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The chess board is the world; the pieces are the phenomena of the
universe; the rules of the game are what we call the laws of Nature.
The player on the other side is hidden from us. We know that his
play is always fair, just, and patient. But also we know, to our cost,
that he never overlooks a mistake, or makes the smallest allowance

for ignorance.

T.H. HUXLEY

Where observation is concerned,

chance favours only the prepared mind.

LOUIS PASTEUR
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ABSTRACT

A study of flame behaviour with water droplets introduced
into the reactants of premixed flames has been investigated. The
flame configuration studied was a burner stabilized, conical,
laminar, methane and air flame. The equivalence ratio was varied
from 0.78 to 1.4. The water droplet concentration was varied from
0.088 percent to 1.2 percent by reactant mass fraction.

It was found that reactant dilution is an important effect in
decreasing the flame speed initially. As the water droplet
concentration increases, the dominant effect on flame propagation
is cooling of the flame. A simple computational model indicates
that droplets should be less than 5 micrometers in size for optimal
reduction of flame speed.

A novel method for producing fine sprays was also
investigated. Water was introduced into liquid carbon dioxide
under high pressure. The mixture was expanded through a small
nozzle resulting in a dense spray with a mass median diameter of

4.5 micrometers.
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1. INTRODUCTION

Until recently, Halon 1301 (trifluoromonobromomethane)
has been the primary choice for flame suppression agents. Halon
1301 is an excellent fire suppression medium. Roughly 15 to 20
percent Halon 1301 by volume will suppress explosions.
Combustion inception is prevented at a volume concentration of
five percent. A Halon fire suppression system operates by
interrupting the chemical reactions in the flame zone. The pool of
radicals available for the combustion process is depleted by
allowing Halon to react with free radicals in the flame. As the
concentration of radicals in the flame approaches zero, a rapid
suppression of the combustion process is accomplished.

Unfortunately, Halon 1301 is a health hazard. Inhaling the
gas can cause heart irregularities, unconsciousness, and death,
although occasional exposure to Halon 1301 is considered “safe”.

There is also an environmental concern regarding extensive
use of Halon 1301 since it depletes the ozone layer. Effective
January 1, 1994, the production and importation of new Halon was
banned, and the search for a safe replacement began.

One viable technology for fire suppression is fine water
mists. Water is one of the most common substances on earth, and
water vapour is non-toxic when inhaled. Water is also commonly
available, and is inexpensive. However, Halon has a significant

advantage over water mist, since Halon is easier to disperse, and a



water mist system would require considerable engineering design
to be effective. In addition, spraying water in electrical installations
could damage equipment, while Halon gas does not. Despite these
difficulties, fine water mists have been applied in many
engineering applications. The two most prominent applications so
far have been the extinguishment of liquid fuel fires, and the
extinguishment of fires inside electrical cabinets [55]. Other
applications include the suppression of mine explosions [7, 8], and
explosion prevention of pressure vessels containing liquefied
petroleum gases [17].

While the application of water mist technology has
proliferated, the physics of flame suppression, the flame
suppression mechanism, and the most optimal water droplet size
configuration, is poorly studied.

It is the aim of the present study to elucidate the physics of
flame suppression including identification of the main mechanism
of suppression, and the most optimal spray size configuration for
flame suppression.

Many authors have touched on the elements for studying
flame suppression. The only detailed study of flame speed
variation with increasing water droplet concentration has been
carried out by Mitani et.al. [38]. However, the main goal of their
study was not to measure the effect of water mists on flame

propagation.



The authors generated a water mist with a spray mass
median diameter of 4.7 um. By applying an increasing
concentration of water spray to a rich ethylene and air flame they
were able to measure the variation in flame speed. The flame speed

as a fraction of the initial flame speed is shown in Figure 1.1.
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Figure 1.1: Flame speed variation for a rich ethylene flame.

The data from Figure 1.1 is of limited scope, and the present
study expands the experimental parameters to varying
concentration of water droplets and varying equivalence ratios
covering both the lean and rich burning regions for a premixed

laminar methane and air flame.



Sapko et.al. [6] also studied the effect of water sprays on
flames. However, the authors did not conduct any flame speed
measurements. The apparatus used by Sapko et.al. resulted in the
flame propagating through regions of varying amounts of
turbulence and varying concentrations of water spray. A consistent
measurement of flame speed was therefore not possible.

The water sprays used in the current study were generated by
a medical nebulizer. The spray mass median diameter was 3.75
um, and the water droplet concentrations ranged from a mass
fraction of 0.00088 to 0.012 in the reactants. The water droplet
concentration was uniform as the spray entered the preheating zone
of a conical flame. By keeping water droplet concentration
constant in the preheat section of the flame, a detailed study could
be conducted on flame speed variation with increasing droplet
concentration. These experiments are described in detail in chapter
three.

Sapko [6] calculated the optimal droplet mass median
diameter to be 8 um using a simple formula for droplet lifetimes.
However, the droplet lifetime formula used by these authors is
based on the premise that the droplets reach their boiling point
inside the flame.

It will be shown in the current study that due to Stefan flow
around the droplet, the heat and mass transfer is modified, and the
droplets reach the wet-bulb temperature inside the flame. The wet

bulb temperature is considerably lower than the boiling point for



water, and due to the dynamics of droplet motion, it is shown that
droplet lifetimes can not be predicted using a simple formula.

An advanced computational model was also applied to the
problem of flame and droplet interaction, to help elucidate the
mechanisms of flame suppression. The model involved two-way
coupling to account for interphase transfer of mass, heat, and
momentum between the droplets and the gas phase. The numerical
study is described in detail in chapter four.

To generate enough spray mass to extinguish the flames, a
novel method of spray production was developed. By mixing water
and supercritical carbon dioxide at high pressures, and expanding
the mixture through a nozzle, fine water sprays with a high density
of water mass were created. Due to time constraints on this work,
this spray generation technique was not employed in the flame
study. However, this method of droplet formation appears
promising and parameters that affect its performance are explored

in chapter five.



2. SURVEY OF RELEVANT LITERATURE

2.1 Flame quenching experiments

The effects of water on flames have been studied by many
researchers. The first papers written on flames and water dealt with
the flammability limits of methane and air mixtures with water
vapour introduced as an inert [1, 2].

In 1955 a scientific study was conducted on the quenching of
liquid pool fires by water mist [3]. The authors conducted tests on
gasoline, kerosene and ethyl alcohol pool fires, with a water spray
applied to the flames by an overhead nozzle. A set of experiments
was also conducted on burning wood. The study resulted in tables
of spray properties combined with information on whether the
flames were extinguished or not. The overall conclusions were that
flame quenching was due to the water diluting the air supply in the
burning zone. The amount of dilution was in turn a function of the
rate of water droplet evaporation. The authors considered the
optimum droplet diameter for flame quenching to be 0.3
millimeters in diameter.

The research on liquid pool fires was expanded by Rasbash
and Rogowski [4, 5]. In a set of experiments very similar to
Braidech et.al. [3], Rasbash introduced the time lapse from the
application of the spray until flame extinction as an additional

parameter in the flame quenching analysis. The authors



conclusions were that cooling of the liquid surface to a temperature
below the fire point resulted in extinction. A further conclusion
was that smaller droplet sizes would extinguish the flames faster,
and that the formation of steam in the burning zone, combined with
the heat extracted from the flame for the evaporation process,
played a role in quenching the flames. However, the air entrained
into the burning zone by application of the spray was considered
the major reason for extinction.

Sapko et.al. studied the process of quenching methane and
air ignitions with water sprays [6]. The first part of the study only
considered inerting a methane and air mixture by applying a water
spray. A time delay was used to allow the mixture to stabilize after
application of the spray. The mixture was sparked, and an
observation was made as to the progression of a flame inside the
testing chamber.

The authors also conducted quenching experiments. In these
experiments a flame was established and allowed to propagate into
an area of high water vapor concentration. The water spray was
directed downwards inside the testing chamber, while the flame
was allowed to propagate upwards towards the spray nozzle. They
then observed whether the flame propagated beyond the spray cone
of the nozzle, and this was used as the criteria for quenching.
Unfortunately, no flame speed measurements were made. The
authors concluded that to quench an established flame required a

higher concentration of water spray than to prevent ignition of the



same combustible mixture. Increasing the droplet residence time in
the reaction zone was considered an important aspect of reducing
the flame speed. To calculate the optimum droplet size for flame

quenching the authors used the formula,

1+C,(7,-T,)

2t, K, In

2 —_
R; <

where Ry is the initial droplet radius in centimeters, t, is the
evaporation time in seconds, K, is the thermal conductivity of the
gas surrounding the droplet in calories per centimeter-second, T, is
the flame temperature in degrees Kelvin, Ty, is the boiling point of
the liquid droplet in Kelvin, H, is the latent heat of evaporation in
cal/gram, p is the droplet density in grams per cubic centimeter,
and C, is the heat capacity of the surrounding gas.

This equation was used to predict that a droplet with a
diameter less than eight pm would be completely vaporized by a
methane-air flame at Tgae = T2 = 2185 Kelvin. The authors
calculated that for a nine percent methane and air flame with a one
millimeter reaction zone and a flame speed of approximately 230
centimeters per second, the contact time between the droplet and
the flame was approximately 0.43 milliseconds. This figure was

used for the droplet residence time when calculating the maximum



allowable droplet diameter of eight um. The recommendation was
to keep the water droplets as small as possible to make the flame
quenching system more effective.

Mitani and Niioka [38] conducted research into the rapid
extinction of flames by adding alkali metal compounds imbedded
in water droplets, to the gas stream. By generating a water mist
with a mass median diameter of 4.7 um, and passing the mist
through a fuel rich (¢ = 2) ethylene and air flame they were able to
measure the flame velocity, and the variation in flame velocity with
increasing mist density. They found that they could not cause
extinction by using water alone. When they added NaHCO; to the
water droplets, they found that the flame would suddenly blow off
once a critical value of the mist density was reached. The blowoff
phenomenon was not observed using N,, water, urea solutions, or
the gaseous inhibitor CF;Br as the inert. The alkali compounds
apparently extinguished the flame if the particles resided in the
flame long enough to decompose, and produce gaseous species to
work as inhibitors.

Another area of research is the suppression of detonations by
water sprays. Ng et.al. [7] conducted full scale studies in an
experimental mine. A detonation wave was set up at one end of the
test section. As the pressure wave hit troughs of water, small water
droplets were dispersed. Upon arrival of the combustion wave the
water mist would suppress the thermal wave, and thereby suppress

the pressure wave. Similar research by Zhou and Lu [8] indicated



that weak explosions were not suppressed due to ineffective
dispersal of the water barriers by the pressure wave.

