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9. SUPPRESSIONOF

9.1 Overview

The engine nacelle

ENGINENACELLEFIRES 3

encases the jet engine compressor, combustors, and turbine. A nacelle fire is
typically a turbulent diffusion flame stabilized behind an obstruction in a moderately high speed air
flow. The fuel source for a fire in the nacelle are leaking pipes carrying jet fuel or hydraulic fluid,
that can feed the fire either as a spray or in the form of a puddle or pool. Extinguishment occurs
when a critical amount of agent is transported to the fire. After suppressicm of the fire, re-ignition can
occur as fuel vapor makes contact with a hot metal surface or an electrical spark due to shorted wires.

Because of its many positive attributes, halon 1301, or trifluorobromomethane (CF3Br), has been
used as a fire extinguishing agent for protecting aircraft engine nacelles. Fortunately, in-flight fires are
not frequent. In commercial U.S. aircraft during the 18 year period from 1956 to 1974, a total of 56
nacelle fires occurred. In U.S. military aircraft, 80 to 90 noncombat fires occurred annually during that

period (Altman et al., 1983). In general, halon systems have been very effective in suppressing nacelle
fires (Tedeschi and Leach, 1995). As halon 1301 is replaced with possibly less effective suppressant,
continued effective aircraft protection becomes a challenge. For this reason, organized guidance in the
determination of the amount of replacement agent required for protection of engine nacelles over a
range of operating conditions is needed. In this study, a series of experimental measurements were
conducted and simple models were developed in an effort to provide an improved understanding of the
influence of various parameters on the processes controlling flame stability in engine nacelles. The
knowledge gained is compiled into usable tools which may assist suppression system designers
determine the mass and rate of agent injection required for engine nacelle fire suppression.

This section is broken into several subsections. In Section 9.2, a brief description of the range of
parameters which characterize the temperature and flow field in engine nacelles is provided in an
effort to understand possible fire conditions. The historical development of current halon 1301 fire
protection systems in engine nacelles is described and current specifications for design and certification
are summarized. In Section 9.3, the results of four distinct experiments are discussed. First, the
suppression effectiveness of candidate replacement agents are tested on a turbulent jet spray flame.
Second, suppression of a baffle stabilized pool fire is described. Third, the impact of the replacement
agents on ignition temperature of fuel/air/agent mixtures flowing over a hot metal surface is discussed.
Finally, experiments determining the flammability limits of propane/air/HFC- 125 mixtures are

discussed. A detailed description of the experimental methods and results are included for each
configuration, The experimental studies are summarized in a discussion that emphasizes the importance

of agent entrainment into the recirculatiordcombustion zone of obstacle stabilized flames. In
Section 9.4, computational modeling of gaseous agent injection into a mock engine nacelle is
described. The calculations are compared to measurements conducted in a wind tunnel in an effort to
validate the model. In Section 9.5, a simple model is developed to give guidance on agent concentra-
tion requirements for flame suppression in generic nacelle configurations. A step-by-step procedure is
proposed as a guideline for fire protection system design and certification. Key findings and
recommendations are compiled in Section 9.6, acknowledgments are cited in Section 9.7, and
references are listed in Section 9.8.

9.2 Review of Nacelle Geometry and Fire Protection Systems

There is no such thing as a typical engine nacelle. Each aircraft type has a nacelle with a distinct
geometry and with varying amounts of clutter in the form of tubes, boxes, and so on. It is possible,
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Table 1. Engine nacelle characteristics

Aircraft

YF- 16

F-1 5/l?- 100

F-1 1l/TF-30

S-3AITF-34

F-22

727/JT-8D

F/A-l 8

F- 104/J-79

Free Volume
(m3)

a

Ofiob

2.8’

a

l.ld

a

Max Air Flow
(kg/s)

~.lb

o.9b

*.2b

lb.

0.2C

Ob

09d

~Zb

Max T,ir
(“c)

150b

~320b

nob

21 Ob @sea level

a

a

330d

180b

Max TWall
(“c)

230b

S300””

14ob

77b @sea level

a

a

390d

660b

System

1301b

1301b

1202b

noneb

a

1301b

1301d

noneb

a data not available.
b McClure et al., (1974)
c Kolleck (1993)
d Plcarcl et al., (1993)

however, to idealize a nacelle through characterization of key parameters. An idealization facilitates
estimation of the minimum amount of agent required for fire protection.

Current fire protection systems for engine nacelles consist of one or more bottles and pipes
leading to the nacelle. The piping that carries the agent into the nacelle is a simple tube. Nozzles are
not typically used. In some cases, a tee is used to enhance agent dispersion throughout the nacelle. The
diameter of the tube carrying the agent is a means to control the rate of agent injection. For
halon 1301, the agent enters the nacelle as a two phase flow which rapidly flash vaporizes. Agent is
typically introduced into the nacelle at a single location, although some aircraft such as the B2 have as
man y as 12 agent injection locations. Unfortunately, very few public documents are available which
describe aircraft engine nacelle geometries in detail.

The range of conditions which exist in engine nacelles are of interest, because this information
facilitates proper design of fire protection systems. For example, the air temperature in the nacelle
impacts flame stability and the ease of extinguishment. The maximum wall surface temperature poses
a hazard as it may promote the ignition of a leaking jet fuel or hydraulic fluid line. Maximum wall
temperatures in current aircraft nacelles can be as high as 650 ‘C. Bleed air from the engine, flowing
through the nacelle, can also act as an ignition source and can be as high as 600 “C according to
Altman el al., (1983), although no specific aircraft types are mentioned. Advanced aircraft may even
have higher surface and air temperatures (Altman et al., 1983). Table 1 lists values of the free
volume, air flow, and maximum values of the air and wall temperatures in nacelles for a number of
different aircraft under typical operating conditions. Table 1 also presents the agent type currently
used for aircraft fire protection, which includes halon 1301 (CF3Br) and halon 1202 (CF2Br2).
Unfortunately, much of the available information is anecdotal, such as the response to a written survey
presented in the Booz-Allen-Hamilton report (Kolleck, 1993). Comprehensive, detailed information on
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these parameters is reported by McClure et al., (1974) for the F-111 aircraft. That report is an
excellent model of determination of key engine nacelle parameters.

Actual values of the maximum nacelle wall temperature, the air flow, and the maximum air
temperature in the nacelle vary as a function of aircraft velocity, ambient temperature, and specific
location within the nacelle as well as many other parameters. Minimum air temperature in the nacelle
can reach values as low as -60 “C, depending on ambient conditions. The pressure inside the nacelle
varies with altitude. For a F-111 aircraft, pressures can be sub or super-ambient, varying from 13 to

124 kPa (2 to 18 psia) (McClure et al., 1974). Typical average free stream air velocities in nacelles

cover a wide range of values, with maximum velocities as high as 100 mLs in some aircraft
(Altman et al., 1983).

9.2.1 Development of Agent Requirements. The history of halon 1301 engine nacelle suppression
system requirements provides insight to fire prevention strategies currently employed for engine
nacelle fire extinguishment. The following chronology is not meant to be a comprehensive history,
but details the development of the technical basis for the current Military Specification and its
potential deficiencies, either in terms of under- or over-design. Understanding the current guidelines
for halon 1301 systems should assist in the development of new guidelines for alternative agents.

Suppression systems for protected aircraft engine nacelles have primarily relied on halon 1202
and, predominately, halon 1301 since the late 1950s. At present, most U.S. military and civilian
aircraft use halon 1301 (McClure, 1974; Kolieck, 1993). In the 1950s, halon 1301 proved to be a
most effective fire extinguishing agent in engine nacelle applications given the premiums placed on
weight and storage volume inherent in aircraft. A knowledge base of halon systems was built upon
the experience and experimental programs of the Civil Aeronautics Administration (CAA) and the
military. A large fraction of that knowledge base was utilized in MIL-E 22285, the Military Specifica-
tion written in 1959, specific to halon 1301 systems for (military) aircraft, Commercial aircraft have
similar requirements.

Some aircraft with single engines (F-1 5) or pylon mounted engines (KC-135) do not have active
fire protection for the engine nacelle(s) (McClure, 1974). An engine nacelle fire usually renders the
engine inoperable or it is purposely shut-down, thus, in the case of single engine planes there is little
reason to suppress a fire since the aircraft would be without power. In the case of pylon-mounted,
multi-engine aircraft, an engine fire can continue to burn and not pose a threat to the rest of the
aircraft; damage is limited to the engine.

The initial research performed by the CAA (the predecessor to the Federal Aviation Administra-
tion) dealing with in-flight aircraft engine fires took place between 1940 and 1943 (Grieme, 1941;
Hansberry, 1948). Aircraft engines at that time were all of the piston/propeller type. Interestingly, that
work was performed on the grounds of the National Bureau of Standards in Washington, DC prior to
CAA’S establishment of the Technical Development and Evaluation Center in Indianapolis. Full-scale

engine/wing assemblies were tested in front of a wind tunnel to simulate flight conditions. Tests were
performed with the engine running and fuel fires initiated in the nacelle to closely match in-flight fire
scenarios. Data concerning reIative agent efficiencies, required amounts, and design of distribution
systems were gathered (Grieme, 1941). With the introduction of jet engine propulsion, more research
and development on nacelle fire protection followed. Klein (1950a) reported the results of the Jet
Engine Fire Protection Program of the U.S. Air Force. The effect on fire suppression of a number of
agents, distribution systems (consisting of perforated piping), and agent injection rates were investi-
gated. The CAA performed a number of tests on the XB-45 aircraft, evaluating methyl bromide and
halon 1202 (Hughes, 1953). Perforated piping distribution rings were used to disperse the agent in the
annular cross-section of the nacelle.
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In the early 1950’s, a simpler and more efficient design termed the high-rate-discharge (HRD)

system was developed at the CAA (Hughes, 1953; Middlesworth, 1954; Hansberry, 1954; 1956). No
distribution rings were employed; agent was injected through an open tube at a rate much higher than

previous systems employing perforated piping and/or nozzles. In the high-rate-discharge system, agent
dispersion occurs primarily by the turbulent mixing of the agent jet and the nacelle air. It was found
that less agent was required to suppress nacelle fires with this technique and the less complicated
design saved weight. This technique is described in MIL-E 22285. Hansberry (1956) reported on
design features which were empirically found to increase effectiveness of the HRD technique. He
reported that agent outlets should be as far forward as possible in zones with high air flow, and the
outlets should be positioned to produce a helical spray pattern. Also, discharges parallel or perpendic-
ular to the nacelle centerline were “not effective” (less effective). Agent discharge durations varied
between 0.5 and 0,9 s for the initial HRD tests. This was translated into a design discharge duration of
less than 1 s, Equations giving the weight of extinguishing agents as required for HRD systems as a
function of air flow and net volume of the nacelle, for a “smooth” and “rough” zone in low air flows
and for “smooth” zones in high air flow were reported,

The selection of the most suitable agent for nacelle applications was an ongoing task through the
1940’s and 1950’s and prior to halon 1301, other extinguishing agents were used or considered, most
notably carbon tetrachloride, carbon dioxide, methyl bromide, chlorobromomethane, and D-L (a
mixture of chlorobromomethane and carbon dioxide developed in Germany). The German Air
Ministry sponsored the research leading to chlorobromomethane and D-L systems for aircraft (NFPA
Quarterly, 1948; Klein, 1950b). Both full-scale engine fires and small-scale testing were performed in
the U.S to evaluate suppression efficiency of various agents, Chlorobromomethane, methyl bromide,
carbon dioxide, Freon 12, Freon 22, methyl iodide, and a patented mixture of methyl bromide, ethyl
bromide and ethylenechlorobromide were considered by the Air Force for jet engine fire protection
(Klein, 1950a). The CAA studied methyl bromide, COZ, bromochloromethane and halon 1301
(Hansberry, 1956). In the late 1940s, the Air Force Air Material Command began an agent develop-
ment program for a superior fire extinguishing agent (Klein, 1950b). A superior agent was defined as
providing better extinguishing properties than bromochloromethane (BC) over a temperature range
from -65 to 160 “F, would be less toxic and less corrosive than BC, suitable for class A,B, and C
fires, and have a higher specific gravity than BC.

A comprehensive screening of candidate fire suppression agents was performed by the Purdue
Research Foundation (Malcolm, 1950). The bench-scale apparatus used for that study was the Bureau
of Mines flammability apparatus (Coward and Jones, 1939) which was found to give repeatable results.
The apparatus was used to determine if a mixture of combustible vapor, air and agent could be ignited
by an inductive spark generated across a electrode gap. A map of the fuel/air and agent ratios that
could be ignited starting from the flammability limits of the fuel in air alone represented the flamma-
ble range of the mixture. Peak agent concentrations required to inert n-heptane/air/agent mixtures at
room temperature were obtained. The peak value was considered a measure of the relative agent
effectiveness. HFC-125 and HFC-227 were not included in that study, but halon 1301 and CF31 were

included. A driving force in the agent selection for HRD systems also included physical characteristics
such as agent volatility.

It was recognized that the ability to make temporal concentration measurements would provide a
means to evaluate a suppression system without resorting to actual aircraft engine fire testing or
merely relying on calculations, visual observations, and discharge duration estimates (New and
Middlesworth, 1953). A suitable measurement technique was developed such that concentration
measurements could be made during simulated flight conditions or actual aircraft flight (Demaree and
Dierdorf, 1959). The suppression system evaluation was based on concentration measurements at
various locations in the nacelle to confirm that the desired design concentration was achieved and
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maintained during flight or under simulated flight conditions. The design c~oncentration was obtained

by measuring concentrations during a number of tests of various aircraft extinguishing systems that
were deemed adequate for extinguishing full-scale fires. It was concluded that a concentration of 6 Yo

by volume of halon 1301 over a duration of not iess than 0.5 s at all sampling locations in the nacelle
was sufficient to extinguish all test fires (Demaree and Dierdorf, 1959). It was not stated what the
minimum duration in any single location should be, implying a lower limit of 0.5 s. It turns out that
the inerting concentration from the Bureau of Mines flammability apparatus for a n-heptane/air/halon
1301 mixture at ambient temperature and near atmospheric pressure is also approximately the same
value, 6.1 ?ko(Malcolm, 1950). This small-scale result, though known at the time of the concentration
apparatus development, was not apparently considered during the design concentration identification
process. The Military Specification was published in 1959, and except for an addendum in ] 960,

remained unchanged. The Military Specification calls for a 690 volumetric concentration and 0.5 s
minimum duration for all locations in the protected area. Suppression research after the implementation

of the Military Specification (MIL-E 22285) in 1959 continued because of concerns related to the
significant changes in the nacelle environment for advanced (supersonic) aircraft.

Concerns relating to nacelle fire protection, as well as other fire safety issues were raised during
the early phase of supersonic aircraft development. Supersonic flight presents unique aircraft
environments not encountered in subsonic flight. Gerstein and Allen (1964) detail some of the aircraft
environmental factors associated with fire hazards during supersonic flight,, Those factors directly
related to nacelle fires include:

1.

