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Abstract

Aerosols derived from aqueous solutions containing phosphorus are investigated as possible altern
halon-based flame suppressants. Phosphorus-containing compounds (PCCs) have been shown to be effe
suppressants in the gas phase; a water-based solution would provide a practical means of delivering a co
phase PCC to the flame. Flame suppression was characterized by measuring the global extinction stra
a counterflow, nonpremixed methane–air flame with and without a PCC additive. An aqueous solution
additive was introduced as an aerosol into a heated chamber upstream of the air flow tube. A high-e
nebulizer produced a polydisperse spray of droplets with a Sauter mean diameter of 8 µm, as measur
phase-Doppler particle analyzer. The droplet size distribution was nearly independent of the composition
rate of the liquid. Externally maintaining the reactant streams at 360 K allowed the water in the aerosol t
orate prior to reaching the flame. Evaporation of water leaves behind residual particles for solutes that a
at 360 K, and thus solid particulates, not droplets of solution, enter the flame zone. Comparisons of differe
tions with different phase solutes were used to provide an estimate of the physical effect of particles on th
Three neat phosphorus-containing compounds, dimethylmethylphosphonate (DMMP), diethylmethylpho
(DEMP) and dimethylphosphonate (DMP) and five 1.6% molar aqueous solutions, orthophosphoric acid
phosphorus acid, phosphonic acid, methylphosphonic acid, and dimethylmethylphosphonate (DMMP),
vestigated. The acid solutions (with solid solutes) all displayed similar effectiveness, and were all slightl
effective, on a per mole basis, than the DMMP solution (a liquid solute). The effectiveness of a DMMP
solution is found to be a weighted average of the effectiveness of its constituents. Per mole of water de
a 1.6% molar solution of a PCC is approximately twice as effective in fire suppression compared to nea
vapor. Flame modeling calculations for the extinction condition with added gas-phase phosphorus com
using a published phosphorus reaction mechanism grossly underpredict the total effectiveness of the co
investigated.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

With the restrictions on the manufacture and u
of CF3Br (halon 1301), a common fire suppressa
due to its high ozone-depletion potential, there
been widespread interest in finding a viable substi
[1–4]. A search for a drop-in replacement has not
been successful, and as an alternative, liquid- or so
phase agents are currently being considered. Del
ing the agent as an aerosol broadens the range o
tential agents available, but also makes it more d
cult to predict flame suppression effectiveness. As
from gas-phase chemical and physical effects, wh
occur after vaporization of the aerosol, these ag
may exhibit increased flame suppression becaus
various phenomena related to the presence of a se
phase. These phenomena include enhanced rad
heat transfer, enthalpy of vaporization, and hetero
neous reactions involving flame radicals[5–7]. Par-
ticle or droplet delivery also introduces uncertain
in the amount of agent present in the gas phas
the flame. Gas-phase loading in the flame can be
duced from the amount of condensed-phase age
the air stream because of insufficient time for v
porization in the flame, and can be either redu
or increased when aerosol trajectories differ from
streamlines[8]. Differences in the location in th
flame where the agent reaches the gas phase and
sible nonuniform loading can also affect flame su
pression effectiveness. In this work, a compariso
made between additives introduced as aqueous s
tions leaving residual particles which then enter
flame and those that completely vaporize in the hea
air stream. The experiments are designed to minim
several of the sources of uncertainty in agent load
described above.

Most of the work with solid-phase additives h
focused on NaHCO3 [9–12] or KHCO3 [13]. These
studies have all shown these powders to be more
fective than CF3Br at fire suppression. The effectiv
ness is highly dependent on the size of the partic
with smaller particles having a greater effect th
larger ones on a per mass basis. This differenc
attributed to the large particles not being complet
consumed in the flame zone. The high level of eff
tiveness from these small particles is believed to
due, at least in part, to a chemical effect of the ag
in the gas phase[5,12].

In the liquid phase, water mists have been ga
ing in popularity, due to their relatively high leve
of effectiveness and zero toxicity[8,14–17]. A wa-
ter mist has been shown to be more effective, o
per mass basis, than CF3Br in nonpremixed counter
flow flames[17]. However, water acts primarily a
a physical agent in suppressing the flame. A va
tion of the traditional water mist is an “enhance
-

water mist: a water solution containing a compou
that, through effects on flame chemistry, increases
fire suppression effectiveness over that of pure w
[18–20]. A concern with adding a chemical agent
that toxicity of the solution will be higher than of pu
water. However, as the chemical agent’s effectiven
is supplemented by that of the water accompanyin
in an enhanced water mist, its required concentra
may be acceptably low from the standpoint of tox
ity.

A few experimental studies have been done w
enhanced water mists, namely water solutions
NaOH or NaCl[19–21]. These show enhancements
flame suppression compared to pure water. For ex
ple, a water mist enhanced with 18% NaOH by m
was shown to be several times more effective t
pure water in an opposed-jet, nonpremixed metha
air flame[21]. The mechanism by which an enhanc
water mist results in improved suppression over n
water is believed to be due to several factors. In a
tion to the physical effect of the water, there is like
a chemical effect by the solute, and possibly als
physical effect from the droplets or residual pa
cles[19,21]. The relative magnitudes of these effe
have not been determined. In our study, the flame s
pression effectiveness of aerosols derived from w
solutions containing phosphorus was investigated
perimentally, and contributions of the chemical a
physical effects were evaluated.