Thomas et.al. [9, 10, 11, 12, 13] have conducted detailed
studies on the physics involved in water mist suppression of
combustion driven shock waves. The authors found that to quench
a detonation, droplet evaporation alone is not adequate. A violent
breakup of the water droplets by the shock wave is required to
produce a micro mist. The shattering of water droplets into a mist
enhances the ability of the water mist to act as a heat sink, and can
lead to detonation quenching. The authors also found that in order
to strip the droplets into tiny fragments, a violent explosion was
required. In turn the mitigating effect on the explosion also became
greater.

McCaffrey studied the effect of water sprays on jet diffusion
flames [14]. By placing a pneumatic atomizing nozzle inside a pipe
carrying the flammable gas, water sprays were introduced into a
diffusion flame. To correlate the data from flame measurements
with a characteristic of the spray, the mass median diameter was
used. The mass flow rates of water and flammable gas were used as
the experimental parameters to which flame temperature and heat
release were correlated. McCaffrey found that the diffusion flames
could be extinguished only at ratios of mass flow of water to
flammable gas near values of four, five, and nine. No explanation
of flame extinguishment was provided, and the author found that

“... neither reduced heat release, extrapolated temperature nor the

10



rough guide to median drop size appears to differentiate these
points...”. This data is difficult to explain because the water and gas
ratios where extinguishment occurs were all between values where
the flames were not extinguished. However, McCaffrey [14] did
speculate as to the mechanism of suppression as follows. Defining
a reduced heat release rate, and assuming that the water spray is
initially at 20 degrees Celsius, McCaffrey calculated a heat
extraction rate by the water spray. By using a 1500 Kelvin flame
for comparison, the author also concluded that the cooling capacity
is doubled by using water droplets as the inert, instead of steam.
The author also speculated that in addition to cooling the flame,
smaller droplets would enter the reaction zone and affect the
process of combustion. As a final hypotheses the author surmised
that a diluent could interfere with the burning process by
displacing some of the oxygen in the entrainment and mixing zone.
Watts researched the effects of water sprays on unconfined
flammable gases [15]. It was shown that ethylene and air mixtures
could be conditioned to a point where ignition could not occur, i.e.
below the lower explosive limit, by applying water sprays. The
main suppression mechanism was Believed to be the entrainment of
air into the flammable mixture by application of the water spray,
thereby diluting the flammable gas. It was also found that a
properly designed spraying apparatus could reduce the level of
flammable gas to below the lower explosive limit in a matter of

seconds.
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Mawhinney et.al. [16] conducted a literature review and
produced a table of the primary and secondary mechanisms of
extinction. The primary mechanisms were heat extraction, oxygen
displacement and radiant heat attenuation, and the secondary
mechanisms were vapour and air dilution and kinetic effects.

Other authors have looked at the effect of water sprays on
flames from an engineering perspective. For example, Schoen et.al.
[17] investigated the engineering requirements needed to prevent a
Liquefied-Petroleum-Gas vessel from bursting while being fully
engulfed in flames from a propane fire. They found that by
rearranging the spray nozzles they could not only prevent the tanks
from exploding, but the overall flow rate requirement of water
dropped by sixty percent.

Systematic data from quenching liquid pool fires and
detonations is well established in the literature described
previously. However, no systematic data exists for quenching
laminar premixed flames with fine water mists. The only data
similar to the current study is that of Mitani and Niioka [38].
However, the scope of their investigation was very limited. The
current study expands the data to include variations in water
droplet concentration at very low droplet loadings. The
equivalence ratio is also varied over a wide range of flow
conditions.

The theory of flame suppression using fine water mist is not

well established. Previous work, described above, falls into two

12



main categories. The first category is suppression by heat
extraction, and the second category is suppression by vapour
dilution. The current study attempts to differentiate between these
two modes of flame suppression. Based on the experimental and
numerical data from the current study, a recommendation is also
made from an engineering perspective, as to the design criteria for

an efficient water mist flame suppression system.

2.2 Generating fine sprays

A brief review of methods for generating fine water mists
with a droplet size range suitable for effective interaction with
flames is provided here.

Chein and Lundgren [18] developed an aerosol generator
capable of delivering aerosols ranging from one to ten um in mass
median diameter. The geometric standard deviation for the aerosol
varied from 1.18 to 1.46, and the aerosol generation rate was 0.2 to
24 milligrams per minute.

Chen et.al. [19] developed an aerosol generator for
generating very fine aerosols with narrow size distributions by
using two virtual impactors in series. However, the apparatus was
only tested for solid particles of oil shale, talc and fly ash.

Other authors describe various devices for generating

aerosols such as the spinning disc aerosol generator [20], the

13



orifice aerosol generator [21], the ultrasonic nebulizer [22], the jet
nebulizer [23], and the swirl injector nozzle [24].

Another technique for generating fine sprays is based on
supercritical fluids. Sievers [25] has developed a technique for
generating fine sprays by combining a solute (e.g. water) with a
supercritical solvent, such as carbon dioxide. By mixing an
aqueous solution with supercritical carbon dioxide in a mixing tee,
and expanding the mixture through a small orifice, a very fine mist
of the aqueous solution is created. Droplet sizes with a mass
median diameter of three micrometers or less can be generated,
depending on the properties and concentration of the solute. The
apparatus and techniques are detailed in [26, 27, 28, 29].

A general review of the application of supercritical fluid
technology can be found in [30, 31].

The physical properties of the water and carbon dioxide
system has been explored in detail by [32,33]. The authors mainly
concentrate on the solubility of carbon dioxide in water, and the
solubility of water in carbon dioxide. Chun and Wilkinson [34]
studied the effect of carbon dioxide on the interfacial tension of
water, while Peck and Johnston [35] developed a theory for
calculating the interfacial tension.

As the droplets are sprayed from a fine nozzle they deform
and break up. While the theory of droplet production by

supercritical fluid expansion is incomplete, the theory of droplet

14



break-up is well established and is reviewed in great detail by
Faeth et.al. [36].

The current study expands on the work performed by Sievers
et.al. [25]. A systematic investigation is conducted to elucidate the
mechanism of spray creation for supercritical fluids. The
experimental data is expanded over a wide range of parameters,

and the effect on the water spray is recorded.

2.3 Modelling droplet and flame interaction

Mitani [39] developed a theory to determine the effect of
inerts (particles and sprays) on flame speed. Mitani was able to
develop an explicit expression for calculating the flame speed,
based on two non-dimensional parameters. The first parameter is a
measure of the fineness of the particles suspended in the flame, and
the second parameter is a measure of the virtual heat capacity of
the particles.

To consider the effect of inert gases Sermange [40]
conducted a computational study of the extinction of hydrogen
flames by increasing the amount of nitrogen in the mixture. The
amount of nitrogen was increased until the flame velocity dropped
to zero. The author found that at a velocity of seven millimeters per
second, the flame temperature had decreased to 947 Kelvin for a
stoichiometric hydrogen and air flame. This point, where the flame

speed is almost zero, was considered the point of extinction.
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Chen et.al. [41] conducted a numerical study using the
universal flamelet code RUN-1DL. The flames were unstrained,
premixed, freely propagating, stoichiometric methane and air
flames, with water droplets added as the inerts. The authors found
that the concentration of [OH] radicals decreased as the
concentration of droplets increased, indicating that flame
extinction is a possibility through the cooling effect of the water
droplets on the flame.

However, the authors only considered a 30 um droplet as their
index case, with a reduced data set calculated for a 10 um droplet.

Thomas [42] conducted detailed calculations on
methane and air flames by varying droplet loading and sizes. By
introducing water vapor into the reaction system, Thomas found
that a dilution limit existed at 25 percent, beyond which a stable
solution could not be obtained for the flame. The author remarked
that this value agrees well with the established 26.5 percent
extinction limit, from experiments. The author also tried to
separate between the effect of decreasing flame speed as a result of
heat loss versus a decrease in flame speed by vapour dilution. The
author concluded that water droplets less than 20 um in diameter
behave as water vapour. An extinction point was determined for a
30 um droplet at a droplet loading of 0.1 kilograms per cubic
meter. The author speculated that the mechanism of extinction is

the inhibition of exothermic reactions in the pre-heat zone.
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The current numerical investigation is based on the flamelet
code RUN-1DL [52]. A comparison is made between experiments,
RUN-1DL, and a simplified droplet evaporation model. In contrast
to the work described above, the current study is aimed at small
droplets, and low droplet loadings. In addition, the numerical tools
are used to attempt to differentiate between mechanisms of

extinction.
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3. EFFECTS OF WATER DROPLETS ON
PREMIXED LAMINAR FLAMES

This chapter describes the methodology (3.1), the apparatus
(3.2), and the diagnostic (3.3) equipment used to study the effects
of dense fine water mists on premixed laminar methane and air

flames. The results of the study can be found in section 3.4.

3.1 Experimental methodology

As described in the literature review, the inclusion of water
droplets in the reactants of a premixed flame alters its propagation
speed. There is essentially no data published on the effect of small
droplets and very low droplet loadings, on laminar propagation
speed of methane and air flames. To experimentally collect this
information, an acceptable technique for measuring the flame
speed had to be adopted. Of the techniques typically used, e.g. flat
flame burners, stagnation flow burners, spherical flame growth rate
vessels or conical flame angle techniques, it was decided that a
conical flame burner provided the greatest flexibility.

By knowing the bulk flow velocity (U) and the cone angle
(o) of the flame, the flame speed (S.) can be calculated. This

concept is shown in Figure 3.1.
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Figure 3.1: Calculating flame speed

Unfortunately, absolute flame speed cannot be determined
using this method since the assumption of a one-dimensional flame
is inaccurate. As well, there is also a question of where the flame
truly resides. Depending on the measurement method, such as
visible cone, schlieren visualization, or shadowgraph, different
results for the laminar flame speed are obtained. The difference in

measured flame speed can be as much as 10 to 50 percent.
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However, obtaining absolute flame speed is not important
here, since it is the trend in changing flame velocity that is
important. The flame speed can always be scaled, e.g. by adjusting
the flame speed data obtained at an equivalence ratio of one, and
adjust it to match a reference value for a methane and air flame at
the same equivalence ratio.

The above technique for measuring flame speed requires a
gas stream of premixed fuel and air at a fixed flow rate, as
described in section 3.2.1. Further, we need to measure flame
angle, burner exit velocity, equivalence ratio, droplet size and
number density, as described in section 3.3. To generate conditions
suitable for the data measurements it was necessary to design a
burner with uniform velocity profile at the exit, pilot stabilization
to handle lean flames, and low turbulence intensity. The burner and
experimental apparatus is described in sections 3.2.1 and 3.2.2

respectively.