2.

3.

Temperature: elevated skin surface temperatures, high stagnation alirtemperatures and low

ambient air temperatures.

Pressure: typically low ambient pressure,

Air Flow: high air flow.

McClure et aL, (1974) reported extensively on the operating environment in the F-111 nacelle, a
supersonic aircraft. They listed high temperatures, both surface and ram-air temperatures and high air
flow conditions. Recently, (Picard et al., 1993) the U.S. Navy’s F/A-l 8 aircraft was put through
extensive testing to examine the possible causes of a high incidence of engine nacelle fires. A large
amount of in-flight nacelle temperature (surface and air) and air flow data were gathered.

Studies with the Aircraft Engine Nacelle Fire Test Simulator showed that for many nacelle
conditions, the amount of halon 1301 required for suppression was much less than current guidelines,
provided that very rapid injection took place, and hot surface re-ignition did not occur (Johnson and
Grenich, 1986). In some cases, a factor of ten decrease was observed. In addition, peak agent
concentrations lower than the design concentration were found to extinguish nacelle fires. Johnson
and Grenich (1986) also reported the effects of simulated battle damage to a particular nacelle
configuration. Depending on the exact details of the damage, agent requirements changed and current

guidelines were not sufficient.
No changes in the concentration and duration requirements in the Military Specification were

promulgated due to changes in nacelle conditions associated with supersonic flight. The performance
history of aircraft engine nacelle suppression systems confirms the reliable nature of those systems
designed to meet the Military Specification (Botteri et al., 1972; Tedeschi and Leach, 1995) which

suggests a conservative design philosophy.
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9.2.2 Specifications for Aircraft Fire Protection. Typically, there is air flow through the nacelle to
provide cooling of hot surfaces and to sweep out combustible vapors. While serving these important
functions, the air flow also dilutes the extinguishing agent after a discharge, and carries it out of the
nacelle rapidly. The number of air exchanges per unit time (volumetric air flow/ net volume) depends
on the aircraft design and reaches highs of about one per second (Kolleck, 1993). No lower limit can
be placed on the number of air exchanges because a ground fire scenario is possible where, for most
aircraft, no nacelle air flow is provided. Clearly, the amount of agent required to achieve a specified
concentration in the nacelle depends on the air flow and the nacelle volume, Those two variables

along with a description of the nacelle geometry are the parameters in the design guidelines of the
Military Specification,

Section 3.8.1 of the Navy Specification MIL-E 22285, and Section 3.2.2.3 .9b of the Air Force
Specification MIL-F-87 168, both entitled “Quantity of Agent, ” detail design guidelines for the
minimum quantity of halon 1301 to be discharged into a nacelle. The two Military Specifications are
very similar. The design guidelines are given below, presented in English and S1 units. The actual
specifications are broken into two major categories, The first category includes rough nacelles with
low air flows and smooth nacelles. For these cases, the Military Specification calls for the larger value
of either of the folIowing two formulas:

W(lbS) = 0.05 V@3) , TV(kg) = 0.80 V(m3) (1)

W(lbS) = 0.02 V@3) + 0,25 Wai, (U@s) ,
(2)

W(kg) = 0.32 V(m3) + 0.25 tia~, (kg/s)

For a rough nacelle interior with a high air flow:

W(lbS) = 3 [ 0.02 V(/13) + 0.25 ~ai, (U@)] ,

W(kg) = 3 [ 0.32 V(rn 3, + 0.25 ~ai, (kg/s)]

For a deep frame nacelle interior with a high air flow:

W(lb.s) = 0.16 V(f13) + 0.56 Wai, (Umls) ,

W(kg) = 2.57 V(nZ3, + 0.56 ~=i, (kg/s)

(3)

(4)

where W is the mass of agent, Wair is the mass flow of air passing through the zone at normal cruising
conditions, and V is the “free” volume of the zone. The nacelle free volume is defined as the total
nacelle volume minus the volume due to clutter. Low air flow is defined as less than 0.45 kg/s
(1 lb/s) at cruise and high air flow is defined as greater than 0.45 kg/s (1 lb/s) at typical cruise
conditions,
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By definition, a smooth nacelle has no circumferential ribs protruding into the nacelle; a rough
nacelle has circumferential ribs protruding less than 15 cm (6 in.) into the nacelle; a deep frame
nacelle has circumferential ribs greater than 15 cm (6 in.) protruding into the nacelle, or a configura-
tion with cavities 15 cm (6 in.) or more in depth (measured transversely). A smooth nacelle may

contain clutter such as electronic housings, hydraulic and fuel lines, transducers, and clamps which
may create flow disturbances. The ribs are added to a nacelle to provide structural integrity.

Section’ 3.9 of the Military Specification specifies that the discharge duration of the agent must be
less than 1 s, measured from the time the agent exits the delivery tube and begins to enter the nacelle.
Section 3.8 of the Military Specification, entitled “Concentration of Agent,” details the performance
criteria of the extinguishing system. “Actuation of the extinguishing system shall produce a concentra-
tion of agent at least 6 % by volume (22 90 by weight) in all parts of the affected zone. This
condition shall persist in each part of the zone for at least 0.5 s at normal cruising condition. ”

The Military Specification does not provide references or any discussion pertaining to the design
guidelines or performance criteria. It is recommended that the rationale for any revision of the Military

Specifications be fully documented. Available documentation, however, points out obvious connec-
tions between experimental studies and the Military Specification. Hansberry (1956) reported the
agent requirements for smooth nacelles (Equations (1) and (2)). Man y reports resort to speculation
regarding the derivation of the Military Specifications (Altman et al., 1983; McClure and Springer,
1974; Gerstein and Allen, 1964). Hansberry (1956) did not derive the smooth nacelle equation, but
only states that it was empirically derived. Although the air flows investigated ranged from O to at
least 16 lb/s, the range of nacelle volumes was not reported.

Examination of Equation (2) shows that it is not dimensionally consistent. Wkhout documenta-

tion regarding its rationale, several authors have speculated on its derivation. Gerstein and Allen
(1964) and McClure et al., (1974) suggested the following:

w = ‘. Pag~~~V +
Pagent t ‘c ~

pair (1 - xc) ‘]’
(5)

This equation gives the mass of agent (W) required to provide the volume (V) and the incoming air
flow (W,ir) with the design concentration (XC) over the discharge time (t). The agent and air densities

(Pagen~and pair) are evaluated at ambient Conditions in the nacelle. Assuming a one second discharge

time for the agent and isothermal mixing of air and gaseous agent at 21 “C and atmospheric pressure,
the equation reduces to:

W(lbs) = 0.023 V(I?3) + 0.34 ~air (lbs/s) (6)

The coefficients in Equation (6) are consistent with those in Equation (2). This type of analysis
(Equations (5) and (6)) began with the early Coz systems (Mapes, 1954). The analysis assumed an
idealized partition of the agent between the volume and the incoming air flow and lacks any physical
basis related to spatial and temporal mixing of agent in the nacelle volume. It is only speculation that
the design guidelines for smooth nacelles evolved from such a theoretical basis and were confirmed
with full-scale testing. The design equations for rough nacelles and deep-framed nacelles cannot be
derived from such a simple argument and probably evolved from testing. For example, the effects of
transverse ribs (a rough nacelle design) were reported by the CAA (Hughes, 1953). The fact that the
design guidelines for rough nacelles with a high air flow (Equation (3)) are the same as the guidelines
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for smooth nacelles (or rough nacelles) with a low air flow (Equation (2)) multiplied by a factor of
three, also suggests an empirical foundation.

Interestingly, parameters which may be important in flame stability such as the air temperature,
the pressure and hot metal surface temperatures are not explicitly addressed in the design guidelines
(Equations (1)-(4)). In addition, the actual dimensions and spacing of the ribs in rough nacelles are
not considered, except for the case of very deep nacelles, which are treated separately.

The suppression guidelines will be reconsidered in Section 9.5 in terms of a simple model
which endeavors to give guidance on agent mass delivery rate and concentration requirements for
flame suppression in a generic nacelle using the replacement agents.

9.3 Measurements Characterizing the Stability Limits of Engine Nacelle
Fires

9.3.1 Background, The search for a replacement for halon 1301 has led to testing of alternative
agents in the Wright Patterson full-scale Aircraft Engine Nacelle Test Facility as well as in bench scale
experiments (Grosshandler et al., 1994). There are, however, many nacelle geometries and operating
conditions for which a new suppressant is needed. Because testing cannot be performed for all
possible aircraft and conditions, knowledge is needed which will provide guidance in the extension of
the full-scale data to untested systems and conditions. For these reasons, experiments are conducted in
several experimental configurations, over a range of conditions which are thought to resemble fires
which may occur in a nacelle.

The key parameters that affect flame stability and thereby control flame extinction and the
prevention of re-ignition are agent effectiveness and flow field dynamics. Flow field dynamics govern
the rate of agent entrainment and the concentration of agent in a fire zone. Pitts et al., (1990) outlined
current understanding of fire suppression, incorporating a comprehensive review of the relevant
literature, in addition to a discussion of agent effectiveness, test methods, and the role of different
suppression mechanisms. A large number of studies have been conducted on fire suppression and a
great deal is known about the relative efficiencies of various species in laminar flames
(Grosshandler et al., 1994). A large number of laminar flame studies have investigated the structure
of inhibited flames to learn about mechanisms of flame inhibition (Pitts et al., 1990;
Grosshandler et al., 1994). Global measures of the effectiveness of an agent has been quantified
through heat capacity considerations (Tucker et al., 1981; Sheinson et al., 1989).

It has been shown that a criterion for reactant ignition and flame extinction involves the
Damkohler Number (D) which is the ratio of a characteristic flow time to a characteristic chemical
reaction time, i.e., D = tjo~tchem. For laminar nonpremixed flames, Liiian (1974) showed that as D
decreases, the maximum flame temperature and the fuel burning rate decrease until a critical value of
the Damkohler number is obtained, De, such that the flame abruptly extinguishes. Lifian (1974) also
showed that as the maximum reactant temperature increases, a critical value of the Damkohler number
is obtained, Di, such that the reactants abruptly ignite. The Damkohler number criteria for ignition and
extinction suggest a number of strategies for extinguishing fires and preventing re-ignition. These
strategies include increasing the flow field strain rate or flame stretch (to decrease ty(J,cooling the
reactants, reactant removal, or chemical inhibition which increases tche,(Williams, 1974).

Engine nacelle fires can occur either in the form of a spray or a puddle. In either type of fire,
flame stability is enhanced by flow field obstacles, which act as flame holders, There is a rich
literature base regarding the stability of baffle stabilized flames. If a flame is established behind a flow
obstacle or bluff body, a recirculation zone will form. The presence of the recirculation zone enhances
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flame stability. In this situation, the obstacle acts as a flame holder. Flame blow-off occurs when air
flows past the obstacle at sufficiently high velocities (Zukowski and Marble, 1955; Lefebvre, 1983).
A large number of engineering studies have focussed on the stability of baffle stabilized premixed
flames with application to turbine engine design. A comprehensive summary of the results is given by
Lefebvre (1983). Some investigators indicate the importance of the structure of the recirculation zone
in stabilizing flames, and in particular the characteristic time for mass exchange between the free

stream and the recirculation zone (Longwell et al., 1953; Bovina, 1958; Winterfeld, 1965). Mestre
( 1955) found that flame blow-off was related to the characteristic time for entrainment into the
recirculation zone. The relative size of the enclosure surrounding the flame holder has also been
found to effect flame stability by changing tfie character of the recirculation zone (Lefebvre, 1983;
Winterfeld, 1965). In general, the blow-off velocity increases and flame stability is enhanced by a
number of factors including a reduction in velocity, increase in inlet temperature, increase in gas
pressure, reduction in turbulence intensity, change in the equivalence raticl towards the flammability
peak, increase in the flameholder size, increase in the flameholder drag cc~efficient (through changes in
the shape of the flameholder), reduction in geometric blockage and for liqpid fuels increase in fuel
volatility, and finer atomization for liquid sprays (i, e., reduction of mean drop size). Several models
describing blow-off of baffle stabilized premixed flames have been developed. Be6r and Chigier
(1983) suggested that

Vb
—– = constant
P

n-1 “d

(7)

where Vbo is the free stream velocity at blow-off, d is the baffle diameter, P is the pressure, and n iS
the reaction order which characterizes the global combustion processes. lForkerosene, which is nearly
identical to JP-8 jet fuel, Lefebvre and Halls (1959) recommended that n:=2.O. Equation (7) states that
an increased velocity or decreased values of d or p, leads to diminished flame stability until a critical
value is obtained when flame blow-off occurs.

Flame suppression of baffle stabilized flames by an agent is analogous to the flame blow-off
studies by Lefebvre and coworkers. The time required for an agent to entrain into the recirculation

zone is a key parameter in understanding suppression of baffle stabilized flames by a suppressant.
This characteristic mixing time or residence time is extremely important in developing fire protection

strategies, since it influences the free stream agent concentration and duration required to obtain
extinction. Agent entrainment into a baffle stabilized combustion zone is influenced by the free stream
flow, the baffle size, and the free stream agent concentratiordduration. These ideas, related to agent
mixing into a baffle stabilized combustion zone, will form the basis of the simple suppression model
developed in Section 9.5.

Few studies have investigated the effectiveness of an agent in suppressing bluff body stabilized
flames. Hirst and Sutton (1961) measured enhanced stability in obstacle stabilized pool flames. Flame
stability was characterized by the air velocity required to blow-off a flame. Flame stability was
measured to be a function of the obstacle size. The blow-off velocity increased, obtained a maximum,

and then decreased, as the height of the obstacle above the fuel surface increased. In a series of
papers, Hirst, Dyer, and coworkers reported interesting results regarding the suppression of obstacle
stabilized flames (Hirst et al., 1976; 1977; Dyer et aL, 1977a; 1977b). An obstacle stabilized pool fire
may occur when liquid jet fuel or hydraulic fluid forms a puddle behind a rib in the nacelle.
Interpretation of their results in terms of a simple mixing model, described in detail in
Section 9.3.2.3.4, suggests two key points. First, a characteristic mixing time (z) for the agent to
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entrain into the recirculation zone behind a flame holder or obstacle is a principal parameter governing
flame suppression. The characteristic entrainment or mixing time is equal to the characteristic
residence time in the recirculation zone. This result suggests that the Damkohler number flow time,
tflOW,is related to the mixing time, I, in the case of baffle stabilized flames. Second, the minimum
agent concentration required to achieve extinction in baffle stabilized pool fires are consistent with the
peak flammability limits of a reactive system. The agent concentrations required for suppression of
baffle stabilized fires can be a factor of two larger than agent concentrations required to extinguish cup
burner flames burning the same fuel. The flammability limits define conditions under which self-
sustaining combustion can or cannot exist. Although peak flammability limits have been measured for
a large number of halogenated molecules, there are no data available in the literature for HFC-125

(C2HF5), the agent selected by the Halon Transition Team for haion replacement (Malcolm, 1950).
Section 9.3.5 describes measurements of the flammability limits for HFC- 125 in propane/air mixtures.