Phosphorus compounds have been studied p
ously in the gas phase and shown to be highly
fective flame suppressants[22–25]. Since low vapor
pressure hinders the introduction of many phosp
rus-containing compounds (PCCs) in the gas ph
their use in practical fire fighting situations is lim
ited. However, experimental and numerical stu
ies [22,26–28]have shown that the effectiveness
different gas-phase PCCs is similar, expanding
range of PCCs available. This similarity of effe
tiveness is supported by the proposed mechanism
which PCCs suppress the flame: they are conve
to phosphorus-containing radicals, such as HO
and HOPO2, which catalyze the recombination
the important combustion radicals, H, OH, and
[23,25,29]. This process slows the overall reacti
rate and thus suppresses the flame. Earlier stu
used laser-induced fluorescence to measure OH
ical levels in a nonpremixed flame with and witho
dimethylmethylphosphonate[24,30]. These measure
ments show a decrease in the OH level with
addition of this PCC, supporting the hypothesis
catalytic radical recombination. With the inhibitio
resulting primarily from the phosphorus atom, the u
of PCC solutions, as enhanced water mists, is a
sible means of getting the phosphorus into the flam
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In the current study, a nonpremixed methane–
flame was used to investigate the effectiveness of
eral PCCs. These compounds are delivered into th
stream in the vapor phase, as a fine mist of neat liq
or as a fine mist of aqueous solution. Neat liquids a
aqueous solutions involving liquid solutes, such as
PCC dimethylmethylphosphonate (DMMP), are e
pected to evaporate fully before the flame. For ot
compounds introduced as droplets of the aqueous
lutions with solid solutes, a small residual partic
is expected to remain upon evaporation of the wa
from the solution droplet. Assuming all of the pho
phorus compounds have similar chemical fire s
pression effectiveness once they are in the gas ph
fire suppression effects due to the particle phase
be investigated.

Experiments were performed using an oppos
jet burner apparatus[31]. This configuration has bee
used extensively with experimental, numerical, a
analytical techniques to evaluate the performanc
flame suppressants[4,32,33]. The counterflow con
figuration is useful in studying flame-suppressing
ditives as the flame is thermally isolated and qua
one-dimensional along the centerline[34,35]. Flame
strength can be characterized by the global strain
at extinction[36,37].

Extinction calculations were also performed us
OPPDIF [38], part of the Chemkin software pac
age[39]. These calculations used a proposed ph
phorus mechanism and investigated the gas-p
suppression effect of three phosphorus compou
These calculations were done to further elucidate
ferences in the suppression effectiveness observe
tween PCCs delivered in the gas phase and thos
the particle phase.

2. Experimental method

The flame suppression effectiveness of sev
PCCs, introduced into the burner system either in
vapor phase or as droplets of neat liquid or aque
solution, was investigated. The compounds are lis
,

with their CAS number and chemical structure
Table 1, along with the form in which they were intro
duced into the burner system. The compounds stu
were: distilled water, dimethylmethylphosphona
diethylmethylphosphonate (DEMP), dimethylpho
phonate (DMP), orthophosphoric acid (OPA), meth
phosphonic acid (MPA), phosphonic acid, and ph
phorous acid. DMMP, DEMP, DMP (all 97% pure
and MPA (98% pure) were supplied by Aldric
Chemical Company, phosphonic and phosphor
acids (each 97% pure) were supplied by Alfa A
sar, and OPA was supplied as a premixed aque
solution from Aqua Solutions. Each of the phosph
rus acids was in a 1.6% molar solution in distill
water, and DMMP was introduced both in a 1.6
aqueous solution and as a neat compound, in sep
experiments. As shown below, essentially all wa
and DMMP evaporate before the oxidizer mixtu
leaves the burner nozzle. In the case of the acid
lutions, a solid residual particle remains, while f
DMMP and water, the mixture entering the flame
entirely gas phase. The acid compounds were ch
because they have been seen, through in situ s
pling and GC/MS analysis[40], to be decomposition
products of DMMP, a PCC shown to be an effect
flame suppressant[22,23]. These compounds are al
attractive because of their low heating value and
cause, unlike many PCCs, they are not believed to
neurotoxic.

For compounds introduced in the liquid pha
the experimental apparatus consists of a nonprem
counterflow burner equipped with a system for add
the liquid agent into the oxidizer stream: a nebuli
mounted in a large chamber, leading into temperat
controlled tubing. The apparatus is shown inFig. 1.
Its key features are small droplet size, large re
dence time of the reactant stream under tempera
controlled conditions, and the availability of an a
curate procedure for measuring losses to surfa
within the feed system. These features lead to a w
characterized state of the reactant mixture at the
of the burner tube, and well-defined gas-phase lo
ing of agent at the flame, as documented below
Table 1
Compounds used

Compound Form CAS number Molecular formula

Orthophosphoric acid (OPA) Aqueous solution 7664-38-2 P(=O)(OH)3
Phosphorous acid Aqueous solution 10294-56-1 P(OH)3
Phosphonic acid Aqueous solution 13598-36-2 P(=O)(H)(OH)2
Methylphosphonic acid Aqueous solution 993-13-5 P(=O)(CH3)(OH)2
Distilled water Neat liquid, vapor 7732-18-5 H2O
Dimethylmethylphosphonate (DMMP) Neat liquid, vapor, 756-79-6 P(=O)(CH3)(OCH3)2

aqueous solution
Diethylmethylphosphonate (DEMP) Neat vapor 683-08-9 P(=O)(CH3)(OCH2CH3)2
Dimethylphosphate (DMP) Neat vapor 813-78-5 P(=O)(OCH)2(OH)
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Fig. 1. Schematic of experimental apparatus with opposed-jet burner, droplet generator, and chamber.
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the case of additives introduced in the vapor pha
the nebulizer and chamber are replaced by a syr
pump and further length of heated tubing, as pre
ously described[22].