3.2 Experimental apparatus

The experimental apparatus is described in two subsections.
The first subsection consists of flow control, gas mixing, flow
metering, and spray generation devices. The second subsection

consists of the laminar flow burner.
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3.2.1 Flow control, gas mixing and spray generation

A schematic of the setup is shown in Figure 3.2.
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To flame stabilizers

Figure 3.2: Flow control, mixing and spray generation apparatus

Compressed air from the building supplies the burner
through a constant pressure regulator. The pressure regulator is set
at 30 psig, which is the desired system pressure in the mixing
section, and also provides good flow control through the metering
valves.

Bottled, technical grade methane at 2500 psig is the fuel
supply, and is also regulated to 30 psig with a two stage constant
pressure regulator. The regulator output is split into two branches.
The first branch is passed to a Nupro series “S” metering valve.

The output of the valve is connected to a 3 way splitting tee which
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in turn is connected to the flame stabilization ports on the burner.
This approach allows for very fine adjustments of the amount of
methane being fed to the flame stabilizer section, and facilitates
attaching the flame to the burner for the whole range of flow rates
and equivalence ratios. Details of the flame stabilizer are described
in section 3.2.2.

The second branch of the fuel side is fed to a Nupro series
“S” metering valve. The output from the metering valve is passed
to a precision rotameter, and a pressure gauge. This equipment
setup allows monitoring of the output pressure and flowrate from
the rotameter. The metering valve allows very fine adjustments of
the main flow of methane that goes to the fuel mixing section.

The air is fed through a rotameter and pressure gauge. A
series “M” Nupro metering valve is used to control the main flow
of air. The output of the rotameter is connected to a humidifier that
raises the moisture of the incoming air to 100 percent relative
humidity at a temperature of 40 degrees Celsius. The humidifier
consists of a column of water heated to 65 degrees Celsius, which
the air must bubble through. Humidification of the incoming air
stream enhances droplet creation, and reduces droplet evaporation
once the droplets have been added to the flow. The output of the
humidifier is connected to the air and fuel mixing section.

The air and fuel mixing section is one meter of plastic tubing
to allow mixing of the air and methane before reaching the spray

generation device.



In order to vary the concentration of methane in air, i.e.
control the burning velocity of the flame, the mixture ratio is set
before the mixing section. This is accomplished by reading the
pressure and flowrate from the rotameters. Details on the rotameter
approach are described in Appendix A. The rotameter and pressure
readings were used to get the appropriate mixture. A calibrated
methane detector was used for the actual measurement of
equivalence ratio. The methane detector is described in section
3.35.

The mixing section is attached to a flow control valve that
sets the flow rate of the methane and air mixture going into the
spray generation device. This is necessary to control the density of
the spray of droplets being produced. The valve is designed to
restrict the flow of gas into the spraying device while the remainder
of the gas flow is bypassed and fed to the burner. This arrangement
allows for a constant flow rate of gas entering the burner, and is
necessary to stabilize the flame at the burner nozzle. When the
bypass valve is fully closed, all the premixed fuel and air is fed to
the burner, and is free of droplets. When the valve is fully open the
maximum droplet loading is achieved.

To generate the spray, a medical nebulizer was used. A
nebulizer was chosen based on the consistency and uniformity with
which a spray was generated. It was also necessary to find a device
that would have a long enough spray time to complete one set of

measurements.

23



Three different models of nebulizers were considered, the
Hudson Updraft IT (Hudson RCI), the Upmist (Puritan), and the

Devilbiss Pulmo-neb (Devilbiss). The nebulizers were attached to

the burner, and spray measurements were done at the burner nozzle

using the phase doppler anemometer described in section 3.3.1.

The concentration measurement is described in more detail in

section 3.3.2. The data collected from the three nebulizers is

compared in Table 3.1.

Model | count mean | mass mean | mass median | Concentration
diameter diameter diameter | particles per cc
um pum pm
Hudson 2.90 3.22 3.75 230K
Upmist 2.63 2.81 2.98 127K
Devil 2.56 2.71 2.87 187K

Table 3.1: Nebulizer performance comparison

It can be seen from the table that the Upmist and the

Devilbiss nebulizers produce almost identical mists, while the

Hudson produces slightly larger droplets. The Hudson also

produces a higher concentration of mist, which is desired for the

flame extinguishing experiments. Based on the number density, the

Hudson was chosen for the flame study.
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Figure 3.3 shows the variation in spray concentration output
from the Hudson nebulizer as the flowrate through the nebulizer is

varied.
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Figure 3.3: Spray concentration variation with the Hudson

nebulizer

3.2.2 Laminar conical flame burner

Figure 3.4 shows a cross section of the burner without the

turbulence inhibitor attached.
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Figure 3.4: Burner without turbulence inhibitor

The burner is designed as a conical “bunsen” flame burner,
where the flame is formed by a uniform stream of reactants issuing
from the burner nozzle. To achieve these flow exit conditions the
burner was constructed in three sections.

The lower entry section is filled with small glass beads to
spread the incoming gas mixture across the burner diameter. Due
to the beads obstructing the flow, some of the water droplets were
lost in the entry section. This is the primary reason for measuring
droplet concentration at the burner exit instead of at the exit of the
spray generation device. It was also found that the flow of
premixed gases and water droplets in the lower part of the burner

created unacceptable levels of turbulence in the flow. The
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turbulence was enough to make the flame unsteady, and the
conditions unsuitable for measuring the laminar flame speed. The
glass beads helped decrease the turbulence level, but a screen was
needed to eliminate the vortex shedding from the glass beads. The
mesh spacing was chosen so that the vortices induced by the mesh
itself would disappear before reaching the contraction section.
Adding beads to the bottom of the burner was also a safety
measure to ensure that a possible blowback of hot gases would not
propagate down the mixing section and cause an explosion. For
higher flow rates of sprays it was found that it was not enough to
add beads, but instead a turbulence inhibitor was designed, which

is shown in Figure 3.5.
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Figure 3.5: Turbulence inhibitor for burner

The turbulence inhibitor was designed to eliminate all
turbulence induced by the spraying device, before the gas flow
passes through the contraction section. The measured turbulence
intensity from the denser sprays were around 30 percent in the
lower part of the burner, and it was required to decrease the
intensity to less than two percent to ensure a laminar flame at the
burner nozzle. Hand calculations and a simulation in FLOW-3D

resulted in the length of the turbulence inhibitor being twelve
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inches. To verify the results of the calculations, a Plexiglas
prototype of the turbulence inhibitor was built and tested with the
burner. Measurements with the phase doppler indicated a 2.8
percent turbulence level at the nozzle with the full spray running.
The Plexiglas also made it possible to study the flow of droplets
and gas advancing through the burner. The turbulence level was
found to be satisfactory for the flame as well, after testing the
stainless steel turbulence inhibitor with the flame operating.

A safety mechanism was required to deal with blowback,
since there is a considerable amount of flammable gas inside the
burner with the inhibitor attached. This design is made up of two
metal plates pressing on a seal recessed into the burner surface.
Springs press on the outer surface of the metal plates, keeping them
in place. Under normal operating conditions the two hatches
remain closed by the spring pressure acting on them. When a flame
propagates through the inhibitor, the pressure wave induced by the
flame is enough to push the plates from the burner and vent the
combustible gases.

The contraction section of the burner uniformly accelerates
the flow to form a new top-hat velocity profile. For more detail on
the design of the contraction section of the burner see Morel [43].

The velocity distribution over the exit of the burner nozzle
was measured using the phase doppler anemometer while seeding

the flow with water particles. It was found that the mean velocity
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was constant across the entire burner nozzle, except for near the
wall.

The flame stabilizer section consists of an annular space
around the burner exit nozzle. Pure methane is fed into the annular
space, and due to the induced annular flow of fuel, a pilot flame is
established around the conical flame. The pilot flame helps
stabilize the conical flame, particularly for low flame speeds as in

the case of a lean flame.

3.3 Diagnostics

As described in section 3.1, the type of measurements
needed are: gas flow velocity at the nozzle exit (3.3.1), spray
concentration measurement (3.3.2), image of the flame to find the
cone angle (3.3.3), and equivalence ratio (3.3.5). The experimental

diagnostics is shown in Figure 3.6.
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Figure 3.6: Experimental setup with diagnostic equipment

3.3.1 Velocity measurement

The velocity is measured with a phase doppler anemometer
from Dantec Measurement Technology . The phase doppler
anemometer is an extension of laser doppler velocimetry. The
phase doppler incorporates additional photodetectors to analyse the
size of a droplet, while the laser anemometer only measures the
velocity of a particle. A phase doppler anemometer can therefore
be more flexibly applied, and was also used in this study to
determine spray characteristics.

The laser measurement point is positioned at the center of
the burner nozzle, and five millimeters up from the nozzle exit.

Passing a laser beam through a 2200 Kelvin flame surface leads to
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beam steering problems. This can however be overcome by a high

laser output and fine tuning the optics in situ as the experiment is

running. It is also important to note that we only need to measure

the velocity of the bulk flow, and that information on the spray

quality can be collected without the flame present. Another issue to

consider when measuring velocity with a laser anemometer is the

sampling resolution. For the Dantec PDA system, the velocity is

divided into 256 bins, and the resolution of each bin depends on

the dynamic range selected. A test was devised with a constant

property spray, in which the velocity sampling range was altered

continuously to see what effect it would have on measured

velocity, and as a secondary effect, on size measurement. The

results are shown in Table 3.2,

Filter Velocity A/D Uaverage | Ulntensiy | mass
Bandwidth | Range | resolution| [m/s] [m/s] mean
[MHz] [m/s] [m/s] diameter

[nm]

1.2 -0.8to2.4 | 0.0125 0.766 | 0.019 5.924

4 -2.7t0 8 0.0418 0.747 | 0.025 8.387
12 -8 to 24 0.125 0.695 | 0.056 | 11.015
36 -16 to 80 0.375 0.059 | 0.157 | 14.078

Table 3.2: A/D conversion characteristics of the Dantec PDA
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It can be seen from the table that the effect on droplet sizing
is much greater than on velocity. For the experiments, the two
bandwidths used were 1.2 and 4. Between these two bandwidths
there is a discrepancy in velocity of only 2.5 percent. The droplet
size resolution however has a discrepancy of 41 percent. It is
therefore acceptable to use the PDA for the velocity measurement,
but droplet data can not be relied upon, unless all data is collected

with the same bandwidth.

3.3.2 Spray concentration measurement

The phase doppler is capable of estimating the density of a spray.
However, this estimate is extremely poor, when comparing data
from an independent method with the phase doppler data. For the
independent method the following procedure was developed.