9.3.2 Suppression of a Baffle Stabilized Spray Flame. Grosshandler and coworkers (1994)
developed a baffle stabilized coaxial turbulent spray burner for testing the effectiveness of gaseous fire
suppressants. Experiments were performed using jet fuel and hydraulic fluids with the air at ambient
and elevated temperatures. The agents tested were nitrogen, four perfluorinated compounds, C2F6,

C3F8, CQFIO, and cyclo-C4F8; four hydrogen/t3uorine compounds, CF3CHFCF3, CFSCH’2CFS, C2HF5,
and CFH2CF3; the mixture 60 % CH2F2/40 90 C2HF5; the chlorinated agents CHF2C1 and CHFC1CF3;
CF3Br, and CF31. In addition, sodium bicarbonate powder (NaHC03) was tested. The measurements
rated the relative suppression behavior of the different agents. The research described here extends that
study to a broader range of conditions, typical of in-flight engine nacelle environments, and focuses on
the performance of the three down-selected agents, namely HFC- 125 (C2HF5), HFC-227 (C3HF7), and
CF31.

A fuel spray represents a unique combustion situation. A ruptured high pressure fuel, lubricant or
hydraulic fluid line can supply a steady flow of fuel for a fire stabilized behind obstacles in the engine
nacelle. Small droplets quickly evaporate and the momentum from the spray efficiently entrains the
air necessary for combustion. Extinguishment of the burning spray will occur when a critical amount

of agent entrains into the combustion zone.
Flame stability is also influenced by parameters other than the rate of agent entrainment. These

include the air flow and temperature, the fuel type, the pressure, and the agent type (CF31, HFC- 125,
or HFC-227). The key objective of the studies reported in this subsection was to compare the
effectiveness of the candidate agents in suppressing obstacle stabilized spray flames under a variety of
conditions typical of nacelle fires. The effectiveness of the agents in suppressing other types of
combustion phenomena will be addressed in Sections 9.3.3 -9.3.5 where obstacle stabilized pool fires,
ignition over a heated plate, and flammability limits will be considered, respectively.

9.3.2.1 Experimental Method and Apparatus. No standard laboratory apparatus exists for
evaluating the effectiveness of an agent in extinguishing an in-flight nacelle spray fire. One apparatus
used for spray flame suppression measurements is mentioned in the literature, but details of its
operation or experimental resuks are not reported (Hirst, 1963). The experimental facility used here
was based upon the earlier NIST study which has been described in detail (Grosshandler et al., 1993;
1994; 1995; Vazquez et al., 1994).

Figure 1 shows a cross-sectional view through the burner. The apparatus incorporated an air
delivery system, a fuel delivery system, an agent injection system, and a combustion zone. Air at
atmospheric pressure co-flowed around a 1.9 cm diameter fuei tube within a 0.5 m long, 7.3 cm inner
diameter stainless steel tube. The fuel was injected along the centerline through a pressure-jet nozzle
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(Delevan model 0.5-45-B)l that formed a 45° solid-cone spray, typical of a simple oil furnace or gas
turbine combustor. The exit of the nozzle extended 0.2 cm beyond the open end of the stainless steel
pipe. The flame was stabilized by a steel disk (nominally 3.5 cm diameter and 0.2 cm thick) attached
to the body of the nozzle. A pyrex tube with an 8.6 cm inner diameter, supported on a brass ring,
contained the flame 6.3 cm beyond the outer steel casing. A black and white photograph of the
turbulent jet spray burner was presented in an earlier report (Grosshandler et al., 1994). Figure 2
shows a schematic drawing of the nozzle, the stabilization disk, and the fuel spray. A torroidal vortex
of length L was created as the air/agent mixture flowed past the stabilization disk.

A number of modifications to the original burner design (Grosshandler et al., 1994) were
introduced to improve performance and experimental control. The diameter was increased from 5.0 to
7.3 cm to diminish fuel spray impingement on the burner walls and thereby minimize the formation of
a fuel puddle on the bottom of the pyrex tube. A water jacket surrounding the fuel line was added to
prevent heating of the fuel for experiments where the air temperature was increased. Earlier results
showed that a heated fuel supply could impact flame stability (Grosshandler et al., 1994).

Measurements showed that the orientation of the nozzle relative to the tube axis affected flame
stability. To insure that the cantilevered fuel line-nozzle system was properly aligned, a tri-spoke
(each 1 mm diameter) alignment guide was attached to the fuel line approximately 10 cm upstream of
the nozzle exit.

The air was supplied through a sonic orifice by a high capacity compressor at 900 kPa. The
pressure was monitored upstream of the sonic orifice allowing determination of the air flow. Average
velocities across the burner cross-section could obtain values as high as 50 m/s. Temperatures from
ambient to approximate y 350 ‘C, measured with a type-K thermocouple positioned 1 m upstream of
the combustion zone, were obtained using a 60 kW electric air heater.

JP-8 aviation fuel was stored in an 18 liter tank and delivered to the burner with an electric pump
at pressures controllable to 1.1 MPa. The fuel pressure was fixed at 900 :* 10 k~d and the flow was
controlled by a needle valve and monitored using a rotameter. The flow was calibrated at the

operating temperatures and pressure. An analysis of the JP-8 fuel shows that it contains many

components. The measured heat of combustion for JP-8 was 46.52 kJ/g and the elemental (mole
based) composition was 34.1 % carbon and 65.990 hydrogen (Grosshandler et al., 1994). This is
consistent with the C 12H22 molecular structure for JP-8 used by Johnsonet al., (1988)with a
corresponding molecular weight of 166 g/mole. The measured liquid density at room temperature was
0.81 g/ml. The same JP-8 batch was used for all of the experiments described in this section.

A series of super-ambient pressure experiments were conducted by replacing the pyrex tube
shown in Figure 1 by a 40 cm long brass tube fitted with a butterfly valve at the tube end, facilitating
control of the pressure which was varied from ambient to 135 kPa (5 psig). Figure 3 shows a
schematic drawing of this confined spray apparatus, which allowed steady control of the system
pressure. A pyrex observation window and three ports allowed access for ignition, a pressure gage,

and an automatic fuel shutoff which was triggered by flame extinction.
The independent parameters which were controlled in the spray burner facility were the air flow,

the agent delivery interval or injection duration, the air temperature, the system pressure, the fuel flow,
and the agent temperature. Table 2 lists the range of the independent parameters which were investi-
gated. Extinction measurements were performed with three gaseous agents for all conditions. They

] Certain trade names and company products are mentioned in the text or identified in an illustration
in order to specify adequately the experimental procedure and equipment used. In no case does such
identification imply recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply th?t the products are necessarily the best available for the purpose.
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Table 2, Operating parameters in the spray burner

Parameter Range
I

air velocity 2-33 m/s

agent delivery interval 5CI-800 ms

air temperature 20-350 “c

system pressure I 101-135 kPa (O-5 psig)

fuel flow
1. air flow constant 14-28 ml/min
2. global $ constant

agent temperature 20-150 ‘c

were CF31, C2HF5 (HFC- 125), and C3HF7 (HFC-227). Extinction measurements were also performed
using(J?313rto establish a performance reference. In some experiments gaseous Nz was also tested.

The primary dependent experimental parameters were the agent mass and the rate of injection required
for suppression,

9.3.2.2 Agent Injection. The injection mechanism, shown in Figure 4, consisted of the agent
supply connected to a stainless steel storage vessel through a metering valve, and to the burner through
a computer controlled solenoid valve. The storage volume, including a 1.() or 2.25 liter pressure
vessel and associated plumbing, was 1040 or 2290 & 10 ml, respectively. The agent pressure was
adjustable up to 687 IcPa. The agent temperature and pressure in the storage vessel were measured
with a type-K thermocouple and a pressure transducer located upstream of the solenoid valve.
Uniform dispersion across the air stream was enhanced by injecting the gas in a radial direction into a
reduced diameter (25 mm) section of the air pipe through two 6 mm diameter tubes. Screens with
50 % open area were placed 40 mm and 80 mm downstream of the injection point to ensure complete
mixing between the air and agent prior to encountering the flame zone. For some experiments, the
agent was heated to 150 ‘C by wrapping heating tape over the agent storage vessel. The amount of
injected agent was controlled by varying the initial pressure and the time that the solenoid valve was
open,

The agent injection system under idealized conditions (incompressible flow, massless valves, no
pressure losses) was designed to deliver a square-wave pulse of agent to the burner for the amount of
time programmed by the computer controller. The actual flow deviated somewhat from an ideal
square wave pulse. Examples of this are seen in Figure 40 of Section 11, where the measured transient
agent concentration between the outer wall and the fuel line just upstream of the stabilization disk is
shown, The character of the agent pulse varied from a perfect square wave to an upward sloping or a
downward sloping concentration trace. A portion of this character was attributed to the mechanics of
the solenoid actuation mechanism. The agent concentration was calculated as the average concentration
over the injection interval. Measurements showed that small deviations frc~m a square wave pulse had
only minimal effect on the agent mass required to obtain flame extinction.

There was a delay between the’ time when the solenoid was triggered and the time when the flow
of agent actually began. When the valve opened, pressure waves were created which reverberated in
the injection system at the acoustic velocity, causing the flow rate to modulate. In order to avoid flow
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restrictions, a large solenoid valve was required. Unfortunately, the valve opened and closed at
different rates, depending on the agent vessel pressure. The minimum achievable delivery time was
approximately 60 ms. Control of the solenoid opening time was limited to ~ 16 ms, which was
related to the 60 Hz electro-servo control.

The mass of agent delivered to the air stream was determined by measuring the mass loss, m, in

the vessel of volume V, at pressure P, and temperature T, using the Redlich-Kwong equation of state:

~=PvM 1 a m/( VRT3’2) _l (8)

RT [ l-bin/V - 1+bm/v
1

where M is the molecular weight of the gaseous agent, R is the gas constant, and a and b are constants
dependent upon the critical properties of the agent (Van Wylen and Sonntag, 1978). The initial
temperature was measured, and the final temperature was determined by assuming that the expansion
occurred isentropically following the relation:

pti
?f . (_f) Y
Ti Pi

(9)

where y is the ratio of the specific heats of the gas and the subscripts i and f refer to initial and final

conditions, By measuring the change in pressure, Equation (8) was used in an iterative fashion to
determine the total mass injected into the burner. Equation (9) assumes that the gas was ideal. From
Equation (8), the deviation from ideal gas behavior was found to be a maximum of 7 % for the
gaseous agents. The pressure data were collected at a rate of 1000 Hz, with the initial and final
conditions found from the average of at least 500 points measured one-half second prior to the release
of the agent and one-half second after the solenoid valve closed. A mass-time curve has been

described in detail (Grosshandler et al., 1994).
The mass of agent added to the flame was determined from Equation 1(8),and the actual time

interval of agent injection into the burner was estimated from the linear portion of the slope in the
mass-time curve. The mass flow of agent was determined from the ratio of the mass injected to the
time of injection over a linear portion of the slope in the mass-time curve.

The agent mass fraction is denoted as Q which is defined as the ratio of the mass flow of agent,
??Ii,to the tOtal mass flow of agent and air, rnAir:

(10)

Discussion of the suppression measurements in terms of the agent mass fraction facilitates comparison
of the experimental results with similar measurements under other flame conditions or in different
combustion configurations. An effective agent is characterized by a small value of K

9.3.2.3 Experimental Results and Discussion. The protocol used in the experiments was to

ignite the fuel spray with a propane torch and to set the air flow to the desired level. The flame was
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allowed to burn for =20 s to ensure steady operation. If a smaller “pre-burn” or warm-up time was
used, the flame was less stable. Experiments were conducted for a single agent over a range of
conditions. When the agent was changed, the storage vessel was evacuated and flushed several times
with new agent to purge contaminating gases from the system. The pressure in the vessel was
adjusted with the solenoid valve closed using the inlet metering valve. Initially, a pressure was chosen
which was expected to be insufficient to extinguish the flame. Data acquisition was initiated and the

response of the flame to the injection process was observed. If the flame was not extinguished, the
pressure in the agent vessel was increased and the experiment repeated immediately. Eventually a
pressure was found which was sufficient to suppress the flame. This procedure was repeated at least
twice for each condition. Each extinction data point, therefore, represents many experiments. It is
estimated that a total of over 1000 suppression experiments were conducted. Uncertainty in the mass
of agent required to extinguish the spray flame was estimated as 15 90, based on repeat measurements
and a propagation of error analysis.

9.3.2.3.1 Characterization of Facility. A series of experiments were carried out to determine
reasonable baseline conditions for the fuel and air flows, the diameter of the stabilization disk, the
location of the pyrex tube, and the impact on flame stability of a layer of soot deposited on the
stabilization disk.

The air and fuel flows were varied to ascertain how the flame was affected by the operating
conditions. Figures 5 and 6 show the average observed flame length as a function of the fuel and air
flows respectively. As the air flow increased, the visible flame length decreased, until at very high air
flows the flame extinguished. At high air flows, the flame appeared like a rapidly swirling luminous
ball. Some amount of blue emission was visible in photographs, but not by visual observation. Little
flame luminosity was observed beyond 10 cm downstream of the nozzle. For air velocities less than
2 m/s, the flame appeared as an ignited spray cone, nearly blue for the first 2 cm downstream from the
nozzle and then yellow. Under these conditions, a luminous recirculation zone was not observed to
exist, and apparently, the inertia associated with the fuel droplets was much greater than the momen-
tum associated with the torroidal vortex behind the stabilization disk. Low air velocity flames were
achievable only after ignition at moderate air velocities and careful, slow decrease of the air flow. As
the fuel flow increased, the flame length increased and the flame appeared more luminous.

The trajectory of fuel droplets was observed to change with air flow. Under non-combusting
conditions with a low air flow, the droplets traveled on near-linear trajectories in the downstream
direction, at approximately 45° from the axis. As the air flow increased, a critical value was obtained
which caused the droplets to alter their trajectories. Further increases in the air flow, caused the
droplets to turn nearly 180°, causing them to be entrained into the torroidal vortex behind the
stabilization disk. Apparently the momentum associated with the droplets was overwhelmed by the
momentum associated with the torroidal vortex of the recirculation zone. For a fuel flow of 21 ml/min
(0.28 g/s), the critical air velocity causing a change in droplet trajectory was approximately 17 m/s.
Under combusting conditions, observation of the fuel droplet trajectories was not possible, due to
obscuration by flame luminosity as well as a decreasing droplet diameter associated with fuel
evaporation. These observations suggest that the flame structure and stability may be influenced by
complex droplet dynamics occurring in the flame. In addition, the droplet size distribution is expected
to change with fuel flow through the nozzle.

