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Inhibition/extinction of premixed and non-premixed methane/air flames with fine droplets of water and
solutions containing several chemical agents has been investigated experimentally. While solutions allow
delivery of much higher concentrations of chemical agent to the flame front than otherwise possible, the
non-premixed flame extinction results indicate saturation (or condensation) of the agent at some effective
temperature below the flame temperature. Based on the chemical additives considered, on a molar basis,
the following order of effectiveness is observed: KOH > NaCl > NaOH. The inhibition of premixed
flames by similar size droplets indicates insensitivity to NaOH mass fraction in the water. This insensitivity
was related to the shorter residence time of the droplets (13 um median diameter) through the premixed
flame structure. Detailed comparison of the premixed and non-premixed flame inhibition/extinction with
pure water droplets supports the importance of droplet residence time and optimum droplet size in con-
trolling the interaction of droplets with the flame front.

Introduction

Since the international ban on production of halon
1301 (because of its adverse effect on stratospheric
ozone), application of fine water droplets as an ef-
fective fire suppressant has received considerable at-
tention. Fire suppression by fine water droplets is
attributed to thermal effects associated with latent
heat of vaporization [1], and recent laboratory stud-
ies [2] and parallel modeling efforts have established
quantitative estimates of these thermal contributions
[3,4]. Further enhancement of the fire suppression
ability of fine water droplets through the use of
chemical agents has recently received considerable
attention [5,6] and is the main focus of the present
investigation. Alkali metals have a strong chemical
effect in flames, about an order of magnitude more
than CF3Br, and consequently are good candidates
for addition to water sprays. Because of the low va-
por pressure of these metals (for example partial
pressure ~10732 of NaOH at 298 K), they require
application as a condensed phase, either as a fine
powder or as a solution in fine water spray, to obtain
any signiﬁcant flame suppression.

In order to understand the suppression mecha-
nisms and to optimize the performance of chemical
agents added to water droplets, it is desired to con-
duct experiments which can be used as a database for
detailed numerical modeling. Extensive tests of metal
salts added to a hybrid diffusion-premixed flame were

conducted by Vanpee and Shirodkar [7], providing
valuable data on the effectiveness of metals as flame
inhibitors. However, their experiments are difficult to
model because important experimental parameters
were not provided (e.g., the equivalence ratio of par-
tially premixed flames considered and the droplet
sizes). Furthermore, their experiments were not con-
ducted over a range of additive mole fractions, which,
as described in this paper, is an important parameter.
Experiments by Mitani and Niioka [8] considered in-
hibition of premixed flames with ultrafine water drop-
lets (less than 2.4 um mean diameter) containing
NaOH and NaHCOj, indicating a flame inhibition/
extinction with addition of chemical agents. In partic-
ular, their slower CoH,/O,/N, premixed flame exper-
iments (as opposed to faster Hy/Oy/Ny flames)
showed distinct chemical inhibition effects, but the
saturation effects due to condensation of metal vapors
were not explored. Recent work by Zheng et al. [5]
on counterflow premixed flames inhibited with water/
NaCl fine droplets in fact show signs of saturation
with increasing NaCl mass fraction in water. But the
reported data on equivalence ratio versus flame ex-
tinction strain rate, at constant water mass addition,
is not sufficient to extract meaningful information.
Motivated by the need to gain detailed under-
standing of the parameters important for water ad-
ditives to be effective inhibitors in flames and to pro-
vide a database suitable for numerical models
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currently being developed, we conducted the exper-
iments described below. As will be demonstrated,
droplet size, droplet residence time in the flame, and
the saturation of active species produced by the
chemical additive are key factors which must be con-
trolled to obtain peak performance for the given
time-temperature characteristics of an actual fire.