A saline solution with a known concentration is prepared,
and used in the nebulizer instead of water. The nebulizer is
attached to the burner, and turned on for 5, 10 or 15 minutes.
During this time, the spray at the burner nozzle is collected on a
filter, and the flow rate of air through the spray generation device is
kept constant. The filter is dried overnight, and weighed on a
precision scale. Knowing the weight of the filter before and after
spray application, the weight of the NaCl collected is determined.
Using the concentration information, the amount of water spray

that impacted on the filter in the given time frame can be
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calculated. Dividing by the total spray time will yield the flowrate
of spray in kilograms per second. Dividing the spray flowrate by
the mass flow rate of air and water droplets yields the mass fraction
of water droplets in the gas flow.

This method is more accurate than relying on phase doppler
measurements, since we are dealing with easily determined
physical quantities of mass and concentration. One systematic error
that must be considered is that the collection filter cannot become
saturated at the surface so that water droplets form and disappear
into the burner, thereby losing spray mass from the total
calculation. This condition was carefully monitored, and the
collection times were chosen to reflect the density and flow rate of

the spray at the burner nozzle.

3.3.3 Capturing flame images

Many methods were attempted to capture instant pictures of
the flame. It was found that taking pictures in a dark room was
sufficient for rich flames that had a high luminosity. However, for
lean flames it was nearly impossible to see the flame at equivalence
ratios of 0.7 and lower. Instead, a shadowgraph technique was used
to enhance the image of the flame.

A shadowgraph is a scientific adaptation of the following
naturally occurring phenomena: on a hot, sunny summer’s day,

looking at hot asphalt, or a metal roof, or a similar heat absorbing

34



material, it is possible to see “the heat rise” from the surface. This
is a display of the density gradients in the air, with the sun acting
as the light source required for illumination.

In the experimental setup shown in Figure 3.6, a highly
luminescent light bulb from a slide projector, with focusing optics
attached, was used as the light source. For the shadowgraph to
work, the light beam illuminating the density gradients must be
parallel. To accomplish this, the light from the slide projector is
bounced off a concave mirror with a focusing distance of five
meters. If the light source is situated at the focal point of the
mirror, the reflected light from the mirror will be parallel. The
focusing optics on the light source helped accomplish adjustment
of the focal point, so that a parallel light beam could be obtained.
To test for a parallel beam, a sheet of paper marked with the outline
of the mirror was passed along the reflected beam. If the diameter
of the reflected beam changed over the measurement distance, the
focal point was readjusted.

The reflected light from the mirror, now made into a parallel
light beam, is passed through the flame, and collected on a second
mirror. The second mirror is used to refocus the light beam. At the
focal point of the second mirror, a shadowgraph image of the
burner is formed. This image should clearly outline the density
gradients in the flame. However, the clarity of the image depends

on the quality of the mirrors, and the power of the light source. The
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greatest factor affecting sharpness in the image is the quality of the
mirror adjustments to obtain a parallel light beam.

A conventional camera with high speed black and white film
was placed at the focal point of the second mirror. It is very
difficult to adjust the brightness of the shadowgraph to the film
speed, and maintain adequate detail. It was also cumbersome to do
a complete set of experiments, only to develop the film, and find
that none of the pictures could be used because of under- or over-
exposure, or lack of detail. To shorten the processing time of the
flame pictures, and to improve the quality of the images, a digital
camera with capturing abilities was used instead of the
conventional camera. The digital camera was a Sony color CCD
camera, attached to a video capture board. By being able to adjust
the light conditions on the camera itself, and receive an image on a
television monitor in real time, it was easy to set up the camera to

adequately capture images with enough sharpness and detail.

3.3.4 Image collection and processing

The digital camera was attached to a computer with a video
control board. In order to match velocity data with pictures in real
time, it was necessary to design computer software to control the
phase doppler and the image equipment. The phase doppler control
program was made into the master controller. The image computer

was configured as the slave, and was attached to the master
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computer through a simplification of the RS-232 serial
communication interface. At the same time a phase doppler
velocity measurement was completed, a picture was taken. The two
data streams were time and date stamped, and given a unique
identification number so that phase doppler data and pictures of the
flame could be linked in the data processing. Processing was done
either off line as a batch sequence or on line in real time.

To obtain the correct geometrical data, a calibration picture
was captured with a sheet of paper measuring three by three
centimeters square, in place of the flame. This allowed a
conversion factor to be obtained for the vertical and horizontal
scales.

A computer program was designed to automatically
eliminate background noise in the picture. It then performed a
simple edge detection by proceeding vertically from the bottom
plane and up, until the flame was reached. Once at the flame
surface, the program would analyse the pixels in a small
neighbourhood , and always move the “mouse” so that the flame
surface was to the immediate left. In this way, the flame was traced
out in a counter-clockwise manner. The tip of the flame was
located, and the data set was split in two. A linear regression was
performed on the data points, to find the slope of the flame surface
on both sides of the vertical center axis.

The angle between the flame surface and the center axis was

calculated on both sides, and an average was obtained.
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3.3.5 Determining equivalence ratio

The equivalence ratio is defined as,

_ (dir/ Fuel)
(Air/Fuel)

stoichiometric

actual mixture

As discussed in section 3.2.1, rotameters were used to set the
equivalence ratio. However, while the accuracy of the rotameters
was good, in order to verify the data, an independent measurement
was needed.

A gas analyzer with real time detection abilities was
purchased from Neotronics Inc. The Digiflam 2000 is a compact
self-contained unit able to detect methane in two ranges. The lower
range is from 0 to 100 percent of the lower explosive limit (LEL).
The upper range is from 5.5 to 100 percent by volume. The
instrument would automatically choose the appropriate range
needed. The instrument was calibrated using a standard procedure
described in Appendix B. The Digiflam was attached to the middle
section of the burner by way of a three-way open tee. When no
measurement was to be made, the third connection on the tee was
left open to the atmosphere. The Digiflam takes a representative
sample by using a small membrane pump. However, this suction
was strong enough to make the flame flicker, and it was decided to
measure the concentration of methane immediately before

collecting any other data.
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3.4 Results of the flame study

Figure 3.7 shows the flame propagation speed as a function of
droplet mass fraction for two equivalence ratios. Figure 3.8 shows
the propagation speed as a function of equivalence ratio for the
extremes of loadings tested. The case of no droplets could not be
measured since the phase doppler needs some particles to validate

upon.
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Figure 3.7: Flame speed as a function of droplet mass fraction
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Figure 3.9: Rate of change in flame speed

As the droplet loading is increased the indication that the
flame is being affected is very visual. This is particularly true for
lean flames. The lean flames grow taller as the droplet loading
increases. This is a direct indication that the flame speed is
decreasing. To understand this effect we only need to look at
Figure 3.1. If S, is decreasing, with Up remaining the same, the
angle « has to decrease, which can only be accomplished by
extending the height of the flame. A red glow was also observed
with increasing droplet concentration. The red glow is radiation
from water droplets or other particles in the flow. This glow would

obscure the outer (visual) cone of the flame. However, since the
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shadowgraph method is only concerned with density gradients, the
red glow was only a concern when taking visual measurements of
the flame.

For very small amounts of water droplets in the flow, the
rich flames become buoyantly unstable, and can not be stabilized
to allow for proper measurement of the flame speed. The data is
therefore incomplete in this respect, and this is the reason for the
“minimal droplet loading” curve ending just beyond the transition
to the rich side of the flame.

The droplet data begins at a mass loading of 0.1 percent,
which was found to be the lowest limit for which seeding of the
flow would trigger the laser anemometer measurements.

It can be seen from Figure 3.7 that there is an initial decrease
in flame speed. Figure 3.9 is used to find the point of zero change
in flame speed. This occurs at 0.42 percent loading, for the
stoichiometric flame, and 0.5 percent for the lean flame. It is
surprising that the initial drop in flame speed is 42 percent for the
stoichiometric flame, and 30 percent for the lean flame with
equivalence ratio of 0.78.

Adding more water droplets to the flame actually increases
the flame speed. Looking at Figure 3.9 again, the point for zero
change in flame speed occurs for the second time at 0.92 percent
droplet loading for the lean flame, and 0.98 percent for the
stoichiometric flame . Both flames attain their points of zero slope

in velocity, at almost the same droplet loading.
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The increase in flame speed from the first minimum is 36
percent for the stoichiometric flame, and 17 percent for the lean
flame. The overall decrease in flame speed from the no droplet
flow is 34 percent for the stoichiometric flame, and 38 percent for
the lean flame, at a droplet loading of 1.2 percent.

With local maxima and minima in flame speed coinciding
for both flames, as evidenced by Figures 3.7 and 3.9, we can
hypothesize that there are two processes working on reducing the
flame speed. Up to the 0.45 percent droplet loading point, it seems
that inert gas expansion from evaporation of the droplets is
responsible for decreasing the flame speed. This is possible since
the expansion from liquid to superheated water vapor involves a
change in density of about 1000 times. Clearly, an expansion of
inert gas that is rapid and massive would distort the chemical
reactions by preventing fuel from reaching the reaction zone. By
diluting the fuel and thereby changing the concentration gradients
in space, the rate at which the chemical reactions progress would
be reduced.

Starting at the 1 percent droplet loading, heat extracted from
the flame by evaporating the droplets is the main cause for
decreasing the flame speed. Heat being extracted from the flame
lowers the flame temperature, thereby slowing down the chemical

reactions, and resulting in a lower flame speed.
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It is also interesting to note that extinction can not be
brought on by inert gas (water droplet) expansion alone. Rather, it
is the amount of heat extracted from the flame that will lead to
extinction.

These hypotheses are supported in the literature. See for
instance references [3, 4, 5, 6] who discuss both dilution and heat
extraction as the main mechanisms for extinction. In the present
study, there is an indication that the two theories are not mutually
exclusive, as discussed by references [3, 4,5 ,6], but rather that
they work at different times in the evolution of spray application to
a flame. In chapter four, a more detailed discussion on the
difference between the heat extraction and dilution mechanisms

will be conducted, as we try to model the flame behaviour seen in

this chapter.
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4. NUMERICAL MODELLING OF DROPLET AND
FLAME INTERACTION

This chapter describes the modelling of water droplets in
flames. Sections 4.1 and 4.2 describe a simple model with one-way
coupling of heat and mass transfer. Sections 4.3 and 4.4 describe a
complicated model with two-way coupling and a more advanced
treatment of the equations for mass, momentum and heat transfer.
Section 4.5 summarizes the key features of this chapter, and
compares the modelling results with experimental results from

chapter three.