An operating condition of 21 ml/min was selected for the JP-8 flow. An air velocity of 7.5 m/s at
ambient temperature and pressure was selected as a reasonable baseline operating condition. These
conditions produced a 13 kW flame with an overall equivalence ratio of about 0.1, Under these
conditions, a layer of soot formed on the nozzle and stabilization disk surface in a matter of minutes.
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Accumulation of a large amount of soot was found to increase flame stability. A possible explanation
for this is that the soot acted like a thermal insulator, reducing heat losses to the stabilization
disk/flame holder. Thus, the soot was cleaned periodically (every =3 rein). Cleaning necessitated
closing the fuel flow and extinguishing the flame.

Measurements showed that the location of the pyrex tube had little impact on the critical agent
concentration at extinction for distances greater than 6.3 cm downstream of the nozzle. For shorter
distances, the flame was easier to extinguish. Therefore, the pyrex tube was maintained 6.3 cm
downstream of the nozzle for all flame extinction experiments.

Experiments were conducted to compare flame extinction measurements in the originaI burner

(Grosshandler et al., 1994) to measurements in the new burner. Figure 7 slhows the critical HFC-227
mass fraction (~) required to extinguish JP-8 spray flames as a function of air velocity for short agent
injection intervals (65 ins). The critical agent concentrations are similar in the two burners, with the
original burner slightly more stable. This is not surprising considering the blow-off results described in
Section 9.3.2.3.2 below.

An annular shaped steel disk (4 cm O. D,, 1.5 cm I.D.) was placed on axis, downstream of the
spray nozzle, to test the impact of a (secondary) flow field obstacle on flame stability. Using the
standard configuration, with the primary (3.5 cm diameter) obstacle in place upstream of the nozzle
and with fuel flowing, a propane pilot flame was used to ignite the fuel. If the obstacle was more than
approximately 6 cm downstream of the nozzle, then it was not possible to stabilize a flame behind the

secondary obstacle. The flame would blow-off as soon as the pilot flame was removed. Both a metal
and a ceramic stabilizer were tested, yielding the same results. If the obstacle was moved to within
approximately 6 cm of the nozzle, the flame jumped back and attached itself to the primary obstacle.
Thus, it was not possible to stabilize the (45° solid cone) spray flame unless ignition occurred within
the recirculation zone. The recirculation zone downstream of the secondary obstacle apparently did
not provide conditions suitable for flame stabilization.

Experiments conducted with air as the extinguishing agent demonstrated that the flame could not

be suppressed simply by blowing it out (Grosshandler et al., 1994). When air was injected into the

burner, the flame was observed to fluctuate momentarily, but was never extinguished. The flame also
fluctuated when agent was injected into the burner. This was probably associated with a rapid change
in the overall free stream velocity, which has an effect on the character of the recirculation zone.

In baffle stabilized flames such as the spray burner, the agent concentration in the recirculation
zone is the key to flame suppression. Because isothermal flow dynamics upstream of the fire source
play an important role in the rate of agent entrainment into the recirculation zone, quantitative
measurements of the transient agent concentration were conducted as a function of spatial location
under non-combusting conditions. This was accomplished using the aspirated hot film probe described
in detail in Section 11 of this report. CF3Br was injected (250 ms duration) into a moderate air flow

(velocity = 5 n-ds). Measurements were made 2 cm upstream of the stabilization disk (see Figure 1).
The results, which are shown in Figure 8, indicate that agent mixing was fairly uniform across the tube

diameter. The agent injection rate and duration were also investigated and are described in detail in
Section 11.

9.3.2.3.2 Flame Blow-off. Flame stability in the original (5.3 cm) and the redesigned (7.3 cm)
burners was directly compared by measuring the air velocity required to blow-off the JP-8 spray
flames. A series of stabilization disks were tested with diameters of 2.22 cm, 2.86 cm, 3.49 cm, and
4.13 cm, all 4 mm thick, and all made from the same steel stock. A 3.49 mm diameter, 2 mm thick
disk from a different steel stock was also tested. Figure 9 shows the air blow-off velocity (vb~) as a
function of the diameter of the stabilization disk. The same type of nozzle and fuel flow was used in
all tests (21 ml/min). Changing the stabilizer diameter had a small effect on flame stability, with the
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Figure 7. The critical mass fraction of HFC-227 at extinction for the JP-8 spray flame as a
function of air velocity for a 65 ms injection interval.
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3.5 cm diameter disks (2 mm and 4 mm thick) yielding the most stable flames in both burners. A
stable flame was sustainable until the air velocity across the duct was approximately 33 rds in the
7.3 cm burner. Flames could not be stabilized with the 2.2 cm disk in either burner, nor with the
4. I clm disk in the original (5.3 cm) burner. Blow-off velocities in the original burner were approxi-
mately 25 % higher than in the modified burner (7.3 cm) for the same disk diameter. This difference
was attributed to the stabilizing effect of geometric blockage. The blockage (B) can be quantified as
the ratio of the open (or non-blocked) area to the total area:

~ . D2-d2
= 1 - (d/D)z

D2
(11)

where D is the burner diameter and d is the baffle diameter. The effect of blockage on flame stability
has been investigated by Winterfeld (1965) and discussed by Lefebvre (1983). Winterfeld’s results
wiil be described in detail in Section 9.3.2.3.4.

9.3.2.3.3 Effect of Air Velocity. A fixed injection time of 700 rns was chosen to test the
-performance of the three alternative agents in extinguishing the spray flame. The selection of this
:.
rejection interval facilitates comparison of the results with suppression results from other configura-
tions. Figure 10 shows the critical mass of CF#r and-the three alternative agents at extinction as a
function of air velocity. For conditions below the data points, the flames were not extinguished,
whereas for conditions above the data points, the flames were extinguished. A single data point may
represent as many as three to ten experiments. The measurements showed that halon 1301 (CF3Br)

required the least amount of mass to extinguish the flames, followed by CF31, and the other two
agents, HIT-- 125 (C2HF5) and HFC-227 (C3HF7), which were measured to have nearly identical
effectiveness. CF3Br required as much as a factor of three less mass than HFC- 125 or HFC-227 to
extinguish the spray flames. As the air velocity (V) increased, the agent mass required to achieve

flame extinction increased, obtained a maximum, and then decreased. At high air velocities, the
flames were less stable and easier to extinguish, i.e., less agent was required to extinguish them. At
V==33 mls, air with no agent addition caused flame extinction.

Figure 11 shows the critical mass delivery rate of agent at extinction as a function of air velocity
for the same data as shown in Figure 10. The rate is determined from the ratio of the mass delivered
to the injection period. The injection period is related to the solenoid opening time and is estimated by
measuring the depletion of agent from the reservoir. As the air velocity increased, the mass delivery
rate increased, obtained a maximum, and then decreased, similar to Figure 10. The data are consistent
with Figure !0. CF#3~- required the smallest delivery rate to extinguish the flames, followed by CF31,
and the other two agents, HFC- 125 and HFC-227, which were measured to have nearly identical
effectiveness.

Figure 12 shows the critical mass fraction of agent at extinction (B, as defined in Equation (10))
as a function of air velocity for the same data as shown in Figures 10 and 11. As the air velocity
increased from 3 m/s, .8 decreased. For ve~y low air velocities (2 rnls), t! decreased or remained nearly
the same as the results for V==3 rnk For all agents, the values of t3 for the low air velocity spray
flame results were very similar to agent extinction concentrations measured in cup burner flam& and
in opposed flow diffusion flames (OFDF) at low (25 s-]) strain rates (Grossharidler et al., 1994).
Table 3 documents the correspondence between the flame extinction measurements irr the three
burners. All tests were conducted with JP-8 fuel, The correspondence between the cup burner results
and the low strain rate OFDF results have been previously documented (Grosshandler e~ al., 1994).
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Table 3. Comparison of the critical agent mass fraction at extinction measured in different burners

a Not measured
b Measured with heptane as fuel. The agent concentration required to extinguish heptane and JP-8
cup burner flames has been measured to be within 4 % of each other for many agents (Grosshandler
et al., 1994).

Table 3 shows that a correspondence also exists between the critical agent mass fractions for moderate
(80 s-l) strain rates in the OFDF burner (Hamins et al., 1994) and moderate air velocities (15 rds) in
the spray burner. The same correspondence holds for high (22.5 m/s) air velocities in the spray burner
and high (175 s-1) strain rates in the OFDF burner.

It should be noted that extinction measurements in the OFDF and cup burner were quasi-steady
experiments. Agent concentration was slowly increased until the flame extinguished. The spray
experiments involved transient agent injection. Yet, for long injection intervals, the spray experiments
were similar to the quasi-steady agent addition methodology and a direct comparison of the results in
the three very different configurations is not unreasonable. A plausible explanation of the phenomena
follows. As the air flow increased in the spray flame, the characteristic Darnkohler number flow time
in the recirculation zone decreased and the flow field strain rate increased, facilitating flame extinction
with less agent. At high enough air flows, no agent at all was necessary to achieve extinction and
flame blow-off was observed. This is analogous to the OFDF results (Hamins et al., 1994). This

suggests that the same processes that control flame extinction in simple diffusion flames govern flame
extinction in the baffle stabilized spray flame. The correspondence is surprising because a baffle
stabilized turbulent spray flame is very different in character from the Iaminar diffusion flames
stabilized in the OFDF and cup burners. Quantitative modeling of the correspondence would require a
detailed understanding of the interaction between the chemistry and fluid dynamics/droplet interaction
in the recirculation zone of the turbulent jet spray flame. The practical implication of the results
shown in Table 3 is that it is not necessary to test the suppression effectiveness of agents in every
possible configuration. The results can be scaled from one burner to another.

An interesting model for flame blow-off was reported by Banal and Lefebvre (1981), who
correlated blow-off data for premixed gaseous turbulent flames from many investigators over a large
range of velocities and flame holder diameters and shapes. Their model suggests that blow-off is
proportional to the product of the square of the laminar flame speed (S~) and the flame holder
diameter (d):



9. SUPPRESSIONOF ENGINENACELLEFIRES 31

0835 -“’’ 1’’’’ 1’’’’ 1’’’’ 1’’’’ 1’’”1’ ‘“-

❑ delivery interva”l = 700 rns 1
——6+———CF3Br
——++——CF31

+
[

----++-- HFC-1 25

K
————A——HFC-227

U.LV’ ~“
\

\
B

~1

\\\ --i

Air Velocity (m/s)

Figure 12. The critical mass fraction of agent at extinction as a function of air velocity.



32 9. SUPPRESSIONOF ENGINENACELLEFIRES

d“C~+2
Vh =

t%.
(12)

where C~ is a coefficient which takes into account the drag associated with the geometry of the flame
holder and UO is the thermal diffusivity of the gases. Application of this approach to flames sup-

pressed by agent addition necessitates flame speed information as a function of suppressant concentra-
tion. For a particular mixture flow, flame extinction would be predicted to occur for combinations of
flame speeds and baffle diameters below a critical threshold. Figure 13 shows the flame speed as a
function of CF31, C2HF5, and CF3Br concentration for stoichiometric methane/air flames
(Babushok et al., 1995a; Babushok, 1995). Figure 13 shows that flame speeds of 10 cm/s are obtained
when agent concentrations obtain values of 1.8 %, 2.1 70, and 3.9 % (by volume), respectively, for
CF3Br, CF31, and C2HF5. It is possible to compare these results to the spray flame results in Table 3
for an air velocity of 15 tis, where concentrations correspond to 1.8 %, 2.2 %, and 6.0 % (by
volume) for the same agents, respectively. Thus, the premixed flame results and the results in the
spray flame burner follow similar trends when interpreted in terms of Equation (12). Application of

Equation (12) to the extinction of baffle stabilized flames merits further investigation. Successful
application of this equation would imply that information from premixed flame studies would be an
adequate predictor of suppression behavior.

9.3.2.3.4 Effect of Agent Injection Interval. Figure 14 shows the critical mass of CF3Br and
the three alternative agents at extinction as a function of the delivery interval or injection duration for
a constant air velocity equal to 7.5 rrds. For conditions below the data points, the flames were stable,
whereas for conditions above the data points, the flames were extinguished. As the delivery interval
increased, the agent mass required to achieve flame extinction increased in a near linear fashion.
CF3Br required the least amount of mass to extinguish the flames, followed by CF31, and the other two

agents, C2HF5 and C3HF7. These two agents were measured to have nearly identical effectiveness.
The relative effectiveness of the various agents is consistent with the results shown in Figure 10-12,

Figure 15 shows the critical rate of mass injection required to achieve flame extinction as a
function of delivery interval for the same data as shown in Figure 14. As the delivery interval
increased, the critical rate of mass injection decreased and approached an asymptote for long delivery
intervals. The relative effectiveness of the various agents is consistent with the results shown in
Figure 14.

Figure 16 shows the critical mass fraction (13)as a function of delivery interval for the same data
as shown in Figures 14 and 15. The curves are similar to those in Figure 15, As the delivery interval
increased, the critical L3decreased, and approached an asymptote for long delivery intervals. The

curves for all of the agents in Figure 16 were nearly identical in shape, but were displaced along the
y-axis.

These data can be explained in terms of a phenomenological model first developed by
Longwell et al., (1953) to explain blow-off of premixed flames by treating the recirculation zone as a
well-stirred reactor. The key parameter in this model is the characteristic mixing time of reactants to
entrain from the free stream into the recirculation zone. Support for this model also comes from
Mestre (1955), who found that the blow-off velocity was related to the characteristic time for
entrainment into the recirculation zone. Here, the model is extended to treat agent entrainment into the
recirculation zone and subsequent extinction of combustion occurring in that zone. The assumptions
used to develop the model are as follows. The flame is stabilized in the eddy or recirculation zone
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behind the obstacle, To extinguish the flame, the agent (volume based) concentration (X) must obtain
a critical value. This concentration depends on the agent type and the free stream air velocity as
shown in Figures 10-12. The recirculation zone is homogeneous and mixing of the agent in the zone
is instantaneous, Spray characteristics such as the droplet size distribution and momentum are

considered unimportant. Applying these assumptions, it is possible to develop a simple model to
predict the critical agent concentration at extinction as a function of the injection duration (At) and the
concentration of agent for long injection times.

Applying this model, the baffle stabilized flame extinction experiments can be interpreted as
follows. A pulse of agent is injected into the air stream. The agendair mixture passes the obstacle and
a portion of the agent is entrained into the recirculation zone behind the obstacle. Initially, the agent
mole concentration (X) in the recirculation zone is zero, As the agent is entrained into the recircula-
tion zone, the concentration there is given by:

X = Xf [1 -e(-~l’)] (13)

where ~ is the free stream agent mole concentration, t is the time from initial agent entrainment into
the recirculation zone, and z is the characteristic mixing time for entrainment into the recirculation
zone. For very long injection times (At>x), the concentration in the recirculation zone will approach
the free stream agent concentration, XP Experiments reported by Bovina (II958) confirm the form of
Equation (13).