Experimental Method

Two laboratory flame configurations were used,
producing non-premixed and premixed methane/air
flames. The burners were designed to be modular,
so that the same water-generation and gas-supply
systems could be used with either. The air was sup-
plied by an oil-free shop compressor followed by a
series of desiccant beds, and the fuel gas was meth-
ane (BOC grade 4.0, 99.99% purity). For the non-
premixed flames, gas flows were measured by
Teledyne Hastings-Raydist flow meters (factory cal-
ibrated with a reported accuracy of +1% of full-
scale reading), and for the premixed flames, by Si-
erra model 860 mass flow controllers (calibrated
with a Bios model 20 K piston flow meter so that
their expanded relative uncertainty is 2%). For ex-
periments involving water droplets, the metered dry
air was saturated with water vapor before feeding to
the burner [6]. The relative humidity was verified
with a hygrometer (Testo 605-H1). (Note: Certain
commercial equipment, instruments, or materials
are identified in this paper to adequately specify the
procedure. Such identification does not imply rec-
ommendation or endorsement by the National In-
stitute of Standards and Technology, nor does it im-
ply that the materials or equipment are necessarily
the best available for the intended use.)

The droplet generation system used (Sono-Tek
Model 8700-120) consisted of the ultrasonic nozzle
and a broadband ultrasonic frequency generator. A
syringe pump (Instech Model 2000) with a plastic
10 cc syringe fed water to the atomizer. The water
mass flow rate at the nozzle exit was measured grav-
imetrically by carefully collecting the droplets on a
collection cup. While the fraction of water fed to the
atomizer which actually reached the nozzle exit was
only about 70%, the operation of the droplet injec-
tion system was very consistent over the entire range
of water and air flows of the tests. Near the atomizer
tip, the droplet size distribution has been character-
ized by the manufacturer as alognormal distribution,
with a median diameter of about 18 gm and a Sauter
mean diameter of about 30 um. However, the actual
droplet size distribution at the gas nozzle exit can
deviate slightly because of settling of larger droplets
in the vertical delivery tube. The associated shift in
size distribution has been characterized using a
phase Doppler particle analyzer, indicating a median
diameter of about 13 um [6].

Counterflow Burner

In the counterflow burner, a steady, planar, non-
premixed flame was established in the mixing layer
of the opposed methane and air streams. The fine
water droplets were introduced with the airstream,
which was first saturated with water vapor to elimi-
nate evaporation of the droplets prior to their reach-
ing the hot thermal mixing layer. The fuel and air
nozzles (Pyrex glass) each have an area contraction
ratio of 6.5 and an exit diameter of 1.5 ¢m and, at
their exits, have nearly plug flow velocity profiles
(verified previously through laser Doppler veloci-
metry measurements [9]). Co-flowing nitrogen
streams on both the fuel and air sides helped to
maintain a very stable planar flame disk. The nozzles
were enclosed in a cylindrical burner chamber in
which water cooling coils and air dilution of the po-
stcombustion gases eliminate secondary flames. The
nozzle tubes enter the chamber through vacuum fit-
tings which permit easy adjustment of the nozzle
separation distance (L), which is typically set to 12
mm. A schematic and a detailed description of this
burner can be found in Ref. [6].

In the non-premixed flame experiments, the wa-
ter mass flow rate was fixed, and the air and meth-
ane flows were increased together until the flame
was extinguished. The fuel and air flows were ad-
justed so as to balance their momentum; that is,
(po?)air = (p0®)cua where pis the density and v is
the axial velocity. Knowing the nozzle separation
distance, the global flow strain rate at extinction is
defined by a. = 4lv,;,|/L, providing a suitable pa-
rameter that describes the non-premixed flame ex-
tinction condition [10]. The total water (or solu-
tion) droplet mass fraction in the air + saturated
water vapor stream is defined here as Y, while the
mass fraction of the additive (i.e., NaOH, KOII,
NaCl, or FeCl,) is defined as y,qq. In experiments,
variation of a.y with Y, as well as y,qq9 were mea-
sured.