4.1 Description of the simple model

The quasi-steady conservation equations for mass,

momentum, species and energy in the gas phase are as follows,

m

rtov = rj,aw vV, = yye = constant  [mass] (D)

p = constant [momentum] (2)
Y 1 7 ,2Y ,

v Ir =,ar2 T [,o r 7{] [species] (3)
Jd_ 1 7 , T

v I p Cpr2 Jr[ r a?_r] [energy] @
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and the boundary conditions are,

@r = T =T, Y =0 (5)
dT mL
= A—| = = =
@ r rd a”r[( qw /owva 4z_rd2 (6)
Y
-D,oz +Y,02,v, = 0.V, €))

In equations (1) through (6) r is the radius from the droplet
center, p is the density of the gas phase, v is the radial gas velocity,
p is pressure, Y is mass concentration of water vapour, D is the
diffusion coefficient of water vapour in the gas, T is temperature,
C, is the specific heat at constant pressure, A is the heat conduction
coefficient, and L is the latent heat of evaporation for the water

droplet.
Equations (5) to (7) include the effect of Stefan flow around

the droplet. The solution to the set of equations (1) to (7) can be
determined analytically by multiplying the equations for species
(3) and energy (4) by 4nr’, and using mass conservation to simplify

the equations. Then,
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where k; is either k; or k; as defined in equations (8) and (9). The

equations for species and energy can be transformed to a readily

solved equation:
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where B is either Y (species), or T (temperature). By making the
assumption that the Lewis number, L, = &/D is a constant, where £
is the heat diffusion coefficient defined as A/(pc,), and D is the
mass diffusion coefficient. The transformed equations with the
boundary conditions Y=Y, @ r=ry, and T=T,, @ r=r,4 give us the
mass transfer rate. The two expressions for the mass transfer rate

are,

A ¢
m=27d—n|1+=(T,-T,)| (12)
c, 9.

Y
=2 7doDln|l+—— 13
m=2700Dnfl+— (13)

w

Furthermore, in this model the droplet behavior is assumed
to be quasi-steady. This means that at each and every time step the
droplet is in equilibrium with the gas phase with respect to
pressure, temperature and species concentration. To find the mass
transfer rate at every time step, the mass transfer rate equations
above are required to equal each other, while solving for the
droplet heat transfer rate q,. In solving this equation, the vapour
species mass concentration is related to the surface temperature of
the droplet by Y,, = fen( Ty, ). The function used in the model is a
cubic spline, and the saturation data was obtained from Cengel and

Boles [47].
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The droplet is assumed to be of uniform temperature, and
any heat absorbed by the droplet is used to raise the bulk
temperature. This is the lumped heat capacity concept, and its
validity is for small droplets only. The limiting parameter is the
Biot number, which is defined as, B; = hD/Agropter, Where the
convective heat transfer coefficient, h, is obtained from the
definition of Nusselt number, N, = hD/Aq,;4. Assuming a constant
Nusselt number of 2.0, the maximum Biot number obtained was
0.21, and the minimum value was 0.08. The limit for applying the
lumped heat capacity method is a Biot number of 0.1. In the hot
combustion products, it was therefore not appropriate to use a
lumped heat capacity method for evaluating changes in droplet
temperature, and this assumption was removed in the advanced
model discussed in section 4.3. The following equations are the
standard equations for droplet motion in a gas flow (see e.g. Crowe
[51D.

By making the lumped heat capacity assumption, the

equation that governs droplet temperature in time is,

dl
MyCy 7: = ’h(qw - L) (14)

The equations that govern the motion of the droplet are,
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av. 18 #
—==f—=U-V
dt ﬂpd;( p) (15)

£=1+015R%*" (16)
dX

L=y A7
” ., A7)

The equation governing droplet mass,

dm, _
—L =z (18)
dt

The variables in equations 14 to 18 are defined as follows:
my is the instantaneous droplet mass, cq is the heat capacity of the
droplet, Ty is the droplet temperature, q,, is the heat transfer rate at
the surface of the droplet, and L is the latent heat of evaporation.
V, is the instantaneous velocity of the droplet, fis a friction factor,
K is the gas phase viscosity, d; is the instantaneous droplet
diameter, U is the gas phase velocity, and X is the distance the
droplet has traveled from its starting point. The equations for m,,
Ty, V;, and X are integrated in time with an O.D.E. solver using the
GEAR algorithm [56]. The integration time is the time to complete

evaporation of the droplet, i.e., when the droplet mass my reaches

ZCro.
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The simple model was tested with gas phase data that was
obtained from the flamelet code RUN-1DL [52]. The gas phase
data pertains to a stoichiometric methane and air flame, from which
the temperature and velocity field was extracted. Figure 4.1 shows
the temperature in Kelvin, and the velocity in meters per second, as

a function of flame coordinate in millimeters.
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Figure 4.1: Gas phase temperature and velocity profiles
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4.2 Computational results from the simple model

Figures 4.2, 4.3 and 4.4 show the progression of a single
water droplet, of varying diameter, through the temperature and
velocity field from a stoichiometric methane and air flame. Since
we are only dealing with one droplet it was assumed that the gas
phase profiles of temperature and velocity would not be affected.
This is the assumption of one way coupling that was mentioned in
the introduction to this chapter. The droplet is released in the
preheat section of the flame, with an initial velocity equal to the
gas flow bulk velocity, and an initial temperature equal to 298

Kelvin.
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Figure 4.2: Five um droplet progressing through the flame
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The results from the three computations can be combined in

a graph of the evaporation times over the range of droplet sizes

from five to fifteen um. This is shown in Figure 4.5.

Time to evaporate a dropletin a stoichiometric flame

Time [ms)

1.6
) 6 7 8 9 10 11 12 13 14 15
Droplet diameter in micrometers

Figure 4.5: Droplet lifetime as a function of initial droplet diameter
To further understand the effect the droplets have on the

flame, the location in the flame where the droplet life cycle ended

is shown in Figure 4.6.
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Figure 4.6: Location of droplet lifetimes in the flame

To explain the effect of the droplets on the flame we have to
look at the structure of a laminar flame. A laminar flame can be
grossly divided into three zones: preheat zone, reaction zone, and
combustion products zone. This is shown in Figure 4.7, with the
temperature profile from a stoichiometric methane and air flame

added for reference.
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Figure 4.7: Flame regions

The reaction zone is characterised by a rapid increase in
temperature where most of the chemical reactions occur. The
preheat zone is a region where heat conduction from the hotter
gases prepares the reactants for chemical reaction by raising their
temperature. Following the reaction zone is a region where the
gases gradually approach their equilibrium state.

It can be seen from Figure 4.6 that the 15 um droplet
evaporates far from the reaction zone, shedding most of its mass in
the hot combustion products as evidenced by Figures 4.4 (a) and
(d). At 2 milliseconds into the evaporation cycle, the droplet has
lost about 3 percent of its mass, but has already passed through

both the preheat and reaction zones of the flame. Hence, the
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required effects of extracting sensible energy from the gas phase,
or diluting the reactants prior to combustion, occurs too late in the
structure of the flame to have any profound effect.

The 10 pm droplet also ends its life cycle in the combustion
products. However, Figures 4.3 (a) and (d) indicate that the droplet
upon entering the region of combustion products has shed over 60
percent of its mass in the preheat and reaction zones.

The 5 um droplet ends its life cycle in the reaction zone, and
sheds 100 percent of its mass in the preheat and reaction zones,
with 50 percent in the preheat zone, and 50 percent in the reaction
zone.

Referring to section 3.3, recall that our experimental results
showed that low concentrations of water spray in the experiments
had a drastic effect in lowering flame speed. In the experiments the
droplet spray had a median diameter of 3.75 um, and our model
predicts that droplets in this size range should shed most of their
mass in the preheat and reaction zones. It is likely that the reason
we get such a drastic reduction in flame speed at low
concentrations of water spray is due to the droplets mainly
evaporating in the reaction zone. As a result, most of the droplet
mass is converted into vapour in the reaction zone, leading to a
diminished species concentration of methane and oxygen. Smaller
gradients in reactant concentration in the reaction zone leads to
lower reaction rates and a lower flame temperature, which in turn

leads to a reduction in flame speed. However, when we increase
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the concentration of droplets in the flow, the above argument does
not explain our experimental results, since a higher concentration

of droplets should lead to more water vapour in the reaction zone,
and should eventually extinguish the flame. This was not the case

in the experimental study.

The reason for this discrepancy lies in the computational
model, which assumes we injected a single droplet into the flow. In
the experiments we injected a spray of droplets, with varying
diameters. As the droplets evaporate they interact and form a cloud
of water vapour around them. This water vapour works to decrease
the evaporation rate of the individual droplets, making them
evaporate slower, and thereby not releasing most of their mass in
the reaction zone. The cloud of water vapour is convected and
diffused downstream, and the water vapour is superheated by the
flame. Another problem is that as the gas temperature drops, the
heat transfer to the droplets is reduced, and the smaller droplets do
not evaporate in the leading part of the flame. Isolated droplets that
would normally be expected to evaporate their mass early are now
evaporating later in the flame, and the effect on the flame is
thereby reduced. This would appear to be the reason why the flame
does not easily extinguish as we increase the spray concentration.
The determining factor instead becomes the ability of the water
cloud to absorb heat from the flame, and to bring the flame
temperature down to a level at which combustion can not be

sustained.
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4.3 Description of the advanced model

The purpose of the advanced model is to elucidate the effect
of increasing water droplet concentration on flame speed. As
discussed in the simple model, increasing water droplet
concentration does not immediately bring on extinction. It is
instead the ability of the water spray to absorb heat from the flame
that will lead to extinction. It is not the total sensible energy
extracted from the flow, or the final mixture composition (as
predicted by equilibrium thermodynamics), but rather the local
dynamics of the rates of evaporation inside the flame that
determines if extinction will occur. The advanced model is a
computer software package named RUN-1DL. It was created by
Professor B. Rogg to perform computational studies on one-
dimensional flames [37].

The program solves a set of ordinary differential equations,
like equations 4.1 to 4.7, but with inclusion of source and sink
terms that describe the effects of chemical reaction. Each chemical
species in the flow has a balance equation to describe its advection,
diffusion and rate of chemical reaction. The rates of chemical
reaction are determined by modified Arrhenius rate equations for
each of the elementary reactions in the mechanism.

RUN-1DL is able to handle many types of reaction

chemistry. For this study a 4-step reduced mechanism for methane
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combustion was used to calculate a freely propagating, one

dimensional, laminar, premixed flame. The reaction scheme is,

CH, + 2H + H,0 - CO +4H,

CO +H,0 - CO, + H,

2H+M->H, +M

O, + 3H, - 2H +2H,0

Table 4.1: 4-step reaction scheme for methane

To evaluate the 4-step scheme as opposed to the 25-step

scheme, the results from a study on strained methane and air

flames published by Rogg [44] are compared in Table 4.2.