Our well stirred reactor model requires that at flame extinction, the agent concentration in the
recirculation zone obtains the same critical value, regardless of agent injection duration. Thus, the

model suggests that the critical agent concentration in the free stream required to achieve extinction,
Xc(At), for a finite injection interval (At) is related to the critical agent concentration in the free
stream, Xm(At>x), for long injection intervals (Atzx) and an exponential term associated with the
extent of mixing:

Xm(At>~)
Xc(At) =

l_e(-W)

(14)

Interpretation of the spray flame extinction experiments by Equation (14) shows that the critical
extinction concentration is determined by the ratio (At/~). This relationship is shown in Figure 17
where the term (XC/Xm) is plotted as a function of (Ath). For long injection durations, the denomina-
tor in Equation (14) becomes 1.0 and XC is equal to X-. For short injection intervals, very high agent
concentrations are required to obtain extinction. For example, when (At/’r) = 1, the critical agent
concentration (XC) is approximate y a factor of 1.5 times Xm. When (Ath) = 0.5, the critical agent

concentration (XC) is approximately a factor of 2.4 times Xm. In addition, XC is constrained such that
XC s 1. Equation(1A),therefore, implies that there exists a critical injection duration (Atc) such that

no matter how large the agent concentration, the flame cannot be extinguished. The value of the
critical injection duration is:

Atc = -rk(l-:)
c

(15)



38 9. SUPPRESSIONOF ENGINENACELLEFIRES

For r equal to 100 ms, representative of conditions in the spray burner for an air velocity of 3 m/s
(discussed below), and Xm equal to 0.1, Equation (15) yields a value of Atc equal to 11 ms.
Unfortunately, the minimum solenoid opening time was much larger than this value, so the veracity of
Equation (15) was not empirically tested in the spray burner.

Bovina (1958) found that the time constant (z) in Equations (13)-(15) is related to the baffle
diameter (d) and the upstream velocity (V):

d
‘c=—

v
(16)

Bovina (1958) also found that the upstream turbulence level was an important factor in the mixing
time. Winterfeld (1965) verified that ~ was inversely proportional to the upstream velocity for both
combusttng and non-combusting cases over a range of Reynolds numbers extending from =1.5 “104 to
2.2 105. Winterfeld (1965) found that in addition to d and V, the time constant was also a function
of the blockage ratio and the geometry of the flame holder. Figure 18 shows Winterfeld’s results,
where the non-dimensiotial characteristic mixing time is plotted as a function of the square of the ratio

of the baffle diameter (d) to the enclosure diameter (D). Increased blockage (increasing values of dill)
increased the value of ~. Figure 18 shows that z was approximately a factor of two larger for a
combustion situation as compared to an isothermal case, over the entire range of Reynolds numbers
tested. Both the isothermal and combusting results were well fit by the form:

T=; ”[a+b’log(#] (17)

Equation (17) is nearly identical to Equation (16), but includes a correction term for the effect of
geometric blockage,

The velocity in Equations (16) and (17) refer to the velocity of the air/agent mixture. For cases
where the agent composes a small percentage of the mixture, the free stream air velocity is a good
approximation of the total velocity (V). Winterfeld’s model suggested that mixing actually occurs
over the surface which bounds the recirculation zone from the free stream. His measurements showed
that the length of the recirculation zone increased significantly with increased free stream velocity.
Measurements by others have led to the opposite conclusion (Lefebvre, 1983).

A two parameter fit to the extinction data shown in Figure 16 (after conversion to mole fraction

from mass fraction) using Equation (14), allows determination of the parameters X@ and T. By
definition, the agent mole fraction (X) is related to the mass fraction (13)by the expression:

x= (Iw)
[(P/M)+ (1-P)/~al

(18)

where Ma and M are the molecular weight of air (=28.96 g/mole) and the agent, respectively.
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The critical mole fraction of HFC- 125 at extinction for air velocities of 3.0 and 7.5 n-ds is shown
in Figure 19. The same data presented in Figure 16 for HFC- 125 is shown in Figure 19 in terms of the
critical mole fraction at extinction. Interpreting the curves in terms of Equation (14) shows that a best
two parameter fit for the V=3.O rnh data yields ‘c= 99 ms and Xm=O.10. Because Equation (16)
suggests that ~ = (l/V), the 7.5 nds data should be well represented by ~=40 ms (=99 ins/2.5). A plot
using 40 ms for I leads to a reasonable fit of the V=7.5 m/s data using Equation (14) as shown in
Figure 19. The fit yields a value of 0.078 for X-.

The correspondence between extinction concentrations in the spray burner, cup burner, and OFDF
implies that X- is related to a universal criterion for flame extinction, referred to as the critical
Damkohler number. As such, X= is controlled by the interaction between the chemistry associated
with combustion of the fuel/air/agent mixture and the fluid mechanical flow field. Once X~ is known,
XC is controlled by L the rate of agent entrainment into the recirculation zone.

Equation (14) and the results in Table 3, suggest that the Damkohler number flow time for flame
extinction must be related to the characteristic residence or mixing time, z,, in the recirculation zone of
a baffle stabilized flame. For a flame stabilized by an object or a bluff bodly,this time is related to the
free stream air flow, the size of the obstacle, and geometric blockage.

Figure 20 shows measurements of the critical agent mole fraction at extinction as a function of

injection interval for two different bluff body disks. The flames behind the 4.13 cm disk were more
stable than the flames behind the 2.86 cm disk. The blockage factor, B, (see Equation (11)) for the
2.86 cm and 4.13 cm diameter (4 mm thick) disks were 0.85 and 0.68 respectively. Equation (16)
predicts a 30 % increase in the characteristic mixing time based on the increased disk diameter (from
2.86 cm to 4,13 cm). Fitting the 4.13 cm disk extinction concentration data with a two parameter fit
for ~ and Xm, yields I = 93 ms.

Wlnterfeld (1965) studied the combined effect of disk diameter and blockage on the characteristic
mixing time for premixed flames over a wide range of blockage ratios. Winterfeld’s (1965) results
(Equation (17)) predict that the combination of increased disk diameter and increased blockage should

lead to a 14 % and not a 30 % increase in L yielding a value of 81 ms rather than 65 ms. A plot
using ‘c=81 ms leads to a reasonable prediction of the extinction results for the 2.86 cm disk (4 mm
thick) as shown in Figure 20. No direct comparison was made with the results using the reference
disk (3.5 cm diameter, 2 mm thick), because disk thickness and material differences influence the
measured agent extinction concentrations, presumably through differences in the detailed structure of
the recirculation zone. Figure 21 is an example of application of Winterfeld’s results for combusting
flows (shown in Figure 18), to determine mixing times for various flow velocities in an enclosure of
diameter D (=7.3 cm). The mixing time is plotted as a function of the square of the ratio of the baffle
diameter (d) to the enclosure diameter (D). Relatively large changes in the mixing time occurred for
smaIl changes in (d/D)2. The mixing times, determined by fits to the extinction data, for the spray

burner were =99 and 40 ms for air velocities equal to 3.0 and 7.5 rrds respectively (see Figure 19).
Winterfeld’s results predict mixing times equal to =170 and 65 ms for V=3.O and 7.5 m/s. The ratio
of values determined from Wlnterfeld’s data to our measurements in the spray burner are a factor of
1.7 and 1.6, respectively, for the same air velocities. It was encouraging, however, that the relative
difference in the two configurations were nearly the same. These difference are not surprising

considering that Winterfeld’s results are for premixed flames. In addition, the flows that Winterfeld
studied were for relatively high Reynolds numbers and the baffle thickness was not reported nor its
material composition.

As expressed through Equation (14), the simple well-stirred reactor/spray flame model has no
explicit dependence on pressure, air temperature, or fuel droplet characteristics. These parameters are

not thought to impact agent mixing. Molecular diffusion is not expected to play a role either and

therefore agent type should not effect the characteristic agent mixing time.
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The spray flame testing described in this and subsequent sub-sections was conducted with the

3,5 cm diameter disk (2 mm thick) and with air velocities of 7.5 n-ds, yielding a mixing time constant
equal to approximately 40 ms, In subsequent experiments described below, the agent delivery interval
was held constant at 250 ms, yielding a value for the ratio (At/~) as approximately equal to 6,
indicating that XC = Xm. Thus, the value of ~ is not expected to play a role in the extinction results
discussed in this and subsequent sub-sections.

9.3.2.3.5 Effect of Air Temperature. The air was preheated and extinction measurements were
conducted with the average air temperature in the burner varying from ambient to 350 ‘C under
conditions of a constant air velocity of 7,5 nds and for an agent delivery interval of 250 ms. The
increase in temperature affected flame stability in several ways. First, since the air velocity at the
bluff body was held fixed, the mass flow of air decreased as much as 50 % because of the drop in
density. Heating of the JP-8 in the fuel line was minimized because the coaxial water jacket cooled
the fuel line. As seen in Figure 22, the agent mass fraction (/3) required to suppress the JP-8 spray
flame increased as the air temperature increased. This was expected; increased air temperature
enhances flame stability through enthalpy addition and the results were also consistent with measure-
ments of the effect of reactant temperature on the stability of baffle stabilized flames as characterized
by flame blow-off (Lefebvre, 1983). Surprising, however, was the reduction in the relative effective-
ness of CF31 as compared to the HFCS for moderate temperatures. The relative effectiveness of CF#

was still better than HFC- 125 and HFC-227 for temperatures lower than approximately 100 “C, as
noted previously, but was only as effective as those agent for temperature greater than 100 ‘C. CF3Br
remained the most effective agent over the temperature range studied. In relative terms, CF31 and
CF3Br required larger relative changes in agent concentration to achieve extinction as the air
temperature increased, as compared to HFC- 125 or HFC-227. These results were consistent with
earlier measurements of the critical agent concentration requirements at extinction for heated air flows
in spray flames (Vazquez et al., 1994) and counterflow diffusion flames (Grosshandler et al., 1995),

and may be due to diminished chemical effectiveness of these agents (CF3Br and CF31) as the agent

concentration increases.
For some aircraft applications, cold temperatures can be expected. For sub-ambient air tempera-

tures, the stability of the spray flame can be expected to decrease and suppression can be expected to
require less agent. All measurements reported here, however, utilized gaseous agent. For a two-phase
agent delivered under cold temperature conditions, the rate of evaporation and flashing may detrimen-
tally impact the amount of agent required for flame suppression.

9.3.2.3.6 Effect of Agent Temperature. Figure 23 shows the critical 6 as a function of agent
temperature for the three alternative agents under conditions of a constant air velocity of 7.5 n-ds and
for agent delivery intervals of 250 ms. Extinction measurements were conducted with the three
alternative agents heated to temperatures as high as 150 ‘C (300 ‘F), The results showed that the gas
phase agent temperature had no effect on flame stability. Because the majority of the air/agent
mixture was air, the agent was diluted and the final mixture temperature approached the air stream
temperature. In addition, the tubing walls were not insulated and the agent pulse was relatively short

(less than 1 s), promoting equilibration of the gas mixture to ambient temperatures. These results do
not imply that heating or cooling of the agent will not affect the rate of agent dispersion or evapora-
tion. In these tests, the agent was introduced in the gas phase. In the nacellle, the agent will be
delivered as a two-phase fluid which raises issues associated with the rate of agent evaporation, etc.

9.3.2.3.7 Effect of Pressure. Figure 24 shows the critical agent mass as a function of system
pressure for the three alternative agents under conditions of a constant air velocity equal to 7.5 rrds
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and for an agent injection interval of 250 ms. As the pressure increased, more agent mass, in a near-
linear fashion, was required to extinguish the spray flames. In addition to the super-ambient data in
Figure 24, the data representing the ambient case (O psig or 101 kPa) were also determined utilizing
the confined spray apparatus. Those results were similar to the results determined using the standard
burner configuration.

Figure 25 shows the critical agent mass fraction at extinction (13)as a function of system pressure
for the three alternative agents under conditions of a constant air velocity equal to 7.5 m/s and for an

agent injection interval of 250 ms, As the pressure increased, the critical fi remained constant for all
three agents, Thus, the mass flow of agent required to extinguish the spray flames increased linearly
with the mass flow of air. The results imply that the key chemical processes that control flame
extinction were not sensitive over the rather narrow pressure variation studied, It should be noted that
a small pressure dependence may result for high air velocities. Equation (7) and the results of Hirst
and Sutton (196 1), who studied the effect of reduced pressure on the air blow-off requirements of
baffle stabilized pool fires, predict increased air blow-off velocities (Vbo) as the pressure increases.
Thus, increases in Vbo due to enhanced pressure would alter the profile of the critical agent mass
fraction at extinction (B) as a function of the air velocity. For the velocity range of interest (<10 m/s),
however, it appears that the pressure dependence is negligible,

In aircraft applications, pressure decreases with altitude. The experimental results suggest that the
mass flow of air through the nacelle is the parameter of interest, and that flame suppression will
require less mass flow. of agent if the mass flow of air decreases with pressure.

9.3.2.3.8 Effect of Fuel F1ow, Figure 26 shows the critical agent mass fraction at extinction (13)
as a function of fuel flow for the three alternative agents under conditions of a constant air velocity of
7,5 m/s and for an agent injection interval of 250 ms. As the fuel flow increased, 13remained
approximately constant. As the fuel flow increased, the global equivalence ratio increased, where the
global equivalence ratio was defined as the molar fuel/air ratio divided by the stoichiometric fuel/air
ratio. It is not clear, however, how changes in the global equivalence ratio impact the combustion
processes in the spray burner. A higher fuel flow does not necessarily imply that the fuel concentration
in the recirculation zone obtains a higher value, The fuel droplet size distribution may shift to larger
sizes as the fuel flow increases. This would actually lead to diminished fuel evaporation rates and
decreased flame stability (Lefebvre, 1983). Yet, the results in Figure 26 indicate that the stability of
the spray flame is relatively insensitive to the fuel flow over the range of values tested.

Figure 27 shows the critical mass fraction (13)as a function of fuel flow for the three alternative
agents under conditions of a constant global equivalence ratio (O.11), for agent injection intervals of
250 ms. As the fuel flow increased, the air flow increased by the same factor. Figure 27 shows that
the critical agent mass fraction required to achieve extinction decreased as the fuel and air flows
increased. This series of experiments was undertaken to study the effect of fuel flow while eliminat-
ing the impact of the global equivalence ratio. Interpretation of the results is difficult, however,
because the air flow has a large impact on flame stability as noted in Figures 10-12.

9.3.2.4 Summary of Spray Flame Results. The following equation summarizes the agent mass
fraction requirements for flame suppression in the turbulent jet spray burner as a function of operating
conditions:

(19)
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Figure 24. The critical agent mass at extinction as a function of system pressure.
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Figure 25. The critical agent mass fraction at extinction as a function of system pressure.
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Table 4 defines the symbols, range of conditions, and reference conditions used in Equation (19),
where ~ is defined as the mass fraction of agent at extinction as conditions vary and PO is the mass
fraction of agent at extinction at reference conditions.

The correction terms to Equation (19) as the operating conditions change are listed in Table 5.
Table 6 gives the values of agent molecular weight, PO, and the values of the polynomial coefficients
for use in the functions f4(Tair) and f5(V), the correction terms for non-baseline conditions in

Equation (19). To determine f~, a series of algebraic calculations must be completed as outlined in
note “bb” of Table 5. First, X must be determined. This requires input of X- and z, which can be
calculated from the values of d, D, and V, and knowledge of M and PO which are listed in Table 6.

