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Abstract

Nearly all active fire extinguishing systems consist of injecting an agent into
the space set on fire. For aircraft cargo cabins, the agent widely used up to
date is Halon 1301. The FAA provides a level of safety for this fire suppression
agent that needs to be used in a volumetric concentration of 6% and needs to be
acting for a duration of 0.5 seconds. On the other hand, Halon 1301 is known
to contribute to the retrenchment of Earth’s atmospheric ozone layer, therefore
it is going to be prohibited in the incoming years. The FAA has defined an
equivalent level of safety in terms of the performance of the alternative agents.
In this research, two different alternative fire suppression agents and two noz-
zles were tested at two vessel back-pressure conditions using a new design in
purpose facility and an injection system able to control the injection pressure
and the injection duration (the agent injected mass) in order to satisfy the FAA
performance conditions. The discharge volume is a rectangular constant volume
constant pressure vessel of approximately 0.85m? and 1.5m of length that is
provided with two transparent windows of 0.75m x 1.5m to ensure an optical
access to study the whole agent injection and it mixing process. Liquid phase
distribution of the agent injected inside the vessel is measured by means of Dif-

fuse Back-Light Illumination (DBI) technique. Vapor phase distribution, when
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present, is measured through the single-pass Schlieren technique. Results show
a poor performance in terms of spatial distribution (narrow jet with little atom-
ization) of the two alternative agents injected through the nozzle actually used
in the aircraft cargo cabin fire suppression systems. However, simply replacing
the nozzle and using one with a swirler showed excellent performance in terms
of spray penetration and spreading angle. This results ratify that the nozzles of
the fire extinguisher system currently used in the aircraft cargo cabin does not
work for the alternative agents tested.

Keywords: Fire suppression agent, spray, penetration, spreading angle, spatial

distribution.

1. Introduction

Fire suppression systems are a requirement for every assembly and con-
struction, also on airplanes [I]. Halon 1301 has long been the choice for fire
extinguishment systems for several years, however, due to its high ozone de-
pletion potential its production was banned since 1994 under the Copenhagen
Amendments to the Montreal Protocol on Substances that deplete the ozone
layer [2] and all the efforts are focused on finding a replacement that yields
the same results on fire control in enclosed spaces. In this study, Novec 1230
(dodecafluoro-2-methylpentan-3-one [3]) was used as a possible candidate, in
addition to water, fluid widely studied in the literature which reports high effi-
ciency and versatility as a fire extinguishing agent [4]. The present investigation
focuses on the analysis of the suppressant distribution into the aircraft cargo
cabin volume where fire could occur.

As said by Hipsher and Ferguson [5] the actual technology of smoke detection
systems on airplanes can provide an indication of fire in a shorter time within
one minute from fire occurs. In all cases, the smoke detection systems can detect
a fire at a temperature significantly below that at which the structural integrity

of the airplane could be adversely affected.
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Halon 1301, once injected through the fire extinguisher system, rapidly evap-
orates and distributes in the volume due to its low vapor pressure and low boiling
point. A concentration of only 7% by volume in air extinguishes fires by a com-
bination of cooling and interference with the chemical reaction chain of fuel and
oxygen [0]. For Novec 1230, the required concentration for extinguishment is
slightly lower for class B and surface class A hazards (4.5% and 4.1%, respec-
tively) [7]. Tt has a lower vapor pressure than Halon 1301 but a higher boiling
point. The use of water mist as a halon alternative in aircraft cargo compart-
ments was documented and studied by the Federal Aviation Administration [g].
The objective of the water mist fire suppression system in the cargo cabin is to
provide a period of protection that will allow the airplane to be landed safely.

The use of high-pressure water mist for extinguishing fires in enclosed spaces
has been extensively studied and documented over the years [[9],[10], [IT], [12]]
due to its advantages such as non-toxicity, non-environmental risk, high effi-
ciency and great utility to face different types and conditions of fire [13]. For
fires in enclosed spaces low momentum sprays can be used and the spray flow
density required to extinguish them is ten times less than the required to sup-
press a fire in a well ventilated space of the same size [14]. Chuka et al. [I5]
studied the effects of droplet size and the orientation of the mist spray injection
in the extinction of pool fires and they determined that smaller droplets are
much more effective [[I6], [I7]]. Liu Yinshui et al. [18] studied the effects of the
flow rate and the spray cone angle in the water mist fire suppression performance
and they concluded that the coverage area of nozzles increased with the angle,
while the velocity behaved to the contrary and for fires in an enclosure, the fire
extinguishing time increased with the spray cone angle and decreased with the
increase in supply pressure and the flow rate. As said by Liang et al.[T9] water
mist has been studied for decades and it is reliability as a fire extinguishing
agent is debated especially for small fires due to it is extinguishing times. For
water mist fire suppression systems, an appropriate duration of water supply
for each project needs to be selected according to the required time to avoid the