Premixed Burner

The premixed burner used for the present two-
phase investigations consisted of a straight-sided
conical flame established at the exit of a Mache-He-
bra-type nozzle [9]. A schlieren imaging system pro-
vided the flame cone angle, which was used to de-
termine the burning velocity [11]. The nozzle exit
flow profile was characterized by laser Doppler ve-
locimeter measurements described previously [9].
The typical half-cone angle of the flame was about
20°. With addition of the solution droplets, the flame
height was maintained constant at about 2.0 cm by
adjusting the total flow rate of reactants while main-
taining the equivalence ratio at the desired value.
For the present data, the uncertainty (expanded un-
certainties with a coverage factor of 2) in the burning
velocity is +6.0%.
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FIG. 1. Droplet mass fraction (Y,) as a function of ex-
tinction strain rate of a methane/air non-premixed flame
for several NaOH mass fractions in water (yn.0m)-

The inhibition of a laminar premixed flame can be
characterized by the relative decrease in the burning
velocity (denoted here bg/ Sy,) with respect to that of
an uninhibited flame (S7). The simple conical pre-
mixed flame stabilized above the Mache-Hebra noz-
zle, and the associated flame cone angle measure-
ment technique adopted here is one of many
traditional methods of obtaining the laminar flame
speed [11]. While curvature and stretch effects do
exist in the flame, they are considered minor, par-
ticularly since all results in the present work are re-
ported as normalized flame speed, S;/S{. The un-
inhibited methane and air flame speed obtained
from the present burner is 35 * 1.2 cm/s. Because
the ultrasonic atomizer and the length of the Pyrex
tube delivering the reactant gas mixture are the same
as in the counterflow burner, the median droplet di-
ameter is not expected to be different from that of
the counterflow flames reported above.

Extinction of Non-Premixed Flames with
Water Solutions

Water/NaOH Fine Droplets

Figure 1 shows a comparison of droplet mass
fraction in air (Y,) as a function of the global ex-
tinction strain rate (a.y), with varying NaOH mass
fraction in water (yn,on). Similar results were re-
ported earlier for NaOH mass fractions in water of
Ynaon = 0.055, 0.112, and 0.175 [6]. In the earlier
data, at the lowest flow strain rate of 125 s~ !, the
case of 0.175 NaOH in water showed a significantly
higher effectiveness over 0.055 and 0.112 NaOH
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F1G. 2. Y, and mole fraction of NaOH in air as a function

of ynaon for the extinction strain of 125 s~ ! in Fig. 1.

cases (i.e., Yo = 0.005 for yn,on = 0.175 versus
Yy = 0.010 for yx,on = 0.055 and 0.112). How-
ever, for higher extinction strain rates (>125 s~ b,
the previous experimental data indicated negligible
differences in extinction condition with varying
NaOH mass fraction. These somewhat inconsistent
results with varying NaOH mass fractions clearly
required further investigation, including investiga-
tion about the effectiveness of NaOH at lower mass
fractions (i.e., ynaon < 0.055). The new data re-
ported here indicate that the differences in Y, for
ynaon 0of 0.055, 0.112, and 0.175 are within exper-
imental uncertainty. Distinct effects of NaOH mass
fraction are obtained only for yy,on < 0.055.

The difference between the new yx,ony = 0.175
data and previous results was found to be caused by
a temperature dependence of the ultrasonic nozzle
performance. When the nozzle tip was allowed to
reach a steady operating temperature, typically
about 40 °C after about 15 min of continuous opera-
tion, the resulting flame extinction data were con-
sistent and reproducible. While the revision of
Ynaon = 0.175 data can be attributed to ultrasonic
atomizer nozzle performance, the observation that
the mass fraction of NaOH above 0.055 yields no
apparent increase in flame suppression is rather in-
teresting and requires further analysis.