Equivalence | Strainrateat | Strainrateat | Difference in
ratio extinction for | extinction for percent in
25-step 4-step strain rate at
mechanism mechanism extinction
1 2275 2145 6.1
0.84 2830 2990 5.7
0.7 2975 3925 31.9

Table 4.2: Comparison of extinction criteria for 4- and 25-step

mechanism of methane combustion

If we stay between equivalence ratios of 0.8 to 1.0 the error

associated with choosing the 4-step mechanism remains bounded

at less than ten percent. The 4-step scheme is easier to implement




numerically, and the computational time required is also less than
for the 25-step mechanism.

For comparing numerical results from RUN-1DL with
experimental results, the stoichiometric flame was chosen. A
stoichiometric flame was chosen because the experiments showed
a great variation in flame speed with increasing droplet loading,
and greater variations in flame speed is easier to observe in the
numerical results.

The droplet model is based on the modernised Sherwood and
Nusselt number corrections. These corrections are required because
the layer of water vapour surrounding the droplet modifies the
spatial profiles for temperature and species concentration.

The Sherwood and Nusselt number corrections are defined

as follows [52],

_B_M(l + BM)-0.7

:S:;t =2+ [(1 + R€S¢)1/3 maX(l, Re)0.077 _ 1]

In(1+ B,,)
]Vu =2+[(1+R,P)" max(, R)M 1] BTII(II(;-+B;:-)0.7
B, = Zi__%
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RUN-1DL fully incorporates two-way coupling. To properly
calculate the effect on the flame by the droplets, and the effect on
the droplets by the flame, an iterative procedure has to be used.
RUN-1DL calculates the gas phase based on constant droplet
profiles, and then reverses the order by calculating droplet profiles
while holding the gas phase as a constant. This process is repeated

until a converged solution is obtained.
4.4 Computational results from the advanced model
Figure 4.8 shows the concentration and temperature profiles

for a stoichiometric methane and air flame, with a droplet loading

of zero. The calculated flame speed is 39.8 centimeters per second.
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Figure 4.8: Profiles of flame properties

To compare the simple and the advanced model we can look
at the process of evaporation for a 10 pm droplet. The simple

model droplet evaporation is shown in Figure 4.9, and the

advanced model prediction of droplet behaviour is shown in Figure

4.10.
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Figure 4.10: Advanced model droplet evaporation
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In both cases, the droplet number concentration was near
zero. Only one droplet was allowed to pass through the flame, and
both droplets started out at the same initial temperature, velocity
and position in the flame. The profiles for mass, temperature and
velocity are very similar. Some droplet evaporation characteristics

are shown in Table 4.3.

Characteristic Simple model Advanced model

Terminal position in

flame 0.89 0.6
Maximum

temperature attained 359 364
Minimum

temperature attained 286 286

Maximum velocity
attained 2.62 2.52

Table 4.3: Selected droplet evaporation characteristics

There is a clear agreement on every characteristic in the
evaporation process, except for the evaporation rate. This results in
a longer lifetime predicted with the simple model. The

disagreement in predicted life time is 33 percent.
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Figures 4.11, 4.12, 4.13 and 4.14 show the effect of

increasing water droplet concentration from a monodisperse spray

with a droplet diameter equal to 10 um.
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Figure 4.11: Profiles of flame properties for a droplet concentration

of 1.5x10" [No./m’]
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No data could be obtained above a number concentration of
droplets of 1.5x10" due to stability problems with the flame code.
As a final comparison, a set of data was computed based on
the experimental measurements. The droplet diameter in the
experiments was Dpegian = 3.75 pm, and droplets this size were
used for the following monodisperse droplet case run with the

advanced model.
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We can see from Figures 4.15 and 4.16 that the evaporation
characteristics differ less for the smaller droplet than for the 10 um
droplet in Table 4.3. The advanced model predicts complete
droplet evaporation at a flame position of y = 0.16, and the simple
model predicts evaporation at y = 0.21. The difference is 24 percent
compared with 33 percent for the 10 um droplet. Referring to
Figure 4.7, we can see that the 3.75 pm droplet evaporates in the
first quarter of the reaction zone. Based on the data from the simple
model, the droplet only sheds one third of its mass in the reaction
zone, while two thirds is shed in the preheat zone. The advanced
model predicts that only 1/6 of the mass is actually shed in the
reaction zone, with the remainder in the preheat zone.

Figures 4.17, 4.18 and 4.19 show the flame profiles and
flame velocity and temperature variation with increasing droplet

concentration for the 3.75 um droplet.
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The flamelet code became unstable for droplet
concentrations exceeding 6x10'* [No./cm®], and a converged
solution could not be obtained.

Table 4.4 summarizes two of the key comparisons between
the 10 um droplet case, and the 3.75 um droplet case, as predicted

by the advanced model.

Parameter for comparison 10 pm droplet 3.75 um droplet

Concentration [No./m’]
required to yield a 1.5x10" 4.5x10"
reduction in flame speed by

8 cm/s

Flame temperature
predicted at a velocity 1970 1970
deficit of 8 cm/s

Table 4.4: Summary of key features comparing two droplet

simulations with the advanced model

Table 4.4 clearly indicates that the advanced model works on
the total heat absorbed by the droplets from the flame. This is
evidenced by identical flame temperatures for a velocity deficit of
eight centimeters per second, but at a substantially higher mass

concentration of water droplets for the smaller droplet case.
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4.5 Conclusions on flame suppression mechanisms

Referring to Figures 4.10, 4.16 and 4.7 it can be seen that the
smaller droplets evaporate in the reaction zone, while the bigger
droplets shed most of their mass in the hot combustion products.
The theory was that the smaller droplets would form steam in the
reaction zone, and the steam in turn would act as an inhibitor, and
lower the flame speed. The advanced model would have to be able
to emulate the physics involved in the dilution process to correctly
predict the variation in flame speed as we use small quantities of
inerts in the computation. When we compare with experimental
results from chapter three, it is clear that the RUN-1DL
evaporation model can not emulate the correct physics.

To consider the effect of increasing water species
concentration in the reaction zone, we can look at the change in
flame speed for an increasing water vapour concentration. This is

shown in Figure 4.21.
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The experimental curve in Figure 4.21 comes from Figure 3.7. The
model curve was computed by finding the equilibrium state of the
reaction system using STANJAN [57]. The equilibrium adiabatic
flame temperature was then correlated with velocity data from
Figure 4.20.

The model curve represents the expected flame speed due only to
cooling of the flame by the water droplets. It is clear from Figure
4.21, that the cooling effect alone does not reduce the flame speed

to the same degree as the experiments.
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The only viable process that remains is the dilution of the
reactants resulting in lower chemical reaction rates in the reaction
zone. Lower reaction rates lead to lower flame temperatures and a
corresponding reduction in flame speed.

An increase in flame speed after the initial decrease was
observed experimentally. The vapour dilution alone was not
enough to bring on extinction, and as we increase the water vapour
concentration, the flame speed increases. This can be explained by
reduced evaporation rates of the individual droplets, as discussed
in section 4.2. Reduced droplet evaporation rates means that the
droplets no longer evaporate where they are the most useful from a
dilution perspective. Instead the individual droplet lifetimes
increase, and the droplets shed most of their mass in the
combustion products, where their effect is minimal. To bring on
extinction we would then need to drastically increase the water
droplet concentration in the flame to cool the flame enough to
bring on extinction. This brings us to the second mechanism of
extinction, which is cooling of the flame until combustion can not
be sustained.

Figures 4.22 and 4.23 show the effect of increasing liquid
water concentration on adiabatic flame temperature and [OH]
concentration. The calculations are equilibrium calculations using
STANJAN. The water droplets were introduced into the reactants

as equivalent liquid water mass.
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We can see that the extinction point is situated at
approximately 1500 Kelvin, where the [OH] concentration levels
off to zero. This would mean a mole fraction concentration of 25
percent water in the reactants. This is very close to the

experimentally observed value of 26 percent [42].
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5. SPRAY GENERATION

This chapter describes two related techniques for generating
dense fine sprays of water. The first is a high pressure mixing
method involving carbon dioxide and water, and the second is
based on the solubility of carbon dioxide in water at elevated

pressures.

5.1 Apparatus

S.1.1 High pressure pumping equipment

Figure 5.1 shows a schematic of the high pressure positive

displacement pump used for compressing liquids and gases.
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Figure 5.1: High pressure pump schematic

Water and liquid carbon dioxide are contained in two
separate cylinders. The water is tap water fed into one cylinder by
gravity feed until all air pockets in the cylinder have been
eliminated. A shut off valve is then actuated to close off the
cylinder to outside air pressure.

Liquid carbon dioxide is drained from a high pressure
carbon dioxide tank through a dip tube and piped into the second
cylinder. The multiphase mixture of gas and liquid carbon dioxide
is cooled in the cylinder by applying a cooling jacket of solid
carbon dioxide pellets, going through sublimation at -56 °C, until a
homogenous fluid of liquid carbon dioxide exists inside the

cylinder. The cylinder is then purged of air pockets by pressurising
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the liquid and opening a relief valve until a spray of liquid carbon
dioxide emerges.

To pressurise a cylinder, a stainless steel piston is inserted
into the cylinder, reducing the space available for the liquid.
Pressure integrity for the cylinder is maintained by a high pressure
seal at the rear of the cylinder, where the piston is inserted. This
arrangement allows for better performance of the seal by
eliminating contact between the piston and the walls of the
cylinder.

To track the advancement of the piston, and conversely the
volume of liquid expelled, the piston is connected to an external
pointer and linear scale. The scale is calibrated to cubic centimeters
ranging from O to 500 units per cylinder. The calibration was
confirmed by using a laboratory flask and drawing 10, 50 and 100
cubic centimeters of liquid.

In automatic feed mode both pistons are interlocked by a
gearing mechanism, and are not allowed to move independently.
Depending on the gear ratio set by a step variable gear box, various
flow rates could be obtained. There are 4 ranges (A through D)
available, each with seven possible settings within the range. See

Table 5.1 for available pump settings.
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Gear 1 2 3 4 5 6 7
settings
A 5 625 | 7.5 10 12.5 15 17.5
B 20 25 30 40 50 60 70
C 80 100 120 160 | 200 | 240 | 280
D 320 | 400 | 480 | 640 | 800 | 960 | 1120

Table 5.1: Discharge rates in cc/hour per cylinder

To calibrate the flow rate, a laboratory flask was used to

draw 10, 50 and 100 cubic centimeters of fluid, and the time

required to draw the fluid was measured with a digital stopwatch.

By using a high gear ratio and an electric three phase motor

running at constant speed, it was found that any variation in fluid

volume output due to pressure loading in the system was

negligible.