re-ignition of small flames that can be present in the area where fire occurs.
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Differences in liquid and vapor distributions of these two alternative agents
(water and Novec 1230) in a controlled injection event are analyzed for different
back-pressure and temperature conditions using two different nozzles. Diffuse
Back-light Tllumination (DBI) technique is used for visualizing the liquid phase,
and single-pass Schlieren for the vapor. The combination of these two techniques
allows a better understanding of the injection system and how the condensed-
phase is distributed. It may help to propose variations in the actual cargo cabin

aircraft extinguisher system, particularly the nozzle.

Nomenclature

Ap Pressure drop [Pa] D Orifice diameter [m]
m Mass flow rate [Kg/s] L Orifice length [m]

p Density of the fuel [Kg/m3] p Pressure [Pa]

Dinj Injection pressure [Pa] SOI Start of injection [s]
A Area [m?] t Time [s]

2. Materials and Methods

2.1. Test rig, matriz and fluids

The fire extinguishing system used in airplanes consist in a bottle where
the working fluid is stored and a nozzle through the fluid is injected [6]. A
real cargo cabin fire extinguishing system similar to the one present in the A310
passenger airplane was used as a reference. In order to simplify the experimental
measurements, a simple mono-orifice nozzle with an outlet diameter of 2 mm
was used. This nozzle was intended for the injection of Halon 1301. Because
of this, a poor performance was detected in the injection of Novec 1230 so a
new nozzle of Spraying Systems Co Ref 1/4GG-SS3009 with the same outlet
diameter and swirler was selected in order to add a tangential component to

the flow and improve spray atomization and increase cone spray angle. The



7o mass flow rate for this new nozzle was to be the same that the old nozzle [20]
in order to accomplish the regulations and concentration in volume needed in a
fire extinguishing system [7]. In Figure [1| both nozzles used in the experiments

can be observed and Table [I] shows the main characteristics of the nozzles.

(a) OldNozzle.
(b) NewNozzle.

Figure 1: Nozzles used in the experimental campaign.

Table 1: Nozzles characteristics.

‘ OldNozzle | NewNozzle

Orifice diameter [mm] 2 2
L/D 0.5 -
Swirler No Yes

Max. operating pressure [MPa] 5 2

Figure [2| shows a diagram of the experimental setup used to pressurize and

7 control the injections. The system consists of a pressurized nitrogen bottle
of 20 MPa which allows to regulate the system injection pressure, connected

to a piston accumulator where the fluid to be injected is stored. The 12mm
diameter line that connects the nozzle with the tank has two solenoid valves
(one normally open and one normally closed) responsible for controlling the

so duration of the injection. The system has pressure and temperature sensors
to monitor the injection process. The signal provided by the pressure sensor
Kistler 4260A3K0B2FD00Y1 located just before the nozzle was used to obtain

the mass flow rate and the total injected mass.
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Figure 2: Diagram of injection system.
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A picture of the test rig is shown in Figure[3] It is composed of a rectangular

ss  sealed prism with an interior volume of 750x750x1500 mm enough to avoid the

spray colliding with the walls during the injection event. The lateral sides of

the test rig vessel consists of two transparent windows (750x 1500 mm in size

and 19mm thick to withstand the pressure loads).
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Figure 3: Test rig vessel with DBI optical technique setup.

An air recirculation system was used to renovate the air inside the vessel after
o each injection event in order to avoid rising in the density of the air because
the vapor phase of the Novec 1230 is heavier than the air (can increase up to
7 times the density if the saturated mixture of air and Novec 1230 is reached).
The tests were carried out at atmospheric pressure and at 0.75 bar (pressure of
the cargo cabin during the flight). In order to reach the low pressure condition

os inside the test rig a vacuum pump was used.