2.1. Burner

The flame is produced approximately 2 mm
the oxidizer side of the stagnation plane of coun
flowing streams of fuel and oxidizer. This opposed-
burner geometry has been detailed previously[22].
As in previous experiments, the reactant nozzles
straight glass tubes (0.98 cm i.d.) with a separa
distance of 0.95 cm. Methane (99% pure) fuel flo
from the lower nozzle and the oxidizer, a prima
standard mixture of 21± 0.2% O2 with N2 balance,
flows through the upper nozzle. All gases were s
plied by MG industries. The temperature of the
actant streams 10 cm upstream from the exit of
nozzles are actively maintained at 360± 1 K.

The relative flame strength is characterized by
global strain rate at extinction, calculated using
following expression:

(1)aq = 2VO

L

(
1+ VF

VO

(
ρF

ρO

)1/2)
.

In Eq. (1), L refers to the separation distance b
tween the nozzles,V is the average stream veloci
at extinction,ρ is the stream density, and the su
scripts O and F refer to oxidizer and fuel, respective
Plug flow boundary conditions at the nozzle exit a
assumed. This expression, derived by Seshadri
Williams [41], is referred to as the global extinctio
strain rate. To determine suppression effectivenes
the added compounds, the global extinction str
rate was measured as a function of dopant load
The resulting extinction strain ratesaq are normal-
ized by the undoped value,aq0, which was found to
be 340 s−1 in the absence of the heated chamber
scribed in the next section and 322 s−1 when the
chamber was present (each with a day-to-day v
ation of less than 4%). Although this difference
absolute extinction strain rate is significant, the n
malized extinction strain rates obtained with the t
configurations were not significantly different.
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The extinction strain rate is determined at a fix
nozzle separation,L. The reactant velocities are in
creased until the critical strain rate is achieved a
the flame is extinguished. In most studies[4,42], both
the fuel and the oxidizer velocities are increased p
portionally such that the flame or stagnation pla
is maintained near the center of the burner. Beca
the addition of a liquid-phase dopant is via a ma
flow syringe pump, changing the doped reactant fl
rate would change the dopant loading, leading to tr
sients of a fairly long time scale (several minute
This difficulty is circumvented by performing extinc
tion measurements holding the doped reactant
idizer) stream fixed, and only varying the undop
(fuel) stream flow rate. The flame and stagnat
plane move in this method, but for a range of kno
flame positions, the global extinction strain rate w
found to agree within±2% [22]. A validation of
this technique with residual particles present was p
formed for the current study.

2.2. Generation and characterization of droplet mist

A small glass nebulizer is used to deliver t
liquid-phase dopant to the oxidizer stream as a
mist of droplets. A high-efficiency nebulizer (HEN
a Meinhard® nebulizer, is detailed inFig. 2. Liquid is
introduced via a programmable syringe pump. Par
the oxidizer stream is supplied as the nebulizing
at a flow rate of 1.00 SLM. This flow rate allows fo
sufficient aerodynamic breakup of the liquid stre
into a fine mist. The HEN is mounted at the top o
large heated chamber (15 cm i.d., 18 cm long) loca
approximately 75 cm upstream of the flame. Unf
tunately, the presence of the chamber induced fl
fluctuations that perturbed the flame. To dampen th
fluctuations, a small diameter (3.2 mm i.d., 7.6
long) tube was placed between the chamber and
reactant flow tube.

In order to make valid comparisons between d
ferent compounds at several loadings, it is import

Fig. 2. Schematic of the high-efficiency nebulizer (HE
droplet generator, provided by Meinhard and Associates
for the droplets produced in each case to be s
lar. The droplets should also be small enough so
they will completely evaporate prior to reaching t
flame. Measurements of droplet diameters were
formed with a phase-Doppler particle anemome
(PDPA, Dantec FlowLite Fiber PDA). The HEN wa
not mounted in the burner apparatus for the PD
measurements; rather, it was mounted in an enclo
chamber with good optical access. Droplet diame
were measured for a variety of concentrations
flow rates of phosphorous acid, as well as for a s
gle set of conditions for water, DMMP, OPA, MPA
and phosphonic acid. PDPA measurements were
formed 1.3 cm downstream of the HEN tip, with 1.
SLM of nebulizing gas. Typical histograms for tw
different cases are shown inFigs. 3a and 3b; the un-
certainty of the PDPA measurement is±2 µm for the
optical configuration and processor settings used
can be seen in the histogram, all of the droplets

(a)

(b)

Fig. 3. PDPA measured size histogram for 2000 droplet
two different PCCs, measured 1.3 cm downstream of H
exit. The liquid flow rate for both compounds was 25 µl/min
with 1.00 SLM of nebulizing air. (a) Neat DMMP (b) 1.6%
(molar) aqueous solution of OPA.
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Table 2
The droplet diameter size distributions at 25 µl/min obtained
from PDPA measurements fit to a log-normal distribution

Compound A (dimensionless) x0 (µm) α (µm)

Neat H2O 162.9 1.625 0.688
7.5% P(OH)3 216.8 1.844 0.514
7.5% MPA 235.0 1.833 0.469
7.5% H3PO3 216.8 1.844 0.514
4.3% DMMP 169.4 1.611 0.662
1.6% OPA 170.6 1.742 0.662
Neat DMMP 213.9 1.566 0.589

Note. The parameters given fit the formAexp(−(x − x0)2/

α2), and were evaluated using a least-squares method.

Fig. 4. PDPA measured Sauter mean diameter, 1.3 cm d
stream of HEN exit, as a function of liquid flow rate. Und
conditions in this paper for the 7.5% phosphorous acid
lution, 25 µl/min corresponds to a total loading of 1.49%
The various compounds tested were 7.5% phosphorous
1.6% orthophosphoric acid, 7.5% phosphonic acid, 7
methylphosphonic acid, neat DMMP, 4.3% DMMP, and n
H2O. All concentrations are molar based in an aqueous
lution. Error bars represent one standard deviation in
diameter measurement of 2000 droplets.

less than 20 µm in diameter and the size distri
tions for the two solutions are very similar. Size d
tributions were fit to a log-normal distribution usin
an equation of the formAexp(−(x − x0)2/α2). The
fit parameters were determined using a least-squ
method and are given inTable 2for all the compounds
tested. The Sauter mean diameters from all the dif
ent cases are plotted inFig. 4. The error bars represe
one standard deviation of the droplet size determ
tion.