The flame extinction results shown in Fig. 1 at the
strain rate of 125 s~ ! are replotted in Fig. 2, ac-
cording to the variation of droplet mass fraction (Y)
versus NaOH mass fraction in water (yn.on). As
Ynaon 18 increased above 0.08, the total droplet mass
fraction (Y,) needed for flame extinguishment is
seen to become invariant with the NaOH mass frac-
tion in the droplet. Similar saturation behavior has
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FI1G. 3. Droplet mass fraction (Y,) as a function of ex-
tinction strain rate of a methane/air non-premixed flame
for several KOH mass fractions in water (yxop)-

been reported in premixed flames with iron, man-
ganese, and tin organometallic compounds [12,13]
and metal salts added as particles [14]. Also shown
in Fig. 2 is the mole fraction of NaOH in air (Xx,on).
assuming that NaOH in droplets is completely re-
leased to the gas phase. Under such an assumption
(reasonable if the droplets are completely vaporized
at or before the flame), it is not surprising that Xy,on
increases almost linearly with increasing NaOH mass
fraction in water/NaOH solution. In reality, how-
ever, the maximum Xy,oy; is directly related to the
partial pressure of NaOH (or any other low vapor
pressure sodium compound) and is a function of
temperature only. Fig. 2 indicates that this limiting
value of Xy,on is about 0.0006 (or 600 ppm of
NaOH in air). Therefore, as seen in Fig. 2, any in-
crease in NaOH vapor above this partial pressure,
for example yn.on > 0.08, may not yield any im-
provement in the fire suppression ability of water/
NaOH solution.

The thermochemical data of NaOH can be used
to estimate the gas-phase conditions that yield lim-
iting Xy,orr = 0.0006. Assuming that NaOH exists
as a monomer in the gas phase, an equilibrium liq-
uid-vapor calculation based on the Clausius-Clapey-
ron equation yields an NaOH saturation tempera-
ture of 1125 K [15]. This vapor-liquid equilibrium
temperature is about 400-500 K below the charac-
teristic temperature within the rate-limiting oxygen-
consumption, radical-production region of the flame
[16]. Because of the thermal boundary layer sur-
rounding each evaporating droplet, it is conceivable
that an effective temperature below the flame tem-
perature may control the saturation of excess NaOH
vapor. Alternatively, loss of active inhibiting species

to condensation may be controlled by a compound
with a lower vapor pressure than NaOH. In experi-
ments, resolving the appropriate effective tempera-
ture that controls saturation of condensation of the
relevant species is perhaps impossible, and there-
fore, only detailed numerical simulations can pro-
vide better understanding of the saturation phenom-
enon occurring. Although numerical simulations that
include detailed interactions between the condensed
phase and the gas phase have recently been devel-
oped to describe water droplet interactions [17], an-
alytical models for droplet evaporation of binary
mixtures in flames have not. In this case, the mod-
eling evaporation of binary liquid droplets with
highly disparate boiling temperatures (373 K for wa-
ter vs. 1663 K for NaOH) may require further sim-
plifications. Hence, in this paper, only experimental
results are presented.

Water/KOH Fine Droplets

Besides NaOH, other alkali-metal compounds are
known to be chemically effective fire suppressants.
In particular, potassium-containing compounds are
believed to be more effective than sodium [14,18].
Fig. 3 shows experimentally obtained extinction
strain rates of a methane/air non-premixed flame,
with similar sized water/KOH droplets, containing
varying mass fractions of KOH. For the lowest ex-
tinction strain rate considered (i.e., 125 s™1), the
data show increasing flame suppression up to about
yxon = 0.112. Further increase in KOH mass frac-
tion in water up to 0.175, however, yields no further
increase in the flame suppression ability of the wa-
ter/KOH solution. Following the analysis of water/
NaOH saturation vapor conditions, current water/
KOH results indicate that the KOH saturates at a
gas-phase mole fraction of about Xxon = 0.0003 for
ykon = 0.112. Liquid-vapor equilibrium data for
KOH indicate that this mole fraction corresponds to
a gas temperature of about 1025 K, which is about
100 K lower than that obtained for the NaOH case.
This lower effective saturation temperature for
KOH is consistent with the lower boiling tempera-
ture of KOH (1597 K) compared to that of NaOH
(1663 K).