Preliminary analysis has shown that even with short injection duration, the
sprays coming out from the extinguishing system may easily reach more than
1m in length. Therefore it was necessary to establish different fields of view to
study the phenomenon in segments and subsequently analyze the development

wo of the spray as a whole. The visualization windows were limited by the optical
elements and by the space of the entire setup (needed to fit inside the climatic

chamber). In order to achieve the low temperature conditions the climatic



chamber facility was used for the entire experimental campaign. A diagram of

the fields of view (FoV) used to characterize the spray can be seen in Figure El

Field of View #4

Field of View #1 Field of View #2 Field of View #3

L,

Figure 4: Schematic diagram of the side view of the vessel.

105 Table [2| shows the exact values of the positions of the fields of view aligned
with the axis of the nozzle, except for the field of view #4 which is located
above the axis of the nozzle (the FoV #4 overlaps with the FoV #2 but it can
not be seen in the figure) to confirm that the spray cone angle obtained in the

field of view #1 is maintained throughout the injection event.

Table 2: Position and size of the fields of view.

| Position x-y [mm)] | Width [mml] | Height[mm]

FoV #1 -11-0
FoV #2 450 - 0 171 85
DBI
FoV #3 790 - 0
FoV #4 450 - 80
FoV #1 -30-0
FoV #2 450 - 0 160 80
Schlieren FoV #3 790 - 0
FoV #4 450 - 80
110 Halon 1301 can be stored in small volume as liquid at room temperature
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and pressures above 1.61 MPa [2I]. The U.S Army has adopted a standard
storage of 5.2 MPa at 293 K[6]. In order to reach the actual injection pressures
into the aircraft’s cargo cabin, losses along the real pipeline system must be
taken into account. Those are difficult to estimate and depend on the partic-
ular arrangement of each aircraft. Thus, two representative values of the real
conditions,1.5 MPa and 2.5 MPa, are selected. However, after completing the
entire original test matrix, injections were made with the fluid at low temper-
ature (278 K) and the indoor air temperature of the vessel at 278 K to observe
the effects of temperature on the spray development.

The two fluids used as possible fire suppressants were water and Novec 1230.
Its thermo-physical properties [[22]] are compared with Halon 1301 [6] in Table
These properties play a fundamental role in the development of the spray,
widely discussed by Reitz et al. [23]. and this will be shown later in this work.

Table 3: Thermo-physical properties of Halon 1301 and the alternative suppressants. All values at 298 K

unless otherwise specified.

Property ‘ Halon 1301 Water Novec 1230
Chemical formula CF3Br H>0O CF3CF3C(O)CF(CF3)s
Molecular weight[g/mol)] 148.91 18.02 316.04
Boiling point at 0.1 MPa [K] 215.35 373.15 322.25
Freezing point [K] 105.15 273.15 165.15
Vapor pressure [MPa] 1.47 0.04 0.002
Density [kg/m?] 1551 1000 1616
Liquid viscosity [kg/ms] 0.16e-3 1.03e-3 0.39e-3
Surface tension [N/m)] 5.95e-3 72.75e-3 108e-3

125

2.2. Diffuse back-illumination imaging(DBI)

Diffuse back-illumination imaging (DBI) is one of the established measure-
ment techniques applied by the Energy Combustion Network (ECN) for liquid
phase penetration [24]. It consists in the determination of the shape of the
spray liquid phase based on the silhouette obtained by the obstruction of a
beam of diffuse light with the spray at inert conditions. The setup utilized for



1 this method is represented in Figure ] The light beam is produced by a high
power continuous light source and goes through a diffuser which homogenizes
and smooths the background of the spray image. After trespassing the measure-
ment section, the light goes to a high-speed Phantom V12 camera that records
the spray injection. An example of the images recorded using this technique in

s all fields of view of Table[2]is shown in Figure [6]

Frontal View

Diffuser

High speed camera Light source

Figure 5: Scheme of the DBI optical setup.

(a) Water at 2.5 MPa and back-pressure of 0.1 MPa with DBI optical technique.

(b) Novec at 2.5 MPa and back-pressure of 0.1 MPa with DBI optical technique.