2.3. Evolution of droplet mist

For droplets of neat liquids and DMMP/water s
lutions, complete evaporation upstream of the e
of the oxidizer nozzle is ensured by high tempe
tures and long residence times. The chamber is he
electrically, while the temperature of the gas in
burner tube is actively controlled to 360± 1 K by
electric heating of the surrounding sheath gas.
average residence time of the droplets is several
onds, while a simpled2 analysis[43] of the evap-
oration rate for the maximum droplet size predi
that pure DMMP or water droplets should evapor
entirely within a few milliseconds within the cham
ber. To confirm complete evaporation, a He–Ne la
beam was passed through the reactant stream jus
low the exit plane of the oxidizer nozzle, and t
off-axis forward direction was scanned by eye
scattered light. For neat solutions, there was no
servable scattered light, consistent with the comp
evaporation of the liquid at this point.

For droplets of phosphorus acid solutions, wh
should produce residual solid particles upon evap
tion of water, little quantitative information is avai
able on evaporation rates. However, it is expected
these evaporation times are comparable to those
neat liquids, and that the much longer residence ti
upstream of the burner nozzle are sufficient to ach
phase equilibrium between the residual particle
the surrounding gas stream. Whether the compou
under consideration exhibit deliquescence (produc
dry residual particles) or retain some water even
low relative humidity is not known. As calculate
from the reactant flow rates, the relative humidity
the air stream is only 2.4% under burner exit con
tions, and thus the amount of water retained in
particle at equilibrium is likely to be small if not zer

For all compounds, active temperature contro
the reactant streams is crucial. The agent-doped
dizer stream is heated externally to maintain its te
perature at 360 K. The enthalpy of vaporization
the water is not supplied by the flame but from ext
nal sources, and thus does not contribute to the fl
suppression process for the liquid droplets in th
experiments. The apparatus is designed to produ
well-defined state for the oxidizer stream at the noz
exit: phase equilibrium at 360 K, with all phases tra
eling at the same velocity. This well-defined bound
condition at the nozzle exit is highly desirable f
computational modeling.

When residual particles are present, their abi
to follow gas streamlines in a decelerating flow is s
dependent. Size also determines whether in-flame
porization is fast enough to release the entire mas
the added agent into the gas phase. Clearly, small
ticles are desirable to produce well-defined gas-ph
agent loadings for both of these reasons. The resi
particle diameter can be estimated from the meas
droplet size distribution by assuming that each dro
loses all of its water and becomes a spherical pa
cle with density equal to that of the pure solid PC
With this assumption, evaporation of the drops
these aerosols yields a Sauter mean particle diam
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of ∼3 µm and a maximum particle diameter of 7 µ
Although rapid heating of solution droplets has be
shown to produce highly nonspherical residual pa
cles[44], the assumption of a spherical particle giv
conservative results for both drag and vaporizat
rates. The current estimate of particle size will n
be conservative, however, if significant coalesce
of droplets occurs downstream of where the drop
size distribution was measured.

Stokes numbers represent the ratio of particle
sponse time to flow residence time. At typical extin
tion strain rates in this burner, Stokes numbers for
estimated mean and maximum particle size for 1.
OPA solution are calculated to be 0.02 and 0.1,
spectively. These low values indicate that particles
able to follow the gas streamlines, avoiding the co
plications of nonuniform loading described by oth
investigators[8]. The estimated particle sizes are w
below 30 µm, the diameter for critical damping f
our flow conditions, determined using the express
developed by Li et al. for estimating critical dampin
in this flow field configuration[45]. Thus the particles
should not oscillate in the flowfield.

Another indication of how well the particles fo
low the gas streamlines is obtained from a comp
ison of the drag force (assuming Stokes flow) w
either the gravitational force or the thermophore
force. The terminal velocity for 8-µm particles (resu
ing from 20-µm droplets), relative to the gas flow,
of the order of 1.5 mm/s, and for 3-µm particles i
is 0.2 mm/s. A thermophoretic velocity can similarl
be calculated, by equating the thermophoretic forc
the drag force. This velocity is constant for small p
ticles with a Knudsen number greater than∼1 [46].
At smaller Knudsen numbers, the thermophoretic
locity decreases and becomes dependent on the
mal conductivity of the particle. Thus, using a sm
particle that satisfies the Knudsen number constr
gives a conservative estimate of the thermophor
velocity. The thermophoretic velocity at the locati
of the maximum temperature gradient can be
rived using temperature and velocity profiles fro
calculations performed under similar conditions[30].
This velocity, for a 0.1-µm particle, was found
be 0.145 m/s, or about 25% of the local gas velo
ity. Although this relative value appears significa
its effect on particle trajectories and dopant deliv
is small because thermophoresis is significant o
when particles are very small, i.e., near the end
the vaporization process. The magnitude of this ef
can be seen for NaCl particles (for which the physi
properties are well known). Thermophoresis is cal
lated to shift the location of complete evaporation
a 0.1-µm NaCl particle upstream by only about 2 µ
This shift is negligible when compared to a calcula
flame FWHM of around 1.7 mm. Thus, neither gra
itational nor thermophoretic forces should stron
influence the particle trajectories for the flame co
ditions reported here.

Viewing of scattered laser light, as described p
viously, provides information about the completen
of particle vaporization in the flame. Experimen
were performed with a mist of 1.6% OPA introduc
by the HEN, with a strain rate 10% below the e
tinction value. Scattered light was observed when
laser beam was positioned just below the exit pl
of the oxidizer nozzle confirming the ability to d
tect residual particles. No scattered light was obser
when the laser was positioned below the flame
gion, indicating that the particles are small enough
be consumed in the flame. At this position, care w
taken to ensure that the laser beam was between
stagnation plane and the flame: scattered light was
served in this region at the same reactant flow ra
but with no flame present.