The mixing arrangement for bringing water and carbon

dioxide together at high pressures, is shown in Figure 5.2.
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Figure 5.2: Fluid filters, piping and mixing tee.

The mixing section is divided into hot and cool
compartments. The cool side is used to maintain the carbon dioxide
as a liquid. A liquid phase of carbon dioxide is required at the
mixing tee to ensure proper mixing with the water. The hot side is
used to heat the water so that the temperature at the mixing tee can
be varied. More details on the entire experimental setup are given
later.

To ensure purity of the liquids both are pumped through a
high capacity filter with an upper cutoff limit of five um. The
output of the filters are connected to a three way chromatography
tee. The chromatography tee has a dead volume of only 4x10°° cm’
. A small mixing volume is absolutely necessary to obtain a spray.

Initial experiments were conducted with a mixing tee made from

1/32 inch stainless steel tubing, with an estimated dead volume of
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3x10™ cm®. These experiments resulted in a carbonated water jet
issuing from the nozzle, and no spray would form under any
conditions. Through a private communication with Professor R.E.
Sievers at the University of Colorado at Boulder, the inventor of
this spraying technology, it was revealed that to obtain rapid
mixing and decompression of the supercritical fluid, a small dead
volume mixing tee is required.

The third connection on the chromatography tee has a
very fine nozzle attachment. Figure 5.3 shows a more detailed view

of the mixing tee and nozzle.

/—Thin wall nozzle

A )
Carbon dioxide W////////%
|

inlet
Small dead volume

Water inlet

Figure 5.3: Mixing tee and nozzle

The nozzle is custom made with varying length and diameter.

Table 5.2 lists the nozzles used in this research.
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Nozzle number Length [cm] Inside diameter [um]
1 25 63
2 5 63
3 5 100
4 10 100

Table 5.2: Nozzle configurations

The nozzle is a composite design consisting of decreasing

sizes of concentric circular tubes. Figure 5.4 shows a typical cross

section of the nozzle design.

All dimensiona are gauge except otherwise noted
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Figure 5.4: Nozzle design

33

The nozzle is manufactured using high tensile glue to bond

and seal the tubes together. It was found that in order to fill in the

annular space between the tubes and to maximize the contact area

several types of glue were required. The glues used were the

Loctite super bonder series, numbers 420, 495 and 496. The super

bonder 420 works through capillary action to fill gaps up to 2/1000
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of an inch. The 495 is a general adhesive that fills gaps to 4/1000
of an inch, and the 496 was used to bond the outer tube to the
nozzle core.

Since the surface area of each tube is used to maximize
contact area, the shear forces resulting from applying fluid pressure
are equally distributed among the layers, and the high strength
adhesives have proven to be a fast and easy way to maintain
pressure integrity.

The center tube is the most difficult one to manufacture.
Since the inner diameter is only 63 um and the tube has a very
limited wall thickness, any mechanical means of cutting will result
in crimping the end of the tube shut and fracturing the tube wall
longitudinally. This was observed through a microscope studying
the effects of mechanical cutting methods on the smaller tubes.
Instead the tube is cut with a 25,000 rpm grinding wheel. This
method will result in partial crimping of the tube wall, but will not
cause any fractures. The end of the tube is then cut with the acid
aqua regia. This process will result in the tip of the tube
dissolving, and any obstructions inside the tube being cleared. Acid
residues are then cleaned off in an ultrasonic cleaner.

The mixing section in Figure 5.2 and the pump in Figure 5.1
are connected by high pressure flexible hoses, to allow for greater
movement of the nozzle for measurement purposes. Figure 5.5
shows the complete experimental setup except for diagnostic

equipment.
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Figure 5.5: Experimental setup

As manufactured, the pump displaces both cylinders at the
same rate, resulting in a 50/50 carbon dioxide and water mix, by
volume. The design of the pump was altered by placing a
secondary gearbox in the carbon dioxide piston feed module.

The flowrate of the two cylinders remain proportional to
each other due to the mechanical feed constraints imposed, but
now various mixtures of water and liquid carbon dioxide could be

achieved. Figure 5.6 shows the possible settings.

I L | l
W I I [
0 é 6 12 33 50 67 100

Figure 5.6: Mixture ratios expressed as percent CO, by volume
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The mixing section shown in Figure 5.2 has a warm and a
cool side. The warm side is the nozzle side, and this section is
attached to a heating system with a circulation pump. To heat the
circulating fluid, the system has a heating coil with two way
control, and a temperature feedback from the base of the mixing tee
by way of a thermocouple attachment. The setpoint for the heating
system could be varied between 25 and 60 degrees Celsius.

The cool side is needed to maintain the carbon dioxide as a
liquid. We need to maintain system pressure and incompressibility,
and eliminate fluid feed disturbances as a result of changing
mixture densities in the carbon dioxide feed line. The only way to
accomplish incompressibility is to keep the carbon dioxide in a
liquid phase. Figure 5.7 shows the boundary between liquid and
gas for carbon dioxide. The dividing line between a supercritical
and a subcritical fluid is also shown on Figure 5.7. This is for
illustration purposes only, since the carbon dioxide feed line

temperature is never allowed to exceed 30 degrees Celsius.
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Figure 5.7: Liquid/Gas boundary for carbon dioxide

S5.1.2 Pressurized liquid equipment

This section describes an alternate method for producing a

fine spray from a carbon dioxide and water mixture. While the

previous approach is complex and involves a considerable amount

of equipment, this method is very simple. The trade off in using a

single pressurised cylinder is that the amount of carbon dioxide in

the mixture is now fixed.

Figure 5.8 shows the high pressure cylinder used in the

approach where carbon dioxide is dissolved to its solubility limit in

water.
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Figure 5.8: High pressure mixing cylinder with connections

The pressure cylinder has a dead volume of 100 cubic
centimeters, and is certified to 3000 psi of pressure. It has two
connections with shut off valves attached. The cylinder is filled
with tap water using the bottom valve to displace any air inside the
cylinder. The top valve is then closed and the cylinder is
pressurised by injecting water from a positive displacement pump,
until the desired pressure is achieved.

The cylinder is then disconnected from the water source, and
reconnected to a variable pressure liquid carbon dioxide source.
The carbon dioxide liquid pressure is adjusted to match the
cylinder pressure and the shutoff valve to the cylinder is opened.
The system pressure can now be set by changing the pressure of
the carbon dioxide source.

The second valve at the opposite end of the cylinder is
opened, and a specified amount of water is withdrawn from the
cylinder while maintaining constant system pressure injecting

carbon dioxide. There is now a mixture of water and liquid carbon
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dioxide inside the cylinder. The liquid carbon dioxide shutoff valve
is closed and the cylinder is allowed to come to equilibrium. This
will result in a pressure drop as the carbon dioxide dissolves into
the water, to the amount determined by the solubility limit.

When the cylinder has come to an equilibrium state it is once
again connected to the carbon dioxide pressure source, and the
system pressure is increased by injecting liquid carbon dioxide
until the desired pressure is reached.

To enhance mixing of the liquid carbon dioxide and water,
the cylinder is tilted 45 degrees back and forth several times during
the mixing cycle. The whole process takes three days to
accomplish, during which time the surrounding temperature of the
cylinder is kept fairly constant by keeping the cylinder submerged
in a temperature control water bath. Maintaining a constant
cylinder temperature is important, since the solubility limit of
carbon dioxide in water is strongly dependent on temperature.

When one of the nozzles from table 5.2 is attached to the
cylinder and the shutoff valve is opened, a dense fine spray will
form at the nozzle exit.

The flowrate of the spray was determined by spraying the
fluid into a laboratory flask and recording the time to achieve 5, 10
and 20 cubic centimeters. The flowrate was fairly constant due to
the expansion of liquid carbon dioxide coming out of solution as

the pressure decreased inside the cylinder.
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5.2 Diagnostics

5.2.1 Quality measurements

To determine the quality of the spray, i.e. the size
distribution of the droplets, two different types of equipment were
used. The first was a phase doppler anemometry system and the

second was a time of flight system.

3.2.1.1 Phase doppler anemometry

The phase doppler works on the principle of light scattering.
By analyzing the frequency spectrum of reflected and refracted
light from a particle being illuminated by a laser light source, the
size and velocity of a particle can be determined.

To calibrate the phase doppler, dried particles of polystyrene
were used. The polystyrene particles were 1, 5 and 10 um in size.
The particles were aerosolized by using a medical nebulizer and
spraying a solution of particles in water into a drying chamber that
consisted of a large Plexiglas tube with air flow entering
perpendicular to the nebulizer spray direction. The particles were
measured by the phase doppler system and it was found that the
distribution was monotonic with a size deviation of no more than

five percent from the stated mean.
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When measuring the nozzle sprays the measurement point in
the spray cone was one centimeter up from the tip of the nozzle and
in the lateral plane visually determined as the center of the spray.

The phase doppler anemometer used for this study was the
Dantec model 58N10 configured for one-dimensional

measurements using three photodetectors.

5.2.1.2 Time of flight instrument

Time of flight methods to determine particle size is based on
the simple concept of particle drag. The flow that the particle
resides in is accelerated from a low velocity to near sonic velocity.
The inertia of the particles results in different rates of acceleration
for different sizes of particles. The size of the particle can be
determined by measuring the time of flight between two laser
beams. Heavier particles will have a longer flight time than lighter
particles thereby creating a correlation between size and time of
flight.

Like the phase doppler system, the calibration specimens
were dried polystyrene particles of sizes 1, 5 and 10 micrometer.

Aerodynamic time of flight methods will measure a size
distribution, but the particle velocities can not be determined with
this instrument. A time of flight system is therefore limited in its

scope of use.
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To use this diagnostic method the particles must first be
collected and sampled in a well controlled flow. This was done by
having the experimental apparatus spray droplets into a large
closed vessel. Once the vessel was saturated with droplets, the time
of flight instrument would draw a sample from the vessel at a fixed
flow rate.

The time of flight instrument used in this study was the

Aerosizer Mach 2 by Ambherst Process Instruments Inc.

5.2.2 Comparing the phase doppler to the time of flight

instrument

The calibration data was compared between the phase
doppler and the time of flight instrument. It was found that for
smaller particles, there was a negligible difference in reported data.
However, as the particles increased in size there was a difference of
about 20 percent. As the data from the nozzles were compared, this
difference increased to 30 percent. This is most likely due to the
difficulty in getting a representative sample from the spray. Larger
particles were more difficult to capture with the time of flight
instrument, and this data would consistently indicate count, surface
and mass mean values that were lower than those measured with
the phase doppler system. It was therefore decided to use the phase
doppler as the primary tool for gathering spray data, and to use the

time of flight instrument for independent comparison of trends in
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the measurements. The time of flight instrument was also used for
sampling the whole spray, since the phase doppler only gives a
point measurement. However, due to the severe biasing of spraying
droplets into a vessel and sampling from that vessel, the time of
flight data collected in this fashion was not used further in this
study.