Figure 6: Example of the images acquired with DBI technique for all the field of views.
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2.8. Schlieren single-pass

Schlieren imaging technique is based on the fact that light rays are deflected
as a consequence of them trespassing through a medium with density changes
[25]. Tt consists of a beam of parallel rays that travels through the section
where the fluid is injected and filtering or discarding some of the deflected
light allows to extract information of the spray, such vapor penetration and
vapor phase spray cone angle. To detect the spray boundaries, a conventional
Schlieren single-pass setup is employed, whose scheme is shown in Figure [7}
This configuration is meticulously described by Pastor et al. [26]. A punctual
light source was placed at the focal length from a lens. The incident angle
between the source and the lens was minimized in order to reduce the beam
straightening. After the lens, the now parallel light beams are directed across the
testing region obtaining, as a result of the deviation of light, information about
the spray development inside the vessel. This deviated beams are collected
by another lens with a 450 mm focal distance which collects the light coming
from the testing zone and focuses in a point where a diaphragm (also known
as plane of Fourier[26]) was located with a cut-off diameter of 5 mm just before
the high-speed camera. As before, an example of the images recorded using this
technique is shown in Figure[§ The Schlieren technique was not used for water

because for this fluid the spray did not evaporate under the injection conditions

tested [20].

Diaphragm Frontal View

T
|

Lens

' Light source

Figure 7: Scheme of the Schlieren optical setup.

Camera

11
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Figure 8: Example of the images acquired with the Schlieren technique for Novec 1230 at 2.5
MPa and back pressure of 0.1 Mpa for all the field of views.

2.4. Image processing

The image processing methodologies are based on strategies to segment the
spray and background. The core of the segmentation algorithm is based in a
fixed threshold intensity-sensitive method [[27],[28],[29],[30],[31]].

The principle behind the fixed threshold method is the binarization of the
image with an intensity level, usually calculated as a constant percentage (or
fixed threshold) of the dynamic range of a frame. This procedure is used for
optical techniques like Mie scattering, Schlieren or diffused back illumination.
The most difficult task is to achieve a proper background subtraction, especially
in Schlieren, as it presents pixel structures of the same intensity level as the
spray. The thresholds used were 0.04 for DBI and 0.08 for Schlieren. In order
to obtain the macroscopic spray parameters of penetration in both, liquid and
vapor phases and the spray cone angle from the images recorded the following

methodology was used:

— Background correction

In order to remove reflections and objects that could generate bad estima-
tions of the contour, the background is taken as the image acquired before

the start of injection, and is subtracted arithmetically.

— Spray boundaries detection

12
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Employing the approach used by Siebers in [32], the contour was calculated
binarizing the image. In Figure[J) the image series shows the typical spray
boundary detection routine while it is penetrating across the chamber.
To mitigate the noise effect related to the image and to ensure a robust
detection of the liquid phase silhouette, the threshold of the intensity is

changed to guarantee a correct boundary detection of the spray.

penetration

Figure 9: Steps of the image processing routine.

— Contour analysis

Once the contour of the spray has been obtained, it is possible to calculate
some of their geometrical features. Of these characteristics, those related
to this work are the penetrations for both, the liquid and the vapor phase
that are calculated as the furthest position of the spray contour in the

images obtained by DBI or Schlieren imaging.

Spreading angle

Once penetration has been calculated, the spray cone angle is estimated
as the angle of the trapezium whose bases are the segments inside the
contour that coincide with distances of 12% and 50% of the instantaneous

penetration from the tip of the injector.

The four different fields of view were not recorded simultaneously. In other

words, each repetition of each field of view corresponds to a different injection

13
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event. The acquired pressure signal on the pipe just upstream the nozzles is
used to define the start of injection (SOI) and synchronize all repetitions and
fields of views of the same injection conditions. Up to 5 repetitions of each test

point and field of view were performed, acquired and processed.

2.5. Test matrix

Including a new nozzle, back pressure of 0.075 MPa to reproduce the real
aircraft cargo cabin conditions and variations in the temperature for the air
inside the test rig vessel and the injected fluid. Table [] shows the conditions
tested, only two fields of view in low temperature conditions (278 K).

The test matrix was used for both fluid and it includes conditions in which
the fire can occur, both on the ground at sea level as in the air with conditions
equivalent to 2500 m above the sea level. Tests with low temperature conditions
for water (278 K) were not carried out due to the freezing risk that could occur
inside the injection pipe since the cooling system used in the experiments had

a temperature offset of 10 K.

Table 4: Complete test matrix.