2.4. Wall losses

The chamber housing the HEN was designed
minimize wall losses. The liquid spray exits the HE
in a small-angle cone (∼15◦ half-angle), and enters
large chamber that has a supplemental oxidizer str
entering near the edge. The use of this chamber
not prevent all wall losses, however. For the solutio
some droplets or residual particles were still lost
the walls. To quantify the amount of acid PCC lo
the following rinsing procedure was used. A know
amount of OPA, in the form of a 1.6% water solutio
was sprayed into the apparatus under the same co
tions used for the extinction experiments. The cha
ber and all tubing downstream were then rinsed wi
known amount of distilled water. The pH of the wa
was measured using an Accumet pH probe, and
concentration of OPA was determined from its d
sociation constant. The amount of acid recovered
compared to the amount entering the HEN, and los
were calculated to determine the net amount delive
to the flame. Several different air and liquid flow ra
were tested. PCC losses were found to be 13.8±0.6%
of the initial amount delivered. This correction, me
sured with OPA, is applied to all aqueous solutio
of phosphorus acids. Since the initial droplet distr
utions for all compounds producing residual partic
are very similar, the assumption of the same los
reasonable. It is assumed that losses occur only
the acid PCC, and that any accompanying water
impinges on the walls is subsequently evaporated

For liquids not producing residual particles, ze
losses are assumed on the basis of two observat
First, as observed previously for vapor-phase DM
delivery [22], no trend in extinction measuremen
was observed as a function of time, suggesting



T.M. Jayaweera et al. / Combustion and Flame 141 (2005) 308–321 315

ligi-
the

ly
on-
e in
ted,
f a
the

pre-
no
d
P

re-
t

ng

re-
is no
e to
unt-
ci-

s to
dif-
only
m-

gard
ent.
la-
-
ded

ar-
ci-
ted.
e

er-
ary

re-

a

re-
(of
re
ned
ve-
e-
ate
ch a
pm

for

ed
quid
ters
ses,
For
, via
am
for

ith
the
red

r-
t of
be-
ods
te
n-
an
.

lues
er-
ef-
ed
nts
d
c-

K

at
e
r in
ad-

izer
wall adsorption/desorption processes were neg
ble or had reached steady state. Secondly, when
DMMP flow was abruptly shut off, the flame rapid
returned to its undoped blue color on a time scale c
sistent with the average gas-phase residence tim
the heated chamber. Wall deposits, if they had exis
would be expected to vaporize in the presence o
lower gas-stream dopant concentration and delay
return of the undoped appearance of the flame. In
vious experiments with vapor-phase DMMP and
heated chamber[22] the return of the blue color ha
been virtually instantaneous. Consistency of DMM
extinction results obtained with the two systems,
ported under Section3, provides further evidence tha
wall losses are negligible in the HEN system.

2.5. Calculations

Extinction calculations were performed usi
the OPPDIF code, from the Chemkin II suite[38].
OPPDIF is not designed to incorporate multiphase
actants, such as particle-phase dopants. There
means of calculating radiative losses or effects du
surface chemistry. Nor is there a means of acco
ing for differences between particle and gas velo
ties. Therefore, OPPDIF is used in these studie
calculate the differences in effectiveness between
ferent phosphorus-containing compounds based
on their gas-phase effects. Computationally, all co
pounds are treated as being in the gas phase, re
less of the phase in which they exist in the experim

The phosphorus mechanism is employed by G
ude et al.[47] and was developed for DMMP com
bustion. OPA and phosphorous acid are also inclu
in this mechanism. The GRI-Mech 3.0[48], exclud-
ing nitrogen chemistry, was used for the hydroc
bon combustion. Mixture-averaged diffusion velo
ties were used, and thermal diffusion was neglec
A potential flow boundary condition with a centerlin
axial velocity of twice the measured volume av
aged velocity was used. This set of velocity bound
conditions was determined by MacDonald et al.[30]
to best match experimental results of [OH] measu
ments with this particular burner.

The extinction calculations were performed in
manner similar to that described by Pitts et al.[49].
That is, extinction was approached with small inc
mental steps in flow rates of the fuel and oxidizer
at most 0.01 SLM for the fuel). The flow rates we
changed such that the position of the flame remai
constant. Subsequent calculations with a higher
locity were restarted from previous solutions to d
crease computational time. The extinction strain r
was determined to be the highest strain rate at whi
solution was found. For all the calculations, 250 p
of PCC and/or 1.54% H2O was added.
-

3. Results

Extinction measurements were performed
H2O and DMMP as neat compounds.Fig. 5presents
the normalized global extinction strain rate obtain
when the dopant enters the burner system as a li
spray, comparing it to results when the dopant en
as a vapor. The loadings are calculated, for all ca
assuming the dopant is completely evaporated.
the vapor-phase tests, the dopants were added
syringe pump, into a heated reactant line upstre
of the oxidizer flow tube. The vapor-phase tests
DMMP were performed and reported earlier[22]. The
same additive loadings were investigated here w
the dopant introduced into the burner system in
liquid phase, using the HEN. The absence of scatte
laser light indicated complete evaporation of the H2O
and DMMP droplets.Fig. 5demonstrates that the no
malized global extinction strain rate is independen
the initial phase of the additive. The agreement
tween extinction measurements for the two meth
of dopant introduction is consistent with comple
evaporation of the neat liquid droplets with the e
thalpy of vaporization supplied externally rather th
from the exothermicity of the combustion reaction