Water/NaCl and Water/FeCl, Fine Droplets

Non-premixed methane/air flame extinction ex-
periments were also conducted with NaCl. Water/
NaCl droplets have been considered previously by
Zheng et al. [5], but only in the context of extinction
of counterflow premixed flames as a function of fuel-
air equivalence ratio. The flame suppression trends
shown in Fig. 4, with increasing NaCl mass fraction
in water, are consistent with previous data with

NaOH and KOH.
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FI1G. 4. Droplet mass fraction (Y,) as a function of ex-
tinction strain rate of a methane/air non-premixed flame
for several NaCl and FeCl, mass fractions in water (/,qq).
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F1G. 5. Upper panel: Mole fraction of alkali metal (Am)
in air as a function of non-premixed methane/air flame
extinction strain rate for NaOH and KOH mass fractions
0f 0.055 shown in Figs. 2 and 4. Lower panel: Mole fraction
of Am in air as a function of non-premixed methane/air
flame extinction strain rate for NaOH and NaCl mass frac-
tions of 0.03 shown in Figs. 2 and 5 (upper panel).

The metal Fe (in Fe* or Fe** form) has previ-
ously been shown to be very effective [7]. Here, ex-
plorative experiments were conducted to test the ef-
ficacy of Fe** compound dissolved in water. An
FeCly mass fraction of yp.cp = 0.15 in water was
tested, and this water/FeCl, solution clearly indi-
cates a chemical inhibition effect, as seen in Fig. 4.
Although it appears that FeCl, is not as effective as
NaCl on a mass basis, experiments with lower mass
fractions of FeCly must be performed to evaluate the
occurrence of saturation phenomenon, as observed
in water/NaOH solutions.

Molar Comparisons of NaOH, KOH, and NaCl

In order to relate the chemical inhibition of the
agents considered here to previous studies, the non-
premixed flame extinction results are analyzed here
on a molar basis for the additive. To avoid uncer-
tainties related to saturation effects, only additive
mass fractions below the saturation condition are
considered here. Since water/NaOH extinction re-
sults show saturation of NaOH vapor is approached
for additive mass fractions above 0.055, the molar
comparisons between NaOH and KOH are per-
formed at y,qq4 = 0.055. For the extinction data
points considered, the mole fraction of alkali metal
hydroxide (AmOH) was evaluated and is plotted as
a function of flame extinction strain rate, as shown
in the upper panel of Fig. 5. These molar compari-
sons clearly indicate roughly 2 times performance
benefit of KOH over NaOI as an additive to water
droplets, similar to what has been reported based on
flames inhibited with particulates [14,18]. More re-
cent kinetic studies have indicated that recombina-
tion of K with OH is about 30% faster than Na with
OH and that recombination of K with O, is in fact
2-3 times faster than Na with O, [19], and this, per-
haps, is the primary reason for the effective flame
suppression by KOH.

Comparison of molar plots of NaCl versus NaOH,
shown in the lower panel of Fig. 5, indicate a sur-
prisingly superior flame suppression ability of NaCl.
This is, however, consistent with the saturation of
NaCl or NaOH, since the vapor pressure of NaCl at
1125 K is 1.8 times that of NaOII.

For a droplet mass loading of Y, = 0.014 and an
extinction strain rate of 125s~ !, a comparison of the
mole fraction of chemical agent needed in air (X;)
yields the following order: Xxo = 0.00021 < Xy,q1
= 0.00023 < Xy,0n = 0.00034 < Xpocgs = 0.00056
(assuming linear interpolation between available
data). These values indicate that on a molar basis
KOH is the most effective chemical agent, followed
by NaCl and NaOH. For water/FeCl,, the interpo-
lation was performed assuming that yp.cp = 0.15
is unsaturated at this rather high molar loading,
which is certainly questionable. If FeCl, is found to
condense at a lower additive mass fraction (e.g.,
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FIG. 6. Square of the normalized burning velocity of a
premixed flame inhibited with fine droplets of water solu-
tion for several NaOH mass fractions in water.