Injection Ambient gas Ambient gas Fluid Injection Field of
pressure pressure temperature temperature duration view
[MPa] [MPa] [K] (K] [s] -
1.5 0.075 298 298 0.05 All
1.5 0.075 278 278 0.05 1-2
1.5 0.1 298 298 0.05 All
1.5 0.1 278 278 0.05 1-2
2.5 0.075 298 298 0.05 All
2.5 0.075 278 278 0.05 1-2
2.5 0.1 298 298 0.05 All
2.5 0.1 278 278 0.05 1-2

14
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3. Results and discussion

3.1. Rate of injection

For the ILASS 2019 congress, the discharge coefficient was estimated for
simple geometry nozzles [33] because the discharge of an incompressible non-
cavitating fluid through an orifice can be written in the form of Equation |1l In
that case of study with the factor L/D = 0.5 and the corresponding Reynolds
a C4 = 0.64 was obtained. Instead, the discharge coefficient for the new nozzle
with swirler is obtained by multiple injections and the injected mass measured
in a gravimetric balance to check if the injected mass for both nozzles is the
same and able to satisfy the requirements of a fire extinguishing system. Sub-
sequently, the discharge coefficient obtained (Cy4 = 0.76) resulted similar to the
one provided by the manufacturer. The injected mass comparison can be seen

in Figure

C)=——
¢ AV2pAp

15
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Figure 10: Injected mass comparison between nozzles.

Figure [11] shows the mass flow rate curves calculated for all the conditions
described in Table[4]for the NewNozzle due to the results are equivalents for both
nozzles. The standard deviation of the average mass flow curves, taken in the
steady state zone of the injection event, vary between 2% and 5%. Temperature
and pressure play a fundamental role in the process of evaporation of the injected
fluid. There is a clear trend for Novec1230 that differentiate the condition of
low chamber back-pressure (dashed lines) with the ones at ambient pressure
(solid lines) at 298 K of temperature because the remaining Novec1230 in the
pipe evaporates producing the unstable behavior saw at the beginning of the
injection process. The curves corresponding to the low temperature injections
do not show a drastic change between the two chamber back pressures since the
evaporation phenomenon is weaker.

As expected due to its higher density, the Novec1230 mass flow rate is higher

and also, higher the injection pressure higher the mass flow rate.

16



In the case of water Figure |11]e), back-pressure changes at 298 K did not
produce significant differences in the mass flow rate curves due to the water
volatility produced by its higher vapor pressure is lesser than Novecl1230 and

20 does not evaporate easily under these injection conditions.

17
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Figure 11: Time evolution of the mass flow rate during the suppressant injection event.
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3.2. Spray penetration

Figure shows a sample of the instantaneous spray development in the
field of view #1 for the NewNozzle. These images are necessary to explain
the singular behavior of the spray penetration curves at the first moments of
the injection event. From the beginning of the injection to approximately 12
milliseconds there is a first liquid core corresponding to the liquid accumulated
in the pipe which is pushed through the nozzle without the rotation momentum
provided by the swirler of the nozzle producing a different behavior of the spray
with no proper atomization, after that, the spray begins the atomization process
and reaches the steady state. It can be seen how a second liquid core that is
faster reaches the farthest zone of the spray.

This phenomenon was present in the beginning of all the measures taken
induced by the presence of small amounts of liquid in the pipeline before each
injection, however, it occurs at the first 15 milliseconds and it does not represent
a problem in the performance of the fire extinguishing agent since if a fire
occurs in the cargo cabin, the entire injection process would be in the order of
magnitude of seconds, then for this work, only the steady-state (Figure is

relevant.

19



(a) Time=3ms (b) Time=6ms

(c) Time=10ms (d) Time=12ms

(e) Time=34ms (steady state) (f) Time=137ms (end of injection)

Figure 12: Frame to frame samples of the injection event for Novec 1230.

Figure [13| shows the entire spray penetration development for water for the

x0  NewNozzle along all the fields of views, the red box indicates the field of view
near to the nozzle exit and it is highlighted only because that position is taken
into account to analyze the effects injection conditions in the spray penetration

curves. It can be noticed that higher injection pressure leads to faster spray

20
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penetration [34]. The shape of the curve changes from a parabolic trend to
a straight line because in the first moments of the injection process the spray
accelerates as it is injected. Afterward the spray reaches the steady state in

which the pressure stabilizes and the spray speed is constant [35].