The suppression effectiveness of H2O vapor de-
termined here can be compared to literature va
obtained with reactants at a slightly lower temp
ature. Lentati et al. numerically investigated the
fect of various concentrations of water vapor add
to a nonpremixed methane–air flame with reacta
at 300 K[8]. A roughly linear behavior is predicte
with water addition, with a 25% reduction in extin
tion strain rate by a saturated air stream at 300

Fig. 5. Normalized global extinction strain rate of ne
DMMP and H2O, as a function of dopant loading. Th
dopant was introduced either as a spray via the HEN o
the vapor phase upstream of the oxidizer flow tube. Lo
ings are given as the mole fraction of dopant in the oxid
stream assuming complete vaporization.
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Fig. 6. Comparison of normalized global extinction stra
rate as a function of H2O loading (assuming complete v
porization) due to addition of neat H2O and a 1.6% (molar
aqueous solution of OPA. Error bars on OPA data repre
one standard deviation due to scatter in extinction meas
ments(δyi ) and uncertainty in loading(δxi ).

(water loading 3.51%). Experiments have also b
performed by Lazzarini et al.[21] with saturated wa
ter vapor at the same temperature, finding only a 1
reduction in extinction strain rate. Our experimen
results, shown inFig. 5 for 4 to 40% of the amoun
of water in a saturated air stream at 300 K, in
cate that the extinction strain rate is linear over t
range. These results are in reasonable agreement
Lentati’s calculations over the range in which th
overlap. It should be noted, however, that the pres
measurements were made with the reactants at 36
while the numerical predictions assume 300 K. A l
ear extrapolation of the current experimental res
to 3.51% water loading gives a 24% reduction in e
tinction strain rate, which agrees well with Lentat
calculated value but it is twice Lazzarini’s measur
value.

Experiments were performed comparing H2O to
an aqueous solution of 1.6% OPA. The results
given inFig. 6, with the normalized extinction strai
rate plotted as a function of molar loading of the H2O
only. For the case of the PCC, the H2O loading is
calculated by subtracting the amount of phospho
compound (1.6%) from the total dopant loading.
also assumes that all of the water is delivered to
flame. Error bars in the OPA data set represent un
tainties of one standard deviation. They-error bars,
between 1 and 2%, are an appropriate combina
of uncertainties inaq andaq0, each of which is found
empirically as the standard deviation of eight repea
measurements. Thex-error bars, between 1 and 5%
are derived from the uncertainties of flow rates
dopant and oxidant, and from the standard devia
of the measured dopant loss rate.
The absolute value of the slope ofFig. 6 repre-
sents the effectiveness of the suppressant[50,51]. The
uncertainty in slope can be calculated from the
certainties in the measured quantities contributing
it, using standard methods[52]. Two types of uncer-
tainty must be considered: those affecting each d
point randomly, and those affecting all data points
a given set in the same way. The truly random unc
tainty contributions are responsible for the scatter
given data set, and are described above and displ
as error bars inFig. 6. For the purposes of calcula
ing a slope, uncertainties in thex coordinate (load-
ing) were converted to an equivalenty uncertainty, as
recommended by Bevington[52]. Then the random
uncertainties in the individual data points were co
bined, contributing an uncertainty of at most 1.6%
the slope. In addition to this uncertainty it is importa
to include the uncertainty in the solute concentrat
(1.8%), which has the same fractional effect on
loadings of all data points obtained from a given ba
of aqueous solution. When these errors are includ
the uncertainty in the slope is still under 2.5% for
cases presented here. This calculated uncertainty
verified by comparing the slopes for two sets of e
tinction measurements for OPA obtained with diffe
ent solute mixtures; the two slopes agreed within
calculated uncertainty. Not included in this analysi
the error in extinction strain rate due to the meth
by which extinction is approached (±2%; see Sec
tion 2.1). Because of the choice of conditions, th
error is nonrandom and has the same value at a g
strain rate, regardless of the choice of suppress
Thus it has no effect on the relative effectiveness
the different suppressants.

A linear regression on the slopes inFig. 6 with
a fixed y-intercept indicates that 1.6% of phosph
rus approximately doubles the effectiveness of p
H2O vapor, per mole of H2O delivered. Thus, an
enhanced water mist can substantially improve
suppression performance over that of pure water
por, without introducing large quantities of a chem
cal substance. This result has also been observe
other researchers who have investigated the supp
sion effectiveness of enhanced water mists doped
sodium-containing compounds[18–20,53].

To test whether the chemical structure of the p
ent phosphorus compound is important, several P
were introduced to the flame and suppression ef
tiveness was compared. The compounds tested
three neat phosphorus compounds (DMMP, DEM
DMP), and five 1.6% (molar) aqueous solutio
(DMMP, OPA, MPA, phosphorous acid, and pho
phonic acid). The neat compounds were introdu
using a method described earlier[22] and the aque
ous solutions were introduced into the burner sys
via the HEN. Flame extinction results are given
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Fig. 7. Comparison of normalized global extinction stra
rate as a function of phosphorus loading for several diffe
phosphorus-containing compounds, namely trimethylph
phonate (TMP), dimethylmethylphosphonate (DMMP),
methylphosphate (DMP), and diethylmethylphosphon
(DEMP). These compounds are all introduced in the n
form, and enter the flame in the vapor phase. TMP
DMMP results are from[22] and are included here for com
parison.

Fig. 8. Comparison of normalized global extinction stra
rate as a function of phosphorus loading for several diffe
phosphorus-containing compounds. DMMP was introdu
as a neat compound via the HEN. All other compoun
including 1.6% (molar) aqueous solutions of DMMP, o
thophosphoric acid, phosphorous acid, phosphonic acid
methylphosphonic acid, are introduced into the burner
tem via the HEN. The phosphorus loadings for the acid
lutions have been corrected for wall losses.