9.3.3 Suppression of a Baffle Stabilized Pool Fire. A pool fire resulting from a puddle of jet fuel
or hydraulic fluid can pose a serious fire threat under certain conditions in a nacelle. In an air flow,
the stability of a pooi fire can be greatly enhanced if an obstacle at the Ieading edge of the pool is
present. In some nacelle configurations, obstacles in the form of structural ribs or other bluff bodies
are present at locations where combustible liquids could form a puddle, Middlesworth (1952; 1954)
reported that the agent extinguishing requirements greatly increased with the presence of transverse
structural ribs situated in the lower part of FR-4 and XB-45 nacelles. This ‘was attributed to difficul-
ties in extinguishing pool fires between structural ribs.

The literature on the stability of baffle stabilized pool fires is limited, but many important

findings have been reported. Hirst and Sutton (1961) reported the effects of reduced pressure (below
1 atm) and air flow on kerosene pool fires. The pool fire was located on an airfoil in a wind tunnel
and the ambient pressure was independently controlled for different air flows. The airfoil provided a
smooth transition to the leading edge of the pool (the fuel tray was recessed in the airfoil and was
horizontal to the surface). The dimensions of the liquid pool burner were 0.13 x 0.13 and 0.022 m
deep. At low air flows, the flame was held near the leading edge of the pool and was blown across
the pool surface. At higher air flows (depending on the ambient pressure) the flame was blown off
and the fire was extinguished. As the ambient pressure decreased, the air velocity required for blow-

off (Vbo) decreased. Obstructions in the form of vertical metal plates extending the width of the fuel
tray were placed directly in front of the tray. Plate heights varied from 3.2 mm to 51 mm. It was
shown that these obstructions had a dramatic impact on Vbo. An intermediate obstruction height

(16 m) yielded the highest critical air velocity. Thus, the stabilizing effect of a baffle in front of a
pool fire can be very significant.

Hirst et al., (1976) examined kerosene pool fire suppression with methyl bromide (CH3Br) in a
wind tunnel facility similar to the one used by Hirst and Sutton (1961). Minimum agent concentra-
tions required to extinguish pool fires stabilized behind baffles ranging from 10 mm to 64 mm were
measured. The baffle height producing the most stable flame (requiring the highest methyl bromide
concentration to extinguish) was determined to be 25 mm. The effect of air velocity on the minimum
agent concentration required for extinction was examined for the 25 mm baffle. At the lowest air
velocity examined, 4.5 m/s, the methyl bromide concentration was the highest (–6 Yo by volume). The
minimum extinction concentration decreased to 4.2 % as the air velocity increased to 15 m/s.
Dyer et al., (1977a) examined kerosene pool fire suppression in the same apparatus at lower air
velocities, testing methyl bromide, halon 1301, halon 1211 and nitrogen as agents. The minimum
extinction concentration for methyl bromide increased to a maximum of 7.5 ?io(by volume) at an air
velocity of 1 m/s. The results for halon 1211 and halon 1301 showed similar trends with the same
minimum extinction concentration as methyl bromide, but the air velocity at the peak concentration
was from 2,5 tis to 3,0 rds, The time to extinguish the baffle stabilized pool fires at low air
velocities as a function of concentration was reported for methyl bromide and nitrogen. Figures 28
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Table 4. Guidelines for supI

Parameter

system pressure

fuel flow

agent temperature

air temperature

free stream air velocity

injection interval

ression of spray flames

Symbol

P

Qf.el
Tagent

Tair

v

At

Table 5. Correction terms to Equation (19)

Parameter
Range

101 - 135 kPa

16-28 ml/min

20-150 ‘c

20-350 “c

3-33mls

50-750 ms

I
Correction term

Reference Value

101 kPa

21 ml/min

20 “c

20 “c

7.5 tis

700 ms

I Value of correction term

f, (P)

f2(QfUe1)

‘3(Tagent)

f4(Tair)

f5(v)

f6(At)

~aa

1

1

a+- b“T + C“T2

e+ f”Vi-g V2

X“M/[XM+(l-X) “Mair]/~O bb

aa some small pressure de endence is anticipated for high air velocities, see text.
?bb where X = Xm/[l -e(-Ati’ ]

~ = 1,44”(d/V) “(9.86-7,7510g[d/D]2)
X@ = (~O/M)/[(~O/M)+( l-~O)/Mair]
M = the Molecular weight of the agent; see Table 6.
Mair = Molecular weight of air (=28.96 g/mole).

Table 6. Values of (30and polynomial coefficients for f4(Tflir) and f5(V) of Equation (19)

Agent M (g/mole) p. a b (l/°C) c (1/”c)2 e f (n-dS)-i g (m/s)-2

CF31 196 0.16 1.1 3.5 “1O-3 o 1.4 -4.0 ”10”2 0

FIFC-125 120 0,24 1.1 8.2”10-4 0 1.3 -1.7 ”10-2 -5.7 ”10-4

HFC-227 170 0.23 1.1 9.0”10-5 3.8”10-6 1.3 -2.0 ”10-2 -5.3 ”10”4
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and 29 show the reported data, tit to Equation ( 14). The transport time was subtracted before the data
were fit. A best two parameter fit to the data yielded ‘c= 6 s and X-=6 YO for methyl bromide and t==
5 s and Xm=38 % for nitrogen. These values are significantly greater than the spray burner results
reported in the previous section.

Since the baffle stabilized pool fire appears to be dramatically more stable than the spray fire, a
short series of combustion and non-combustion experiments were conducted in this configuration. For
expediency, the apparatus at Walter Kidde Aerospace (WKA) of Wilson, North Carolina was utilized.
Tests similar to those reported by Hirst et al,, (1976) and Dyer et al., (1977a) were performed at WKA

under direction from NIST as part of this project. WKA delivered the test data to NIST for further
analysis. These results should be considered preliminary, because the number of experiments and
parameters tested were limited due to time restrictions and resource availability.

The main objective of the measurements was to confirm the experimental results of Dyer et al.,
(1977a), which indicated that the mixing time was very large in baffle stabilized pool fires, that the
minimum agent concentration required to achieve flame extinction was significantly larger than the
concentration require to suppress cup burner flames under certain conditions, and that the maximum
agent concentration approximately corresponds to the peak flammability limit of the agent.

9.3.3.1 Experimental Method and Apparatus. The experimental apparatus was based on the
design described by Hirst et al., (1977a). Figure 30 is a side view of the apparatus which consisted of
a wind tunnel with a square cross-section (0.30 m x 0.30 m x 3.6 m long) suitable for combustion
experiments and a 0.10 m x 0.20 m rectangular liquid pool burner. A cross-sectional view is shown in
Figure 31. The burner had a cooling system and fuel level control. The liquid level was maintained
13 mm beiow the burner rim by replenishing the burned fuel with a gravity feed device (Bajpai,
1974), This prevented fuel spillage at high air flows. An airfoil and an adjustable height baffle were

located upstream of the pool fire. Air was supplied by a rotary-vane blower which could produce
steady air velocities in the range from 1 m/s to 10 m/s (* 2 To) in the test section. The air velocity
was monitored by a vane anemometer. A viewing window provided optical access to the fire location.
Each test was videotaped, showing the fire, an event lamp which indicated the agent injection pulse
timing, and the vane anemometer readout. Timing sequences were obtained by frame-by-frame
analysis of each video record. JP-8 was the fuel tested.

Liquid agent was expelled from a storage container placed on a load cell with a 0.01 kg
reso~ution. The recorded mass loss of agent divided by the injection duration yielded the mean mass
tlow. To ensure that the mass flow was nearly constant over the injection duration for some of the
longer (up to 20 s) injections, the storage bottle was super-pressurized with nitrogen to a final pressure
of 2.75 IvWa, with make-up nitrogen continuously added from a pressure regulated source during agent
injectioi~. The storage bottle was not disturbed during the process, so insignificant amounts of
nitrogen would dissolve in the liquid phase. Short and long injection durations yielded the same
measured mean mass flows with this configuration for the same needle valve setting.

Agent was introduced through a nozzle in the center of a large plenum connected to a fixed
0.10 m x 0.10 m cross-section of the wind tunnel. After leaving the nozzle, the agent spray hit a
deflecting disk which dispersed it radially. A coarse screen was located downstream to improve the
agent dispersion by grid induced turbulent mixing. A solenoid valve controlled the agent flow time,
while a needle valve just before the nozzle provided a flow rate adjustment.

A series of non-combusting experiments were performed to validate the uniformity of the agent
concentration in the tunnel for typical discharges at three separate initial air flows (1 nv’s, 2 m/s, and
5 m/s mean velocities in the duct) and four baffle heights (O mm, 13 mm, 25 mm, and 50 mm). A
Statham analyzer was used to measure the HFC- 125 concentration as a function of time at various
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agent injection for kerosene pool fires. Data taken from Dyer et al. (1977a).
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locations upstream from the test section, and at various locations behind the baffle. That instrument
was calibrated for HFC-125 and had a relatively fast response time (< 50 ins).

Pool fire extinction tests were conducted in the following manner. The agent mass flow was
preset by adjustment of the needle valve, then checked with an automatic valve opening and closing

sequence yielding a 1.0 s flow duration pulse. The blower fan was set to give the desired air velocity.
Video recording was started, then the pool fire was lit. The agent was injected when the temperature
on the top outer wall of the burner pan reached 150 “C. The preheat time changed depending on the
baffle height, varying from 300 s to 600 s. A manual button controlled the opening and closing of the
agent solenoid valve. The valve remained open until the pool fire was extinguished and was then
immediately closed to conserve agent. The mass of agent dispensed and the duration of the valve

opening sequence were recorded. If the pool fire was not extinguished after 15 s of agent flow, then
the test was terminated and the fire extinguished with a back-up C02 extinguishing system. The video
record provided an accurate means of determining the extinction time.

9.3.3.2 Experimental Results. The non-combusting experiments confirmed the transport delay
time of the agent as it traveled from the injection location to the pool fire location. The concentration
profile was confirmed to be sufficiently uniform in time and space for the purposes of these tests. The
spatial variation was * 10 %-ofor the air flows examined in the combusting experiments. It took
approximately 0.5 s for the agent to obtain its final concentration from the moment of agent detection
by the analyzer.

The pool fire tests were limited in terms of air flows, although five different baffle heights were

examined. Tests at an initial air velocity of 2 n-ds were conducted with HFC- 125, while tests at an
initial air velocity of 1 m/s were conducted primarily with HFC-227. An attempt was made to blow-
off a pool fire stabilized behind the 6 mm baffle by increasing the air flow. At air velocities of
1I m/s (the limit of the blower) the flame was not blown-off. Tests were conducted well below this .

value.
Initial calculations of the agent volumetric concentrations (agent volumetric flow/ total volumetric

flow) suggested a critical extinction concentration higher than expected for HFC- 125. One complicat-
ing factor was identified during the analysis of the data. During the agent injections the vane
anemometer reading changed from its steady setting. The relative change in the anemometer reading
depended on the agent injection rate. It was not surprising that the anemometer reading changed

during the agent injection because the anemometer was calibrated for air flows at ambient pressure and
temperature. But additionally, the structure of the flame was observed to change almost immediately

after agent injection. The flames tended to elongate and appeared more turbulent which is consistent
with a higher flow velocity. In light of these observations, along with the higher than expected
estimated critical concentrations, an examination of the anemometer discrepancy was performed.

The equation that gives the relationship between the indicated vane anemometer velocity of a
fluid at a density different from the calibrated fluid density is Vl=VO(pO/pl )0”5(Perry et al., 1984),
where V, and V. are the true and recorded velocities, and p ~ and p. are the fluid density of the flow
being measured and the density of air at ambient conditions, respectively. The mixture density of the
agent and air flow was estimated by assuming both adiabatic and isothermal mixing at 5 “C. The
corrected velocity was =15 % less using the adiabatic mixture density as compared to the isothermal
mixture density. Gas phase temperature measurements at locations just before the airfoil indicated
temperatures on the order of 0-15 ‘C (ambient air temperatures reached 30 ‘C during the testing). For
the analysis, a mixture temperature of 5 ‘C was used.

Figure 32 shows the corrected anemometer velocity for a long discharge test. This corrected
velocity is significantly different from the initial velocity of 2 mls. This implies that the volumetric
flow changed dramatically due to agent discharge. An explanation is that the air flow from the blower
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is sensitive to the pressure in the duct, since the air flow is not choked. Due to the orientation of the
agent nozzle, agent injection induces an ejector-type flow response that pulls more flow from the
blower during the injection. The phenomenon was observed during nitrogen injections in the NIST
mock nacelle (see Section 9.4).

The digital output from the anemometer was updated at a rate of 0,5 Hz. In addition, it is evident
that the instrument electronically averages over the update cycle. Some agent injection events were
over before the maximum velocity change was recorded. Therefore, even ilf the change in air flow due
to agent injection was assumed to occur instantaneously, the corrected flow must be estimated for
some tests.

The corrected air velocity measurements are listed in Tables 7 and 8, along with the initial air
velocity, the mean agent mass flow, the agent concentration and the extinction time or total agent flow
time for non-extinguished (N. E.) fires, for the HFC- 125 and HFC-227 experiments, respectively. The
reported extinction time represents the interval between when agent first reached the baffle, which was
evident in the video record as an approaching vapor cloud and the rapid disappearance of flames.
Agent transport times were comparable to the transport times inferred from the concentration
measurements.

9.3.3.3 Discussion of Experimental Results, Figures 33 and 34 show the agent concentrations
as a function of the time required to obtain flame extinction for HFC- 125 at an initial air velocity of
2 m/s and for HFC-227 at an initial air velocity of 1 n-ds, respectively. The data were consistent with
the form of Equation (14), the simple extinction mixing model described for the spray burner. The
data were analyzed assuming that the agent concentration pulse was like a step change and that the
velocity was constant during the suppression event. Although the results for the different baffle
heights showed some variation, the trends did not appear to be significant for the rapid extinction
results, and could not be fully characterized from the limited data. Therefore, the solid lines represent
a fit to all of the extinction data using the functional form of Equation (14). The values of Xm(At>>~)

(see Equation (14)) for extinction by HFC-125 and HFC-227 were measured as approximately 12 %

and 11 ?lo(by volume) respectively. These values were greater than the extinction concentrations
measured in the cup burner, as expected from the results of Dyer et al., (1977a) for suppression of
baffle stabilized pool fires with low air flows. The characteristic mixing times from the data fits were
0.5 s for HFC- 125 (with the air velocity approximately equal to 3 m/s) and 0.7 s HFC-227 (with the
air velocity approximately equal to 1.5 m/s). Since the characteristic mixing time is independent of
agent type, the results display the expected trends. As the velocity increased, the mixing time
decreased, but not inversely proportional to the velocity as predicted by Equations (16) and (17). Nor
are the values of the mixing times consistent with the results of Dyer et al., (1977a).