1200} Fluid =Water / Technique = DBI / Pback=0.1MPa 1

1000 T ..: n f. .”1 S €”
F - ol

800k A e

600F - ....... ] ..... ; _,__ frrpnenn frrnn R
ﬁ ﬁ : 1‘;: = ' ' :

Z14]1) RRRREEE REERRRES SRS Oy :.:._.: PR s e e

Spray Penetration [mm]

| O — 2| i— Pinj = 1.5 MPa
‘| —— Pinj=2.5MPa
20 25 30 35 40 45
Time after SOI [ms]

ol ”.ZJ.J.:

0 5 10 1

Figure 13: Water spray penetration along all the fields of views tested.

In Figures [14] and [I5] it is observed that points at a higher temperature
(298 K) and low back-pressure (0.075 MPa) have a differences in mass flow rate
at the first moments of the injection events due to the fluid evaporation and
the amount of liquid inside the pipe between the valves and the outlet of the
nozzle. That phenomenon affects the spray penetration curves because at the
beginning there is a mixture between the vapor and liquid phase of the injected
fluid. This is a big issue in the spray contour detection because the stabilization
of the injection occurs when the spray almost reaches the end of the visualization
window of the first field of view and that is the reason why in almost all the
penetration curves there is a fast change in the slope at the end. Although the
spray reaches the end of the visualization window the criteria for the spray cone
angle calculating is still valid if the end of the window is taken as maximum

spray penetration.
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Figure 14: Penetration and mass flow rate comparison at different temperatures for FoV#1 and DBI technique for Novec1230.
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Figure 15: Penetration and mass flow rate comparison at different temperatures for FoV#1 and Schlieren technique for Novec1230.

As explained in [3.I] behavior in penetrations curves is related to fluid evap-

oration at first moments of the injection event that can be verified by the mass

flow rate curves for each point.
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3.3. Spray angle

Figure [T6] shows the mean spray cone angle for different injection pressures,
temperatures and back pressures. For this, only field of view #1 was analyzed.

It is observed that higher temperature and lower back-pressure induces a
wider spray angle. The effect of the injection pressure on the spray angle is
small and depends on the particular geometry of the nozzle [36]. For the case
study an average spray angle of 25-30° was obtained for all conditions coinciding
with what was reported by the manufacturer. The difference of 10-15% between
the angle detected using the DBI and Schlieren techniques was produced by the
detection of the vapor phase in the jet contour, as occurs when the evaporation
process is significant during the injection event.

The standard deviation of the spray cone angles reported in Figure taken

in the steady state zone of the injection event, vary between 0.5° and 2.5°.
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Figure 16: Averaged steady-state spray cone angle results for all the testing conditions.

8.4. Nozzles comparison

Both nozzles have the same outlet diameter the only difference is that the

new nozzle has an internal piece that works as swirler that as said by Amini [37]

induces the working fluid to pass under pressure through the tangential ports of

the internal geometry of the nozzle to develop a free vortex in the swirl chamber

of the nozzle. This rotational motion is intensified in the converging chamber

while developing an axial flow component. Lastly, the fluid is ejected through

the discharge orifice as a rotating tube.

Figure[I7]shows the spray cone angle in the steady state zone of the injection
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event, the bad performance of the old nozzle has been already reported [20].

The 30° of the spray angle of the new nozzle compared to the 0.5° of the old

nozzle represents a huge improvement of the spray atomization and mixing,

confirmed by the images acquired. These results ratify that the nozzles of the

310

fire extinguisher system currently used in the aircraft cargo cabin do not work

for these two alternative agents tested. Also, a higher spray angle means a wider

spray at the furthest point of the test rig vessel that means a better distribution

of the fire extinction agent in the airplane cargo cabin.
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Figure 17: Steady state spray angle comparison between nozzles.

Figure shows the spray penetration curves for the field of view #1 for

315

both nozzles. As in the previous comparisons the conditions of the injection

(injection pressure and back pressure) only produce slight variations on the

spray behavior. Higher injection pressures leads to a faster spray penetration.
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Figure 18: Spray penetration comparison between nozzles.

Figures[19 and [20] shows the frame to frame samples of the injection event of

water for both nozzles. It can be seen a substantial difference in the spray cone

20 angle for the NewNozzle at the steady state zone of the injection event [I9d] In
the case of the spray penetration the first moments of the injection event are

similar until the internal swirler of the nozzle begins to take action.