Figs. 7 and 8, for the compounds introduced into th
burner system as neat liquids and aqueous solut
respectively. The extinction results are plotted v
sus the “phosphorus loading,” or the mole fracti
of phosphorus-containing molecules in the oxidi
stream expressed in ppm assuming complete va
ization of the additive. Since each PCC molec
Table 3
Global extinction strain rate reduction by the compou
tested: slope of normalized extinction strain rate vs ag
loading

Compound Slope
(ppm−1)

Corrected slope
(ppm−1)

Neat
DMMP 223 267
TMP 269 311
DMP 247 278
DEMP 204 255

1.6%aqueous solution
Orthophosphoric acid (OPA) 997 996
Phosphorous acid 835 840
Phosphonic acid 814 818
Methylphosphonic acid 792 808
Dimethylmethylphosphonate
(DMMP)

654 697

Note. The uncertainty in the slope is 2.5% (see text). T
TMP data were reported in an earlier paper[22] and are
included here for reference. Values for the corrected s
are derived by considering the heating value of the indica
compounds (see text).

contains a single phosphorus atom, these load
represent the number of moles of phosphorus at
per total moles in the oxidant mixture. Neat DMM
is included with the aqueous solutions for compa
son. For the DMMP/water solution, the phospho
loading is the mole fraction of DMMP in the oxidize
stream, assuming total vaporization of DMMP a
water. Here, as well as for all of the neat compoun
zero wall losses are assumed. For the phosph
acid solutions, the phosphorus loading is calcula
as for the DMMP/water solution, and then reduced
13.8% to correct for wall losses. (See Section2.4.)

Fig. 7shows that the neat phosphorus compou
are all similarly effective. There is total scatter b
tween the different compounds of about 20%. T
results from this study, indicating that the form of t
parent compound is relatively unimportant in flam
suppression, are used when examining the effec
aqueous solutions containing phosphorus. The slo
for the curves inFig. 7are given inTable 3.

The results inFig. 8 fall into two groupings:
the neat substance, DMMP, and the substances
troduced into the burner system as water solutio
Compared to the neat DMMP, the water solutio
have steeper slopes, implying higher flame supp
sion effectiveness per atom of added phosphorus.
difference is due to the flame suppression contr
tion from the water in the solution. The results f
the 1.6% solution of DMMP can be used to ass
whether DMMP and water have additive effects. L
ear regressions of the data inFig. 5 give values of
the slopes of the normalized extinction strain rate
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mole fraction for neat DMMP and H2O. A weighted
average of these two numbers yields a predicted
fectiveness” of a 1.6% solution of DMMP in wate
to be only 5% more than the measured effectiven
of the solution. Thus, one can assume that within
certainty, additivity of effectiveness is valid under t
conditions of the current experiment. However, it
expected that synergistic rather than additive beha
will be seen at high H2O loadings, as the effective
ness of chemical agents has been observed to inc
with decreasing temperatures[30,54]. In our experi-
ments, the change in the adiabatic flame tempera
by the amount of water added would result in only
small change in the extinction strain rate. Addition
1.5% H2O changes the adiabatic flame temperat
by only 20 K; according to previous work[50], this
change would increase the effectiveness of the ch
ical compound by roughly 10% compared to addit
to a flame without an inert dopant. It should be no
that due to considerable scatter in the cited work, p
ticularly in the range of interest for this work, the
is uncertainty in the magnitude of this synergistic
fect. Nonetheless, synergy implies that the effecti
ness of the solution should be more effective that
weighted average of the neat compounds, not ne
equally as effective as observed here for the 1.
DMMP solution. Further work at higher H2O load-
ings is needed.

All of the acid solutions studied (OPA, MPA
phosphonic acid, and phosphorous acid) exhibit s
ilar reduction of the global extinction strain rate, p
mole PCC added to the air stream. There is a m
mum difference of about 22% in the measured eff
tiveness, based on a comparison of the slopes. W
the data for the DMMP solution are included, t
spread is larger: there is a maximum difference
42% in slopes in the set of water solution data (
tween DMMP and OPA). These slopes, along w
corrected slopes described below, are given inTa-
ble 3. The possible significance of the differen
between results for the DMMP solution (which v
porizes entirely) and for phosphorus acid solutio
(which produce residual particles) will be discuss
later.

The spread in suppression performances for
phosphorus acid solutions studied is outside the e
mated experimental measurement uncertainty. Ch
ical and physical differences in the phosphorus co
pounds could result in differences in fire suppress
effectiveness. Such differences in the added c
pounds, including differences in heating values, d
ferences in the kinetics leading to the formation of
phosphorus-containing species that participate in
ical recombination cycles, and specific characteris
of any residual particles such as vaporization rate
radiative properties, may also contribute to the s
pression difference.

Additive species, or portions thereof, that co
tain hydrocarbons, will to some extent promote
flame due to their associated heating values. Ext
tion strain rate measurements were performed wi
small amount (400 ppm) of iso-octane added to the
stream of a methane/air nonpremixed flame, res
ing in a promotional effect of 4%[22]. To estimate
the magnitude of the promotional effect of the fu
content of other additives considered in this work,
hydrocarbon content of the PCC is compared to
of the iso-octane. The additives’ heating values w
compared (on a molar basis) to that of iso-octa
allowing the measured PCC effectiveness to be
rected for the fuel contents effect (assuming cons
promotional effect per unit heating value). In additi
to the contribution of the hydrocarbon groups, th
is some contribution to the total heating value of
PCC species due to the phosphorus atom itself.
heating values of PCCs in this study were calcula
assuming that the phosphorus product is the ther
dynamically preferred species, P4O10 [55]. Correct-
ing for heating value effects brings the phosphor
based acids into better agreement with each other.
corrected slopes, given inTable 3, represent the slope
corrected for the heating value of the different co
pounds. After correction, OPA is still some 20% mo
effective than the other acid solutions. The source
this increased effectiveness is uncertain but may
related to the nature of the residual particles from
solution.