Yrecz < 0.05), then on a molar basis water/FeCl,
can become the most effective solution as Xy.co will
approach 0.00018 (instead of 0.00056 above).

Inhibition of Premixed Flames with Water/
NaOH Droplets

The inhibition of premixed flame propagation
with various chemical fire-suppressing agents is
well documented [12,20,21]. Here, we consider the
inhibition of a conical premixed flame with fine wa-
ter/NaOH droplets. Based on phenomenological
reasoning [22], it is well known that the burning
velocity is proportional to the square root of the
chemical reaction rate. Consequently, we plot in

. 6 the sciuare of normalized burning velocity
[S (81/8%)%] versus droplet mass fraction (Y,) for
varying NaOH mass fraction in water (yx,om). With
increasing yn.on, these results do not show any sig-
nificant increase in flame inhibition compared to
the inhibition with pure water droplets. This is a
rather unexpected finding because of the close sim-
ilarities (described below) between the premixed
and non-premixed flames considered.

The insensitivity of NaOH fraction in water drop-
lets in the premixed flame configuration can be ex-
plained by considering the droplet residence times
in the flame. Because of the vast difference in the
boiling temperature between water and NaOH (373
K vs. 1663 K), water is expected to evaporate first.
If the flow residence time of droplets through the
premixed flame is less than that through counterflow
flames, a partially vaporized droplet (smaller than
the initial 13 #m at the inflow boundary) with a much

Name /css_comb_104895/comb_4f12/Mp_6 08/21/2002 01:04AM  Plate # 0
6 PART TITLE
e higher concentration of NaOH will emerge. There-

F o fore, the lack of chemical inhibition observed in the
[ 72 premixed experiments with water/NaOH solutions
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c [ & & o test this hypothesis, the flow residence times of

g | g LoaC droplets through premixed and non-premixed

g 0.6 L o flames, inhibited with pure water droplets, are in-

g} ) . vestigated below.

s | "

T |

s |

Q04 Comparison of Non-premixed and Premixed

= [ Flames with Pure Water Droplets

g I N Pure water

5 F 0 g'g; NN:S: As described above, the premixed flame burning
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0 T S—— TR —— ‘ portional to the chemical reaction rate. A formal as-
0 0.01 0.02 0.03 ymptotic analysis [23], assuming that the overall re-
Droplet Mass Fraction (Y ) ’ ;

action of the form fuel + oxidizer = products is
applicable to both premixed and non-premixed
flames, yields the following relationship between the
burning velocity and extinction strain rate,

g A
(poSLP = (p—2> Qext
CPZ st

where Z is the stoichiometric mixture fraction (as-
sumed to be a small parameter), 4 the thermal con-
ductivity, and ¢, the specific heat. Based on this re-
lationship and assuming that the mixture fraction,
transport, and thermodynamic properties are not af-
fected by the small fraction of condensed-phase
agent added [24], a direct comparison of the extinc-
tion/inhibition of non-premixed and premixed
flames can be accomplished by defining normalized
flame strength as

5 (S_I) _ (“t_")
S(I)J A ext uninhib

Its applicability for droplets of pure water is exam-
ined in Fig. 7, which shows the normalized flame
strength for the premixed and non-premixed flames
as a function of the mass fraction of water. The com-
parison clearly shows that the 13 #m median diam-
eter droplets are not equally effective in inhibiting
the prenuxed flame. (Note that for proper normali-
zations, S{, corresponds to a case in which the pre-
mixed methdne/ air stream is saturated with water
vapor, and @y yninhib to a case in which the non-pre-
mixed air stream is saturated with water vapor.)