(a) Time=3ms (b) Time=8.54ms (c) Time=17.72ms (d) Time=48ms (e) Time=115ms
(steady state) (end of injection)

Figure 19: Frame to frame samples of the injection event for water at 1.5 MPa and back pressure of 0.1 MPa with NewNozzle.
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(a) Time=3ms (b) Time=8.54ms (¢) Time=17.72ms (d) Time=48ms (e) Time=115ms

(steady state) (end of injection)

Figure 20: Frame to frame samples of the injection event for water at 1.5 MPa and back pressure of 0.1 MPa with OldNozzle.

8.5, Alternative fire extinction agents images comparison

Figures shows the images acquired with the high speed camera for

35 the same injection pressure and back pressures for both nozzles, fluids and tech-
niques used in the experimental campaign for all the field of views. Differences
can be noticed between water and Novec1230 mostly at the beginning (close to

the nozzle) and at the farthest point of the vessel. In the case of water there
can be seen more liquid droplets in each FoV. The Schlieren technique [23|shows

;0 a huge amount of vapor phase in the FoV#3 which highlights the properties of
Novecl1230 as a possible substitute due to its good dispersion throughout the
airplane cargo cabin together with its excellent properties as a fire extinguishing

agent.
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Figure 21: Example of the images acquired with the DBI technique for the NewNozzle with

water at 2.5 MPa and back pressure of 0.1 Mpa.

Figure 22: Example of the images acquired with the DBI technique for the NewNozzle with

Novec1230 at 2.5 MPa and back pressure of 0.1 Mpa.

Figure 23: Example of the images acquired with the Schlieren technique for the NewNozzle
with Novecl1230 at 2.5 MPa and back pressure of 0.1 Mpa.

Figure 24: Example of the image acquired with the DBI technique for the OldNozzle with
water at 2.5 MPa and back pressure of 0.1 Mpa.

Figure shows the reason why the old nozzle (present in the fire extinguish-
ing system of the airplanes cargo cabin) was changed in order to improve the
spray atomization and enhance the agent distribution inside the test rig vessel

because a small cone spray angle and a pure liquid jet was obtained.
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4. Conclusions

A large constant pressure constant volume vessel was designed and assem-
bled in order to test two new alternatives for replacing Halon 1301 in the fire
suppression systems on aircraft cargo cabin. Macroscopic spray characteristics
such as penetration and angle were obtained as a measure of the agent disper-
sion by the use of DBI and Schlieren optical techniques. At the same time, the
mass flow rate of each injection event was calculated from the pressure signal
upstream of the nozzle.

For the old nozzle and for the two fire extinctions agents tested (water and
Novec 1230) most part of the spray was in liquid phase. Additionally, sprays
have low atomization with opening angles between 0.5° and 5°. This implies
poor agent distribution in the volume. Water injections do not show the pres-
ence of vapor phase, whilst some vapor Novec 1230 is found with the Schlieren
technique around the liquid core jet. Even though, vapor presence is significant
only for long distances far from the nozzle exit.

For the new nozzle whose geometry was selected in order to improve the
spray atomization and to increase the cone spray angle as expected. The spray
angle was increased to 30° which leads to a better atomization and distribution
of the extinction agent inside the vessel. In the case of Novec 1230 huge amount
of vapor phase was detected in the field of view #3 (the farthest point measured
from the nozzle).

Spray penetration was measured for distances longer than 1m as a result
of using three different fields of view along the spray axis inside the test rig.
Due to its fluid properties, water penetrates into the volume faster than Novec
1230 although its mass flow rate through the orifice is lower. The expected trend
when changing the injection pressure is found. The higher the injection pressure
the faster the spray penetrates into the ambient. Temperature reduction tends
to reduce the evaporation of Novec1230 slightly.

The effect of lower back-pressure is strongly even at the first moments of

the spray development. The air/fire agent mix present in the pipe between
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the valves and the nozzle outlet affects the shape of the mass flow rate at the
beginning of the injection event. Also, the swirler of the new nozzle generates
a new phenomenon at the beginning of the agent injection, where the first core
of liquid injected do not have the tangential momentum induced by the internal
geometry of the nozzle, this produce a three stages in the spray injection: first
liquid core without tangential momentum (not relevant for the real application,
where injection duration is in the order of seconds), second core under the swirler
effects and the steady-state spray development.

Novec1230 has passed the FAA standards although with the current injection
system its distribution in the airplane cargo cabin is inefficient. By changing the
nozzle and maintaining the rest of the injection system it has been determined
that the distribution of the agent improves, in addition to reducing the time

needed for its change to the vapor phase.
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