The difference between the DMMP solutio
(which vaporizes entirely) and the phosphorus a
solutions (which produce residual particles) sugge
an enhanced effectiveness role for the particles.
enhanced radiative heat loss from flames due to
addition of inert particles has been predicted and
served experimentally in premixed flames[7]. Other
effects, such as enthalpy of vaporization and re
tions on the particle surface, may also contribute
an increase in effectiveness from the addition of p
ticles. In the current experiments, particles that en
the flame are consumed in it. Thus, all of the ph
phorus atoms are eventually available to particip
in the gas-phase catalytic removal of the flame r
icals H, O, and OH. Otherwise, one would exp
a decrease in effectiveness resulting from the p
ence of particles. As the data inTable 3 indicate,
all of the phosphorus-based acid solutions that p
duce residual particles are more effective than
DMMP solution that does not form particles. Thu
these results are consistent with a predicted incre
in suppression effectiveness for the residual parti
as long as they are small enough to volatize co
pletely in the flame.
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The differences in effectiveness seen here are
large: the difference in the slopes, corrected for
heating values, between the DMMP solution and
average of the phosphorus acid solutions is 2
Gas-phase kinetic differences may be significant c
pared to the remaining discrepancy between DM
and acid solutions, as this difference in effectiv
ness is similar to that found between the vapor-ph
compounds shown inFig. 7. Kinetics for the aque
ous phosphorus solutions tested are largely unkn
so it is not possible to separate gas-phase eff
from those due to the particles. However, taking
21% difference between DMMP and the acid solut
slopes as an estimate of the magnitude of the par
effects, we conclude that the net particle effect
pears to be smaller than the gas-phase chemical e
of the phosphorus. Under the conditions and assu
tions reported here, the particles would account
about one-quarter of the total suppression of the
lution, compared with the gas-phase chemical ef
that is responsible for about 40% of the total su
pression. The same wall losses were assumed fo
the acid solutions, and this assumption may affect
observed magnitude of the particle effect. Howev
some positive particle effect on suppression can be
ferred even without making this assumption. Even
zero losses are assumed for the acid solutions (
ing a lower bound on their effectiveness), the a
solutions are still all more effective than the DMM
solution.

Some information on differences in the gas-ph
chemical effect was gained from extinction strain r
calculations. The normalized global extinction str
rate obtained from these calculations are given inTa-
ble 4. The effect of the H2O is decoupled from that o
the PCC. As seen, the calculated reduction in ext
tion strain rate is significantly less than that obser
experimentally: the PCC alone (no H2O included) re-
duces the extinction strain rate from its undoped va
by only about: 1.5% for DMMP; 2.3% for phosph
rous acid; and 3% for OPA. The trend in effectiven

Table 4
Summary of calculated extinction strain rates, normalized
the undoped value (aq/aq0)

Dopant Normalized extinction strain ra

DMMP 0.99
OPA 0.97
P(OH)3 0.98
H2O 0.88
DMMP + H2O 0.87
OPA+ H2O 0.86
P(OH)3 + H2O 0.87

Note. The effect of PCCs was found using Glaude’s P
mechanism (see text for details). Quantities of dopants
250 ppm of PCC and/or 1.54% H2O (molar).
is similar to that seen experimentally; that is, OPA
the most effective and DMMP is the least effect
PCC. However, the effectiveness is about one-fi
that seen experimentally for neat DMMP. Thus, c
culations using the current chemical kinetic mec
nism can be used to gain only qualitative insight in
the gas-phase effect. Newer kinetic mechanisms (
[27,28]) may yield better agreement, and should
investigated.

4. Summary

An investigation of the flame suppression for w
ter, vapor-phase phosphorus-containing compou
and residual particles derived from aqueous soluti
of PCCs was performed. To do so, a technique
introduce an additive as a fine mist of droplets in
an opposed-jet nonpremixed burner was develo
and validated. A high-efficiency nebulizer was us
to produce the droplets, and droplet size meas
ments using a phase-Doppler particle anemomete
tablished that the size distribution of the droplets
independent of the compound and liquid flow ra
used. This allows wide application of the HEN f
studying different potential additives. Key features
the system are small droplet size, large residence
of the reactant stream under temperature-contro
conditions, and the availability of an accurate p
cedure for measuring losses to surfaces within
feed system. These features lead to complete e
oration of volatile constituents of the droplets, a we
characterized state of the reactant mixture at the
of the burner tube, and well-defined gas-phase lo
ing of added agent at the flame. A comparison
the flame suppression effectiveness of PCCs in
duced into the burner system in the liquid phase
made. This experimental approach does not pe
a study of the effect of droplets on the flame; ho
ever, it does allow investigation of the physical effe
of residual particles formed from the evaporation
droplets.

Experimental results indicate a significant red
tion in global extinction strain rate with the additio
of pure water vapor (10% reduction at 1.5% mo
loading), in good agreement with numerical resu
With the addition of a small amount (1.6% molar)
PCC in water solution, this reduction doubles. Th
results support the use of water as a means of del
ing a chemically active, condensed phase agent t
actual fire. They also show that the effectiveness
PCC/water solution can be determined by a linear
dition of the effectiveness of the components, over
range of concentrations and loadings reported h
Comparisons of experimental flame suppression
fectiveness are made for several volatile and n
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volatile PCCs. Volatile PCCs all showed compa
ble values of effectiveness, all observably lower th
those of the nonvolatile PCCs. Thus it appears that
chemical structure of the parent compound has r
tively little impact on flame suppression effectivene
while the residual particles enhance it. Despite the
fect of residual particles, participation of phospho
in the gas-phase chemistry is the primary suppres
mechanism.
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