The characteristic mixing time inferred from the data of Dyer et al., (1977a) for methyl bromide
were much longer than the values reported here. The results for methyl bromide injections were for

air velocities of 0.76 m/s. The results of Dyer et al., (1977a) may be partly due to velocity effects
(see Equations (16) and (17)), or to a slow increase in the agent concentration, instead of the assumed
step function. In any case, the results show that under similar air flow and baffle height conditions, a
baffle stabilized pool fire is much more difllcult to extinguish than a baffle stabilized spray flame
(where the baffle is in the middle of the flow field).

9.3.4 Suppression of Re-ignition. After suppression of a nacelle fire, hot fuel vapor may exist at

levels which are flammable, leading to the possibility of re-ignition. A puddle of hydraulic fluid or jet
fuel from a leaking fuel line will vaporize as heat is transferred from a nearby hot metal surface.
Under normal engine operating conditions, hot metal surfaces which could cause ignition exist along
the interior wall of the nacelle which separates the jet engine combustor from the nacelle. In addition,
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Table 7. Experimental data on the suppression of

Baffle height
(mm)

6.3

13

13

13

13

13

25

25

25

25

25

25

25

50

50

50

50

75

75

25

25

25

25

Initial air

velocity (m/s)

1.90

2,04

1.98

2,03

2.01

1,98

1.96

1,96

2.03

1,92

1,98

1.96

1.95

1.98

1.98

1.85

1.99

2.03

1.96

1.06

1,01

1.06

1,01

velocity during

agent flow
(m/s)

3.38

3,31

3.45

3.94

3.69

4.23

2.56

2.91

3.59

3.85

3.67

3,44

4,27

3.24

3.64

3.93

4.26

3.67

4.24

2.07

1.90

3.09

2.94

001 fires using HFC- 125

Mean agent
mass flow

(kgIs)

0.255

0.175

0.203

0,237

0.241

0.430

0.095

0.143

0.192

0,236

0,228

0.242

0.448

0.142

0.214

0.246

0.441

0.231

0.432

0.105

0.105

0.194

0,202

Agent

Concentration
(vol. %)

15.3

10.7

11.9

12.2

13.2

20,5

7,5

10.0

10.8

12,4

12.6

14.2

21.2

8.9

11.9

12.2

20.9

12.7

20.6

10.3

11.2

12.7

13,9

65

Extinction

time
(s)

1.19

24, N.E.

14, N,E

2.94

1,56

0.34

19, N,E.

19, N.E.

15.5

2.72

1,94

1.89

0.50

17, N.E.

9, N.E.

1.69

0.75

9.97

0.56

15, N.E.

19, N.E,

3.25

1.56
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‘Table 8. Experimental data on the suppression of pool fires using HFC-227

Baffle
height
(mm)

13

13

25

25

25

50

50

75

75

Initial air
velocity (m/s)

1.01

1.05

1.03

0.95

1.00

1.00

0.94

0.94

velocity during
agent flow

(m/s)

1.93

2.47

2.39

2.50

2.09

2.08

2.22

1.69

1.14

Mean agent
mass flow

(kg/s)

0.145

0.222

0.165

0.243

0.261

0.129

0.172

0.10

0.08

Agent Concen-
tration (Vol. %)

10.9

13.1

10.1

14.1

18.1

9.0

11.2

8.6

10.4

Extinction
time (s)

11, N.E.

0.90

6.25

1.19

1.09

15, N.E.

8.15

10, N.E.

19, N.E.

hot metal surfaces may occur due to heating by the fire itself. Re-ignition may then arise from contact
of the reactive fuel/air mixture with the hot metal surface. Conditions which lead to re-ignition are
controlled by the time temperature history of the reactive mixture and to a lesser extent, by the type of
metal surface and the chemical composition of the fuel. Recent experiments in the Wright Patterson
Aircraft Engine Simulator show that when a hot (700 ‘C) metal surface was present, flame extinction
required almost an order of magnitude more agent than if the hot surface were not present, presumably
due to re-ignition (Bennett and Caggianelli, 1995).

Re-ignition is kinetically and phenomenologically distinct from flame extinction and should be
independently considered. Historically, the, re-ignition problem was a concern long before the search
for halon 1301 alternatives. In this sense, the re-ignition problem can be considered as independent
from the flame suppression problem, perhaps requiring a separate solution.

A standard test method for determination of auto-ignition temperatures of liquid chemicals is
ASTM-E 659-78 (1978), which utilizes a heated 0.5 L borosilicate glass round-bottom, short-necked
test flask. The auto-ignition temperature of a fluid is defined as the temperature at which its vapors
will ignite in air at atmospheric pressure without an external ignition source. In the auto-ignition test,
the ignition delay time varies for each experiment. The fuel/air ratio can also play a role, Because of
the long ignition delay times, decomposition of the original fuel molecule into a variety of intermedi-
ates may occur. The ASTM-E 659-78 test vessel is not appropriate for use with halogenated com-
pounds, because the decomposition products are known to react with borosilicate glass,

For aircraft applications, the minimum hot surface ignition temperature of a reactive mixture
flowing over a hot metal surface may be a more appropriate test. This is because actual nacelle
conditions are very different than in the ASTM-E 659-78 test. Surface material, system pressure, air
temperature, surface size, air flow, and even the geometry and location of a baffle can all be factors
(Johnson et al., 1988; Laurendeau, 1982).

A large number of studies have investigated the ignition of fuel vapor on hot metal surfaces

(Smyth and Bryner, 1990; Clodfelter, 1990; Johnson et al., 1988; Kuchta, 1975; Altman et al., 1983;
Klueg and Demaree, 1969; Sommers, 1970; Strasser et al., 1971; Cutler, 1974; Detz, 1976; Goodall
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and Engle, 1966; Kumagai and Kimura, 1956; Snee and Griffiths, 1989). The purpose of many of
these studies was to determine the lowest temperature at which ignition occurs. Residence time was
found to be a key factor in the measured ignition temperature. Such measurements also serve as a
basis for comparison of the hazard of different fuels. For example, the surface temperature at ignition
of alkanes generally decreases with chain length (Smyth and Bryner, 1990). Some testing has focussed
on jet fuels and hydraulic fluids used specifically in aircraft applications (Kuchta, 1975; Johnson et al.,

1988; Clodfelter, 1990).

Minimum hot metal surface ignition temperatures for JP-8 (or kerosene) for ambient temperatures
and pressures and low air flows have been found to vary from 360 ‘C to 650 ‘C, depending on test
conditions (Parts, 1980; Beardsley, 1967). The minimum hot metal surface ignition temperature was
found to increase with increasing ventilation velocity, and decrease with increased ventilation
temperatures (Johnson et al., 1988; Strasser et al., 1971). The hot metal surface results can be
compared to the measured JP-8 and kerosene auto-ignition temperatures of 2240 and 229 “C, with
associated time delays of 174 and 210 s, respectively (Johnson et al., 1988, Zabetakis et al., 1954).

Few experiments, however, have been conducted to study the effectiveness of halogenated agents
in suppressing ignition. Finnerty (1975) studied the effect of halon 1301 on the auto-ignition of

propane in a static sub-atmospheric system, Lemon et al., (1980) tested halogenated

solid/liquid/binder mixtures which adhere to hot metal surfaces in an attempt to prevent re-ignition.

Mulholland et al., (1992) conducted inhibition experiments using chlorinated compounds in well
stirred reactors and compared these results to detailed kinetic models. Both ignition and extinction
conditions were m,odeled. Others have modeled ignition using detailed kinetics. Griffiths et al., (1990)
compared calculated and measured auto-ignition temperatures for alkanes in a closed vessel. Kumar
(1989) and Vlachos et al. (1994) modeled stagnation point flow, coupled with detailed kinetics to
predict the minimum surface temperature at ignition for H2/02/dilutent and CH4/air mixtures
respectively, in the vicinity of a hot surface, Sano and Yamashita (1994) developed a 2-D laminar flow
model to investigate the ignition of methane-air mixtures flowing over a hot surface. Their results
show that ignition over a hot plate is controlled by the diffusion of heat and mass as well as chemical
reactions, They found that the equivalence ratio and the free stream velocity of reactants had little
effect on the ignition delay. The ignition delay time decreased exponentially with increases in the area
of the hot surface. Sano and Yamashita’s investigation was limited to C 1 chemistry due to the
computationally intensive nature of their model, Others have considered the detailed kinetics
associated with inhibition by halogenated compounds on the ignition of fuel/air mixtures in well stirred
and plug flow reactors (Barat et al,, 1990; Mulholland et al., 1992; Babushok et al., 1995b; 1995c).

The objective of the studies described here was to test the relative effectiveness of halogenated
agents in suppressing the ignition of flammable reactants flowing over a hot metal surface under well-
controlled conditions,

9.3.4.1 Experimental Method and Apparatus. Two experimental devices were used. Experi-
ments were first conducted to determine the amount of agent needed to suppress the ignition of a JP-8
fuel spray. There were difficulties, however, in obtaining repeatable resullts. Thus, a gaseous flow of
propane replaced the liquid spray. Use of a gaseous fuel represents a most dangerous case, i.e., when
a liquid fuel has completely vaporized.

A schematic diagram of the first apparatus is shown in Figure 35. Propane (99 % purity) flowed
through a 3 mm (outer diameter) tube in a stagnation point flow towards a heated metal disk located
approximately 5 mm away. The disk was 14 mm in diameter, made of a wound ribbon composed
primarily of nickel. The metal surface was heated by a regulated power supply which provided up to
200 W. An optical pyrometer was used to measure the surface temperature of the heated disk. With
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power applied to the metal disk, a fairly uniform temperature (~ 30 ‘C) was measured in an annular
section of the disk, from approximately 2 mm to 6 mm from the disk center. With use, the metal
surface oxidized, and the temperature became less uniform requiring replacement of the metal disk. A
coflowing mixture of air and gaseous agent flowed through a 86 mm (inner diameter) pyrex tube about
the fuel flow. With the fuel and oxidizer flowing, flame ignition occurred in a repeatable fashion by
increasing the power through the metal disk. Various amounts of agent were added to the air flow and
the temperature of the heated metal disk was measured at flame ignition using an optical pyrometer.
The effectiveness of N2, HFC-1 25, HFC-227 and CF31 were compared in suppressing ignition.

The second test apparatus was based on a device described previously (Smyth and Bryner, 1990).
The main difference between this experiment and the first was that the fuel and air were premixed in

this apparatus, but were not in the first apparatus. A reactant mixture containing agent, fuel, and air

flowed over a heated foil. The temperature of the foil was slowly increased until ignition was
observed. Figure 36 is a schematic diagram of this apparatus which included two dc power supplies, a
foil holder, rolled thin (13 pm) foil strips, sub-miniature ungrounded type-K thermocouples with a 250
pm stainless steel sheath, fuel gas cylinders (methane, ethene, and propane with purities of 99.977.,
99.5 %, and 99.0 % respectively), rotameters for fuel, air and agent flow control, the burner assembly
and quartz chimney (1. 1 cm diameter), and a data acquisition system. The thermocouple was used to
measure the temperature of the foil which was held in a unique, spring loaded support (Smyth and
Bryner, 1990). Testing with different types of metal foils was attempted and a number of different
fuels were tested including methane, ethene, and propane. The distance from the chimney exit to the
hot metal surface was maintained at 6 mm for all tests. The flow of reactants was 912 ml/min
(16 cm/s), except in one series of experiments using stoichiometric ethene/air mixtures, when the flow
was varied to determine its effect on the measured ignition temperature. The angle of the flow
impinging on the hot metal surface was maintained at 45°, except in one series of experiments using
stoichiometric ethene/air mixtures, when the angle was varied to determine its effect on the measured
ignition temperature. In the standard configuration, the reactant mixture flowed near the heated metal
surface for approximately 90 ms (Smyth and Bryner, 1990). Reproducibility of the measurements (~
10 ‘C on average) was similar to that reported by Smyth and Bryner (1990),

9.3.4.2 Experimental Results and Discussion. For small, propane fuel flows (<10 ml/min) in
the first apparatus, the critical temperature of the hot metal disk at ignition was measured to occur at
approximately 1025 ‘C (f 25), not unlike auto-ignition temperatures reported previously for stoichio-
metric propane-air mixtures over a heated nickel surface (Smyth and Bryner, 1990). The flame could
then be extinguished by decreasing the applied power through the metal disk. Figure 37 shows that
the critical ignition temperature increased with increasing fuel flow. This is interpreted as being
related to the residence time of the reactive mixture on the hot metal surface. As the residence time
decreased, key chemical reactions involving chain initiation and branching have less time to proceed
and higher temperatures were necessary to initiate flame ignition. This is consistent with the
Damkohler number criteria for flame ignition (Liiian, 1974). Measurements showed that increased or
decreased (by 50 %) air flow had a negligible effect on the critical ignition temperature for the
reactants flowing over the hot metal surface.

Figure 38 shows the critical ignition temperature of the heated metal disk as a function of agent
concentration in the oxidizer stream for a propane flow of 8 ml/min. For small CF31 concentrations,
flame ignition required substantially higher surface temperatures than for the other agents. Thus, CF31
was significantly more effective than HFC- 125 and HFC-227, which were more effective than N2, in
suppressing ignition.

A second series of experiments were undertaken where agent effectiveness was measured under
premixed conditions in the same device used by Smyth and Bryner (1990). A complete description of
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Figure 35. Schematic diagram of the first short residence time hot surface ignition apparatus.
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the experimental apparatus and procedures is given by Srnyth and Bryner (1990). In these experiments,
a premixed blend of fuel, air, and agent flowed over a heated nickel surface. Both titanium and
stainless steel failed in the presence of even small agent concentrations for temperatures below the
ignition temperature, precluding any testing with these metals. The effectiveness of N2, HFC-1 25,

HFC-227, CF3Br, CF31 were compared in suppressing ignition for stoichio)metric mixtures of
methane/air, ethene/air, and propane/air.

The angle of the flow impinging on the hot metal surface was varied from 25° to 90° in stoichio-
metric ethene/air mixtures to determine its effect on the measured ignition temperature. The reactant
velocity exiting the chimney was 16 ends. The results showed essentially no change in the measured
ignition temperature with the reactant approach angle relative to the metal surface until the reactant
stream was flowing at an angle equal to 90°, stagnation point flow, Under those conditions, the
ignition temperature was measured as nearly 80 ‘C less than for the other cases. This result is
consistent with the notion that increased residence time leads to a decreased ignition temperature.

Previous results (Smyth and Bryner, 1990) have shown that small changes in the flow rate of
reactants over the hot metal surface had” little influence on the ignition temperature. Measurements in
a stoichiometric ethene/air mixture confirmed the results of Smyth and Bryner (1990), showing that
changes in reactant flow had negligible impact on the measured ignition temperature for velocities
from 8 cm/s to 24 cn-ds. Decreased ignition temperatures were expected from these measurements,
because decreased velocities imply increased residence time for the reactants near the heated metal
surface. Also contrary to expectations, the measured ignition temperature increased somewhat (=30 ‘C)
for decreased velocities (at 4 cmls and 5 cm/s), Although unlikely, a possible explanation of these
results was that air was entrained into the mixture as the velocity decreased, altering the mixture from
stoichiometric to lean, requiring higher temperatures to achieve ignition. All other tests were
conducted for the same reactant velocity, equal to 16 cm/s.

