguishing concentration
versus PCC loading. The symbols in the diagram
correspond to the suppression conditions of a dif-
fusion n-heptane flame; thus, the flame can exist
only at lower concentrations of CO, and/or
PCCs. Figure 3 also shows data for CF;Br. It is
evident that in the range of concentrations from
0 to 5000 ppm, a large number of PCCs, includ-
ing aqueous H3;PO, aerosol and POCI; vapor,
have similar flame suppression effectiveness. All
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Table 3
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The elementary reactions responsible for inhibition effect and (-coefficients of sensitivity for extinction strain rate of

counterflow CH4/O,/N, flame doped with 1200 ppm TMP

No.  Reaction Cria = [(ESRy — ESRys"  lixa=[(ESRy — ESRx 4"
ESR4)/ESR ]  100% ESRy .. 4)/ESR] x 100%

1 H + PO, + M = HOPO + M —-7.8 1151.6 5.22 1012

2 O + HOPO = PO, + OH —6.39 1136.1 —0.58 1074

3 OH + PO, + M = HOPO, + M —0.58 1074 —7.27 1145.4

4 OH + HOPO = H,0 + PO, —4.36 1114.4 —1.45 1083.3

5 H + HOPO, = H,0 + PO, —4.06 1111.2 —0.58 1074

6 O + HOPO, = O, + HOPO —-5.23 1123.7 —1.74 1086.4

ESR,—extinction strain rate at recommended rate constant, ESR;,4 and ESR,, . ;—extinction strain rates at rate con-
stant reduced and increased in four times, respectively, ESR, = 1068 s~'. Extinction strain rate calculated for undoped

flame was 1117 s,

4 Units are s ..

0.30
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028 F ) 1
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Fig. 3. The dependencies of CO, extinguishing concen-
trations on PCCs loading for the cup-burner n-heptane
flame. Numbering of compounds corresponds to that in
Table 1.

of these compounds, in both premixed and diffu-
sion flames, are more effective than CF;Br. For
loading of 10,000 ppm (1% by volume) and high-
er, a decrease or no further growth in the fire sup-
pression effectiveness was observed for several
compounds (Fig. 3). The extinguishing concentra-
tion of CO, increased with the increase in the
PCC concentration. A particularly strong de-
crease in the effectiveness was found for trim-
ethylphosphite  [(CH30)3;P].  Such  unusual
behavior can be explained by a competition of
two processes. The first process is flame suppres-
sion, which is enhanced with PCC loading. The
second is related to an increase in heat release
and an increase in the final combustion tempera-
ture due to combustion of PCC vapors. At high
(CH30)3P concentrations, heat release from
PCC combustion dominates over fire suppres-
sion. This is supported by observation of a sec-
ondary flame in the upper part of the chimney
for a number of PCCs. However, at low PCC
loading (below 5000 ppm), the first process pre-
vails over the second one. A reduction in the sup-
pression effectiveness with an increase in PCC

loading was not observed in premixed (Mache—
Hebra nozzle burner) and counterflow flames
because the experiments were carried out for appre-
ciably lower loadings of PCCs. The inhibition and
suppression effectivenesses for flames of different
types were compared using the formula

where AX/Xj is the relative change of a particular
parameter (burning rate, ESR, or extinguishing
concentrations) and y,, is the corresponding mole
fraction of a compound.

A comparison of the inhibition effectiveness of
PCCs in premixed and nonpremixed flames (cup-
burner and opposed-jet burner techniques) shows
(Table 4) that for loading up to 5000 ppm, all
PCCs have similar effectiveness, which is higher
than that of CF;Br. Even for nonflammable
PCCs, which do not exhibit a typical regularity,
the effectiveness at loading about 20,000 ppm var-
ies appreciably, not due to experimental errors,
but because their extinguishing concentrations
range 2.3-3.4% by volume. Thus, the data ob-
tained indicate that the suppression effect of
PCCs, including an aqueous solution of H;POy,,
is due primarily to the presence of the phosphorus
atom in the PCC molecules.

Table 4

Comparison of effectiveness of PCCs relative to CF;Br
as a ratio of ®Ppcc to Pcpp, obtained using three
different techniques; ® = (AX/X,)(1/y)

C, ppm  Effectiveness of PCCs relative to CF;Br
Mache-Hebra  Counterflow  Cup-burner
burner burner

1000 5.8 5.0 5.5
2000 4.5 5.6 3.8
4000 3.1 5.4 2.9
10,000 — — 1.8%
20,000 — — 1.3
# Averaged effectiveness for (CF3;CH,0);P,

(CF3CH20)2P(O)CF3, and POC13
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5. Conclusions

A study was performed of the influence of
some PCCs (fluorinated and nonfluorinated
phosphates, phosphonates, and phosphites) on
the speed of a stoichiometric premixed C;Hg/air
flame, the extinction strain rate of a nonpremixed
counterflow CH4/N,-O,/N, flame, and the
extinction of a coflow nonpremixed n-heptane/
air flame.

All PCCs had similar dependencies of burn-
ing velocities, extinction strain rates, and extinc-
tion volume fractions of CO, on PCC loading in
the range of mole fractions 0-7000 ppm. This
confirms that the inhibition effectiveness of the
PCCs is affected by the phosphorus content in
the PCC molecule rather than by the structure
of the molecule. The inhibition mechanism was
validated by comparing experimental and model-
ing data for the burning velocity of a stoichiom-
etric CszHg/air mixture and for the extinction
strain rate of an counterflow CH4/N,—O,/N,
flame.
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Comments

Greg Linteris, NIST, USA. For inhibition of flames by
metallic compounds, we have found that loss of effective-
ness is caused by condensation of active species to parti-
cles. I am wondering if this mechanism can be
responsible for the loss of effectiveness of some of your
OPCs. Did you see any evidence of particle formation
(black sooty emission, surface coating, etc.) in the product
stream behind your flames with OPCs at high loading?

Reply. 1t is noteworthy that a reduction of inhibition
effectiveness of cup-burner flames at high loadings of
OPC seems to be controlled by a number of factors.
We do observe black sooty emission, surface coating,
etc., in the product stream behind our flames with OPCs
at high loading. So we agree that condensation of active
species on soot particles can be one of these factors. At
high OPC loading the flame becomes rich. A reduction
of the inhibition effectiveness in rich premixed OPC-
doped flames, which we observed experimentally and

in modeling at ¢ > 1.2, can be another factor. Finally,
an additional heat release due to combustion of OPC
can be the third factor.

John C. Mackie, University of Sydney, Australia.
Some of your organophosphorus agents actually appear
to show promotion at high additive levels. Did you carry
out modeling at these levels to attempt to ascertain the
reason for this effect?

Reply. We did not carry out modeling of flames sta-
bilized on a cup burner, as we do not have a correspond-
ing computer code. We also did not simulate premixed
flames at high levels of OPC loading but we plan to do
this. The experiments revealed that at a loading of 0.5-
1%, such flames do not exist, but combustion does seem
to proceed at a loading of 3-4%.
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