Effect of Flow Residence Time

The aforementioned differences between the in-
hibition of non-premixed and premixed flames by
pure water droplets, as well as the disparate results
for droplets of water/NaOH in premixed flames, can
be explained based on the flow residence time as-
sociated with each flame structure and its effect on
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premixed methane/air flames inhibited with fine droplets
of water with a median diameter of 20 xm.
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F1G. 8. Non-premixed and a premixed flame structure,
corresponding to inhibited conditions of water droplet
mass fraction of Y, = 0.01.

the evaporation of fine water droplets. Fig. 8 shows
the numerically obtained flame structure of a pre-
mixed and a non-premixed flame, corresponding to
conditions in which the flame is inhibited by 13 gm
droplets with a droplet mass fraction of Y, = 0.01.
The estimated flow residence time of these droplets
through the thermal layer, from the cold boundary
up to the peak flame temperature, differs substan-
tially: 4 ms for the premixed versus 14 ms for the
non-premixed. This implies that the time available
for the droplets to vaporize in premixed flames is
considerably less and that the 13 ym droplets are

not necessarily the ideal size for inhibiting the pre-
mixed flame considered. Consequently, the maxi-
mum thermal cooling is not achieved compared to
the counterflow flame, resulting in the lower flame
inhibition observed in Fig. 7 for premixed flames.

Interestingly, this finding also explains the much
poorer relative effectiveness of either NaOH or
KOH ata = 240 s~ versusa = 125 s~', as shown
in Figs. 1 and 3. The higher strain flames have lower
residence time, possibly preventing the release of
the additive to the gas phase.

Conclusions

The low vapor pressure of alkali metals at normal
room temperature requires delivery of alkali metals
as a powder or as a fine-droplet spray for their effi-
cient delivery to a flame. However, efforts to com-
bine the thermal fire suppression ability of fine water
droplets with the chemical inhibition of alkali metals
have indicated the existence of an upper agent limit
because of the associated limiting vapor pressure of
the additive. When the mass fraction of alkali hy-
droxide in water is below this condensation limit,
comparison of the chemical effectiveness clearly in-
dicates that KOH is about 2 times more effective
than NaOH on a molar basis for a wide range of flow
strain rates. Comparison of the effectiveness of wa-
ter/NaOH with water/NaCl on a molar basis indi-
cates a superior effectiveness of NaCl over NaOH,
which can be explained based on their vapor pres-
sures.

The relationship between droplet size and flow
residence time is found to be important both for
comparing the behavior of condensed-phase agents
between flame types, as well as for evaluating the
efficacy of chemically active additives. Comparison
of the effects of water/NaOH droplets on the ex-
tinction of non-premixed and inhibition of premixed
flames implies that if the droplets are not completely
evaporated before reaching the chemical reaction
layer (because of non-optimal droplet size or too
short droplet residence time), then the full chemical
effectiveness of the agent is not realized. Similarly,
when equally sized fine water droplets are intro-
duced to non-premixed and premixed flames, with
no velocity lag between the droplets and the gas
phase, the characteristic flame extinction/inhibition
conditions of the two flames differ. Flame structure
analysis has revealed that the distinct flow residence
time of droplets (with a median diameter of 13 um)
through each flame structure, that is, 14 ms for the
non-premixed flame versus 4 ms for the premixed
flame, is the cause for the observed differences.
These results illustrate the importance of under-
standing the particular reacting flow field and tem-
perature conditions in order to assess the intricate
coupling between droplet size and its residence time
through the flame structure.
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In real fires with turbulent flow fields, the flow
residence times of droplets can be very different
from those in the premixed and non-premixed
flames investigated here, and the optimum droplet
sizes can be much larger than 10-20 gm. Therefore,
design of optimal fire-suppression systems using fine
droplets of water solutions must consider the flow
residence times and flame structures of each appli-
cation carefully.
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