5.3 Results

5.3.1 High pressure pumping apparatus

Table 5.3 shows the results of an experiment with nozzle
number four, nozzle diameter is 100 pm and nozzle length is 10
centimeters.

All diameters measured are in um, the pressures are pounds
per square inch - gauge, and the temperature was measured in
degrees Celsius. Two data points for 25 °C, 1000 and 1100 psig
pressure always resulted in an oscillatory spray output between a
jet and a spray. The behaviour observed most frequently was the
jet, and the droplet sizes from the jet breakup are therefore
recorded in Table 5.3 with the label (Jet). The mixture ratio of
carbon dioxide and water was 50/50, i.e. always above the

solubility limit for carbon dioxide in water.
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Pressure
[psig] 900 1000 1100 1200 1300
Temperature
25°C
D10 5.92 8.33 (Jet) | 7.32 (Jet) 4.74 4.45
D30 7.94 12.62(Jet) | 10.19(Jet) 6.17 5.60
Temperature
30 °C
D10 5.95 5.71 5.04 4.70 4.57
D30 7.94 7.67 6.64 6.13 5.79
Temperature
35°C
D10 4.81 5.7 5.25 4.78 4.57
D30 6.04 1.72 6.88 6.15 5.88
Temperature
40 °C
D10 4.87 5.40 5.70 5.53 4.69
D30 6.33 7.16 7.23 7.05 5.92

Table 5.3: Droplet sizes, D10 is count mean diameter, D30 is mass
mean diameter. D10 and D30 are defined on page 98. The droplet

size measurements are accurate to within one percent.
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Figure 5.9 shows the variation of count and mass mean
diameter with changing nozzle geometry, for a pressure of 1300

psig, and a temperature of 35 degrees Celsius.
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Figure 5.9: Count and mass mean diameter versus nozzle geometry
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Looking at the data points in Table 5.3 near the critical point
for carbon dioxide (P.yi = 72 atm., and T = 31.3 °C), we can see
that in this region the droplet sizes decrease with increasing
pressure and increase with increasing temperature. To understand
this phenomenon we need to look at the phase diagram for carbon
dioxide. Figure 5.10 shows a phase diagram for carbon dioxide,

adopted from Din [46].
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Figure 5.10: Simplified temperature versus entropy diagram

Below the critical temperature, as we increase the pressure

the solubility of carbon dioxide in water increases monotonically.
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Table 5.4 is a minimized adaptation of data from Wiebe and Gaddy

[33], on the solubility of carbon dioxide in water at various

temperatures from 12 to 40 degrees Celsius.

Pressure T=25°C | T=31°C | T=35°C | T=40°C
[atm]
50 27.2 24.1 222 20.3
75 31.1 29.3 27.8 25.8
100 31.7 30.1 29.1 27.8

Table 5.4: Solubility cc. S.T.P. per gram of water

Arguing that increasing solubility of carbon dioxide in water
will give smaller droplet sizes is correct based on the droplet size
data for 30 degrees Celsius. However, when we look at the droplet
size data for 35 and 40 degrees Celsius from Table 5.3, which is
above the critical temperature for carbon dioxide, we see that the
droplet sizes actually increase initially with increasing pressure,
even though the solubility of carbon dioxide in water is rising.

This phenomena can be explained by looking at Figure 5.10,
and introducing the critical isochore as a dividing line between two
regions of droplet creation. On the left side of the critical isochore
we have pressurised liquid, and on the right side we have
superheated vapor. Referring to Altunin and Vukalovich [45], page
72, “... a liquid/vapor phase transition involving a structural change

also occurs in the supercritical region. However, in contrast to the
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subcritical region, this transition is continuous and
microheterogeneous in form.”. The authors go on to state that «...
the critical isotherm cannot be considered as the boundary between
the liquid and vapor ...”.

Following this argument means that as we are about to cross
the critical isochore we have a multiphase mixture of liquid and
gaseous carbon dioxide and water. This multiphase mixture
changes properties in a continuous and microheterogeneous way,
and we have the possible situation of dealing with continuously
changing mixing conditions. This contributes to an instability in
the droplet creation process, and the conclusion is that this area
should be avoided for droplet production.

Vukalovich and Altunin [45] also define the transition
boundary as the area “... between the lines of maxima of the
derivative dv/dT at constant pressure and the maxima of the
specific heat C; along the isobars ...”. This definition has the effect
of expanding an area around the critical isochore, in which the
formation of a steady spray is impossible.

Analysing the data for different nozzle geometries, we find
that there is no real difference between nozzles one, two and four
as shown in Figure 5.9. The fourth nozzle produces slightly larger
droplets, the difference being 1.5 um in count mean diameter
average, and this is likely due to variances in the phase doppler
measurement setup. Changing the needle length does not affect

droplet production at all.
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5.3.2 Solubility apparatus

To confirm that the dominating effect on droplet size is
solubility, the pressurized cylinder described in chapter 5.1.2 was
attached to all four nozzles, and the spray was measured using the
phase doppler anemometer. The result was a spray with mass mean
diameter equal to 10 um, and it was found that the droplet size was
independent of cylinder pressure, temperature, and nozzle
geometry. This only leaves the amount of carbon dioxide injected
into the cylinder as the remaining factor.

To confirm the effects of varying concentrations of carbon
dioxide, the high pressure pump was run at all the settings shown
in Figure 5.7. When the amount of carbon dioxide in the water was
reduced below the saturation limit, no spray could be obtained, and
instead a carbonated water jet was obtained. Conversely, when the
amount of carbon dioxide was increased above the solubility limit,

a spray readily formed.
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6. CONCLUSIONS

A study of the process of flame suppression by fine water
mists has been conducted. It was found that there are two possible
mechanisms for reducing the propagation speed of a laminar,
premixed methane and air flame.

The first process is the dilution of the reacting species by
introducing an inert such as water vapour. The water vapour comes
from evaporating droplets that are smaller than five um in size. It
was shown by numerical modelling of droplet evaporation in a
temperature and velocity field from a stoichiometric flame that
droplets smaller than five pm in diameter evaporate completely in
the preheat and reaction zones. This was considered to be a
requirement for effective dilution of the fuel and oxidizer species.

The second process is heat extraction from the flame. It was
shown that heat extraction is not important in the initial stages of
flame suppression. However, as the droplet loading increased, heat
extracted from the flame resulted in a reduction in flame speed.

It was further shown that the two processes of suppression
work at different times in the evolution of a flame subjected to a
fine water mist. Vapour dilution reduces the flame speed
significantly at low droplet loadings. At high droplet loadings, heat
extracted from the flame is the major factor in reducing flame

speed.

103



In the transition region between low and high droplet loadings, the
flame speed increases before enough water mass can be injected
into the system to bring it into the high droplet loading regime.

The flamelet code RUN-1DL in its present configuration can
not be used to elucidate the effects of dilution in the reaction zone.
The modelling consists of the droplet and flame interaction
behaving as a simple “heat in - mass out” model, with the
appropriate damping terms in the droplet equations to control the
evaporation rate. However, the flamelet code was useful for
obtaining numerical data on flame propagation speeds, and to
evaluate the simple droplet evaporation model.

The work on generating water sprays resulted in a useful
apparatus for producing very fine mists. The results from the spray
generation studies indicate that for the technology to work there is
no need to obtain a supercritical thermodynamic state. The spray
formation is closely related to the solubility limit, and hence the

amount of carbon dioxide available in the mixture.
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7. FUTURE WORK

The data on flame behaviour is incomplete. The range of
water spray concentration can be expanded with the help of the
spray generation apparatus. The rich flames became buoyantly
unstable for low concentrations of water spray. Even though the
behaviour of the rich flames at low concentrations can be inferred
from the data, there is a need to collect flame speed data for the
rich flames. A method has to be devised to stabilize the rich flames
so that flame speed measurements can be made.

The modelling of flame behaviour is in the early stages. The
current computer code (RUN-1DL) has a problem converging to a
solution when the water droplet concentration is raised above a
critical value. The flame behaviour predicted by the flamelet model
is inconsistent with the experimental data for low water droplet
concentrations. A new model for flame and droplet interaction has
to be developed.

The theory of droplet formation for supercritical fluids is
incomplete. A thermodynamic model needs to be created to explain
the phenomena of fine droplet generation. Additional
measurements at high levels of supercritical solvent needs to be

made to map out the entire range of solvent mass fractions.
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A flame suppression system needs to be designed and tested
from an engineering perspective to verify the practical application
of a flame suppression system utilising fine water mists. An
example of how this system may be designed is given in

Figure 7.1.

Self contained unit
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Figure 7.1: Flame suppression system using fine water mists
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To generate the fine sprays required for flame suppression in
the lab, a modified version of the flame suppression system in
Figure 7.1. can be used. This system would use the pressurised
cylinder filled with extingushing medium and supercritical solvent,
but exclude the flame detection and spray actuation components.

A spray generation system that does not use the high
pressure pump to mix the fluids would be much easier to operate. It
would also yield more consistent results since the desired spray

properties can be set before starting the flame experiments.
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APPENDIX A: ROTAMETER DATA

By constructing tables with a main index of pressure, and
further index the tables to the rotameter reading, the flow rate of
each gas can be determined, and an equivalence ratio calculated.

Table A.1 is the calibration chart for an air pressure of 26 psig, and

a fuel pressure of 25 psig.
Equivalence ratio for air rotameter reading Fuel rotameter reading
8.7 units {units]
0.5 3.6
0.6 4.0
0.7 4.3
0.8 4.6
0.9 4.9
1.0 52
1.1 5.5
1.2 5.8
1.3 6.1
1.4 6.4
1.5 6.7

Table A.1: Rotameter fuel calibration chart
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APPENDIX B: METHANE DETECTOR
CALIBRATION PROCEDURE

To calibrate the Methane detector, two bottles of certified
gases were purchased. The first calibration gas was methane at a
concentration of 50 percent LEL with the balance being dry air.
The second calibration gas was 50 percent methane by volume
with the balance being Nitrogen.

By flowing the gases through the detector for several
minutes at a time, the electrocatalytic pellistor would be saturated
with the gas mixture, and the zero would be set for that range.
After the instrument was calibrated, it was tested with four
different mixtures of gas, all containing varying levels of natural
gas. In order they were: dry air with zero percent methane, 50

percent LEL, 50 percent by volume, and 100 percent by volume
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