Figures 39 and 40 show the nickel surface temperature required to obtain ignition in stoichiomet-
ric methane/air and ethene/air mixtures, respectively, as a function of agent concentration in the
mixture. The results demonstrate a close correspondence between the measured temperature increase
required to obtain ignition in this apparatus and those measured in the first set of experiments
described above. The measured ignition temperatures in the absence of agent were approximately

970 ‘C and 760 “C for the methane/air and ethene/air mixtures respectively, which is consistent with
the results of Smyth and Bryner (1990) and Laurendeau (1982). In general, the presence of agent
impacted the measured ignition temperature. Figures 39 and 40 show that CF3Br and CF31 are

consistently effective suppressants of ignition. Of key interest, the results show that HFC- 125 slightly
promotes ignition in stoichiometric CH4/air mixtures. Experiments in C3H8/air mixtures also show a
promotion effect. In the C2H4 mixture, however, the presence of HFC- 125 has very little impact on
ignition. HFC-227 was afso measured to promote ignition in the CH4/air mixtures. The methane
results were generally consistent with those for ethene. CF31 and CF3Br are highly effective ignition
suppressants, whereas HFC-227 and HFC- 125 were very poor ignition suppressants and were found to
slightly promote methane/air ignition in some instances.

The residence time in these experiments was estimated as 90 ms. This is smaller than residence
times that may occur in the nacelle when a fuel puddle sits on top of a hot metal surface and boils. In
that case, the residence time may be on the order of seconds. Results in the auto-ignition experiments
have shown that as the residence time increases, the ignition temperature will decrease
(Zabetakis et al., 1954). Auto-ignition temperatures have been reported with associated ignition delay
times that are hundreds of seconds in duration (Zabetakis et al., 1954). Thus, the experiments
described here are useful for comparing the relative suppression effectiveness of different agents, but
are not useful in a determination of worst case conditions.
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Selection of an agent for nacelle applications should carefully consider possible hazards associated
with reactant re-ignition. The results determined here indicate that the re-ignition problem in the
engine nacelle may be more severe with use of HFC- 125 as compared to CF3Br. At best, HFC- 125
has little impact on the suppression of ignition. A possible approach to the re-ignition problem, is to

consider using the peak flammability limit as a target concentration for the agent in the fire zone. This
insures both flame suppression and the prevention of re-ignition for a period of time on the order of
the agent injection duration. After this period, however, it is likely that re-ignition may still be
possible and therefore other prevention strategies should be considered.

In future efforts, detailed models of ignition suppression with halogenated compounds would be
helpful in predicting ignition phenomena in engine nacelles. Such models will require consideration of
detailed inhibition chemistry.

9.3.5 Flammability Limits

9.3.5.1 Background. A large number of experimental arrangements have been used to measure
flammability limits. Typical flammability curves take on a “D” like shape when the fuel concentration
is plotted as a function of the critical or limiting agent concentration. The fat part of the “D”, also
called the flammability peak, can be considered the most hazardous condition, because these conditions
require the highest agent concentration to inert the mixture. A standard test apparatus is a vessel filled
with gaseous reactants equipped with an ignition device as described in ASTM-E 681-94 (1994).
Flammability limits have also been determined using one dimensional premixed Iaminar flames (Lewis
and von Elbe, 1961; Strehlow, 1984) and have been related to the extinction of symmetric counterflow
twin premixed flames extrapolated to zero stretch rates (Yamaoka and Tsuji, 1978).

Flammability limits for hydrocarbon/air mixtures have been extensively studied (Coward and
Jones, 1939), Although flammability limits have been measured for many halogen containing
molecules in heptane/air mixtures, no data is available for C2HF~ (Malcolm, 1950; Landesman and
Basin ski, 1964), Fuel type and initial temperature have been shown to impact the halocarbon
concentration required to inert a reactant mixture (Malcolm, 1950; Landesman and Basinski, 1964).
Thus, care must be taken in interpreting flammability limit data as the peak flammability limits vary
with initial temperature, pressure, and reactant type.

The goal of this work was to determine the inerting concentration of HFC- 125 for peak flamma-
bility conditions in propane/air mixtures.

9.3.5.2 Experimental Method and Apparatus. A detailed description of the experimental
apparatus is given by Womeldorf et al., (1995). Two streams of premixed reactants
(agent/propane/air) flowed towards each other in a stagnation point flow such that two premixed
flames were established between the ducts of an axisymmetric counterflow burner. A nitrogen flow
around the reactants was used to reduce ambient disturbances. Flame extinction was determined for
several values of reactant flows. The I.D. of the ducts was 25 mm. Stainless steel (40 mesh/cm)
screens were used to insure a flat velocity profile of reactants exiting the ducts. The flow of reactants
was controlled with rotameters that were calibrated with a bubble flowmeter or a dry test meter. The
reactants used were breathing quality air and C.I? grade (99 Yo)propane. Propane was selected as the
fuel because the chemistry associated with its breakdown is not unlike other large alkanes and the
experiment required use of gaseous reactants. The agent tested was HFC- 125. CF3Br was also tested
to validate the methodology with previous work, The entire apparatus was placed in a negatively
pressurized enclosure which was vented to prevent combustion byproducts from entering the
laboratory. The distance between the top and bottom ducts was maintained at 16 mm. The composi-



9, ‘SUPPRESSIONOF ENGINENACELLEFIRES 77

tion and flow of reactants from the top and bottom ducts were kept equal, yielding symmetric twin
flames.

The fundamental flammability limit was defined as the critical agent concentration, for a
particular fuel/air mixture, at a global flow field strain rate equal to zero analogous to Yamaoka and
Tsuji (1978). The global strain rate was defined as the gradient of the mean velocity of reactants
exiting the ducts. Because it is not possible to produce a zero strain rate flame, measurements were
made at very low strain rates and the results were then extrapolated to zero.

9.3.5.3 Experimental Results and Discussion. Figure 41 shows the measured flammability
limits for CF3Br and C2HF5 where the percentage of propane in the reactant mixture is plotted as a

function of the limiting percentage of agent in the mixture. Conditions to the left of each curve,
represent flammable conditions. Measurements presented in Figure 41 were for low strain rates
(15 to 35 S-l). The results appear to be approximately independent of strain rate. Figure 42 shows the
limitingCJWspercentage as a function of strain rate. A linear fit yields a near zero slope line. The
low strain rate results shown in Figure 41 can be interpreted as flammability limits with the peak at
12 (* 3) volume percent for C2HF5.

Previous results for the peak flammability limits for CF3Br in heptane/air mixtures were repofied

as 6.1 % (Malcolm, 1950). Although, these measurements were conducted with propane, previous
results with N2/air/fuel mixtures have shown that the peak inerting concentrations are highly similar
(within 5 %) for many alkanes, with only a small shift occurring in the value of the fuel percentage at
the peak agent inerting concentration (Macek, 1979). Our results for the peak flammability limits of
CF3Br (shown in Figure 41) in propane/air mixtures are consistent with the results reported previously
for heptane/air/CF3Br mixtures (Malcolm, 1950).

9.3.6 Discussion and Summary of Combustion Experiments. The key to suppression of a baffle

stabilized flame is the characteristic mixing time and the required critical agent concentration. The
mixing times are dependent on the interaction of the baffle geometry and the upstream flow condi-
tions, primarily the air velocity. Differences in the flow field associated with the spray flame and the
pool fire reported here are likely to have a large impact on the relative ease of fire suppression in
these two configurations. Although both flames were baffle stabilized, the flow fields were very
different. The baffle in the pool fire was adjacent to a wall, whereas in the spray burner, the baffle
was located in the middle of the flow field. In addition, the combustion scenario was distinct in the
two configurations.

9.3.6.1 Suppression of Baffle Stabilized Flames. The spray flame represents a two-phase

combustion situation where a portion of the fuel droplets were entrained into the recirculation zone,
vaporized, and reacted with the oxidizer. In the pool fire, the top of the baffle acts as a flame holder.

The appearance of the fire depends on the baffle height and the air flow. For low air flows and small
baffle heights, the flame appeared to be laminar. For moderate air flows and baffle heights, the pool

fire looked like a ball of flame stabilized behind the baffle. Heat from the flame feeds back to
vaporize the liquid fuel. If the baffle was too high the flame was less stable due probably to dimin-
ished heat feedback. If the baffle was too low, the flame was less stable, due probably to the relatively
large flow field strain rate associated with a small recirculation zone. This idea is consistent with the

measurements reported by Hirst and Sutton (1964) who measured peak flame stability for intermediate
sized baffle heights. In the spray burner, flame stability also peaked at an intermediate baffle length
and it was not possible to stabilize flames for very small or very large baffles as discussed in
Section 9.3.2.3.2.
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Combustion in a recirculation zone is modeled here as a well-stirred reactor (see
Section 9.3.2.3.4). For very low air flows, the pool fire extinction measurements (discussed in
Section 9.3.3) yield values that are consistent with the inerting of@ premixed combustion, indicating
that the flow field could be effectively modeled as a well-stin-ed reactor. For low air flows in the spray
burner, combustion was not observed to occur in the recirculation zone (see description in
Section 9.3.2). The flame was a luminous 45° cone of combusting liquid droplets, with a structure not
unlike a diffusion flame. The dynamic structures of the recirculation zones were not characterized in

either of the configurations. Little is known about even such basic parameters as the size of the
recirculation zone or its global equivalence ratio. In the spray flame, for example, only a portion of
the fuel droplets may be entrained into the recirculation zone, depending on the relative momentum of
the droplets and the torroidal vortex associated with the recirculation zone. Inherent differences in the
structure of the combustion zones in each of the configurations could yield differences in agent
suppression effectiveness.

The volume fractions of HFC- 125 required to suppress the turbulent spray flames and the
stabilized pool fires were measured as 9 ‘%o and 12 YO (by volume) respectively for similar baffle sizes
and air flows, This is in comparison to a value of 970 measured in the cup burner and a 1270 peak
flammability limit measured for HFC-125 and discussed in Section 9,3.5, The same type of fuel

(JP-8) was used in the spray, pool, and cup burner experiments. The flammability limit study was
conducted with propane. yet, it is possible that use of a different fuel can yield a different peak
flammability limit. Previous studies, however, using a number of different alkanes showed that the
peak flammability limits were highly similar from fuel to fuel for inert agents (Macek, 1983). In
general, the spray flame measurements corresponded closely to the cup burner results (as discussed
Section 9.3.2,3.3) and the pool fire measurements corresponded closely to the measured peak
flammability limits. The pool fire results of Dyer et al., (1977a) also support the correspondence

in

between agent suppression concentrations in baffle stabilized pool fires and peak flammability limits,
Their results for N2 and CH3Br were discussed in Section 9.3.3 and are shown in Figures 28 and 29.
A fit of their data using Equation (14) yields values of Xm equal to 6 % and 38 % for CH@ and N2,
respectively. These results correspond closely to the peak flammability limits for these agents in
hydrocarbon fuels (Macek, 1979; Malcolm, 1950). It should also be noted, although perhaps only a
coincidence, that the current Military Specification of a 6 70 nacelle concentration requirement for
halon 1301 corresponds to the peak flammability limit for halon 1301 in a heptane/air mixture
(Malcolm, 1950). In terms of the re-ignition problem, using the flammability limits as an agent target
concentration insures both flame suppression and the prevention of re-ignition.

The limitations of treating the recirculation zone as a continuously stirred tank reactor (CSTR)
were tested by using available numerical combustion models (Glarborg et al., 1986) which examine
the key parameters that control flame stability such as temperature, pressure, characteristic mixing (or
residence time), and equivalence ratio, in addition to detailed inhibition chemistry. Attempts to model
the extinction results using detailed kinetics in a CSTR code for stoichiometric methane/air mixtures
plus inhibitor (1 9ioto 6 % agent by volume) yielded calculated residence times at extinction that were
approximately two orders of magnitude smaller than the residence times (~) measured in the spray
burner at extinction (Babushok et al., 1995b). This indicated, as expected, that transport effects in the
recirculation zone of the spray burner must be considered in detail,

9.3.6.2 Mixing in a Baffle Stabilized Flow Field. Few studies have examined the rate of
entrainment into a recirculation zone behind obstacles (Lefebvre, 1983). Winterfeld (1965) found that
the mixing time in baffle stabilized premixed flames was approximately a factor of two larger than
mixing times for the non-combusting case. Increased blockage ratio was found to increase the

characteristic mixing time in an identical manner for both combusting and non-combusting situations
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(Winterfeld, 1965). The difference between combusting and non-combusting flows can be partly
attributed to increased viscosity in the combusting case, which leads to decreased Reynolds numbers.
Unfortunately, Winterfeld’s investigation was for Reynolds numbers larger than those utilized in the
spray burner or encountered in a typical nacelle. Bovina (1965) also studied entrainment in baffle
stabilized flames, but effects due to blockage were not addressed.

Hirst and Sutton (1961) showed that the stability of pool fires was dependent on the size of a

baffle upstream of the pool. Pool flames with baffles several centimeters in length were very difficult
to extinguish, representing very hazardous conditions. We have shown that the characteristic mixing
time for an agent entraining into a baffle stabilized flame is much larger for a baffle against the wall,
as in the pool fire configuration, than for a baffle in the middle of the flow field as studied in our
spray burner. This confirms the conclusions made by Hirst and Sutton (1961). It should be noted that
no experiments were made with the fuel spray stabilized by a baffle against a wall and it is not clear if
such a configuration would be more or less hazardous than a baffle stabilized pool fire. In such a case,
the recirculation zone may not be very different than the baffle stabilized pool fire. Certainly such a

configuration could occur in a nacelle.
To compare mixing in the two flow situations, detailed numerical simulations of the fluid

dynamics associated with entrainment of an agent into the recirculation zone behind an obstacle were
undertaken. Isothermal flow calculations were performed in an effort to quantify the rate of agent
entrainment as a function of Reynolds number and flow field geometry. The Reynolds number (Re) is
defined as:

~e _ Vd (20)
v

where V is the average upstream velocity, d is a characteristic length scale, and v is the kinematic
viscosity of the agent/air mixture. The characteristic length scale, d, in the Reynolds number was
taken as the baffle height in the pool configuration and the diameter in the spray configuration.

The flow field was calculated based on the two dimensional (2D) Navier-Stokes equations
describing transient convection in an enclosure. No turbulence model or other empirical parameters
were introduced. The details of the methodology are described in McGrattan et al., (1994).

Injection of agent was simulated by slightly altering the density of the fluid in the form of a long
square wave pulse. The average density of fluid in the control volume directly behind the obstacle
and one baffle diameter downstream was monitored as a function of time. It was also possible to
include variation of thermophysical properties of the air/agent mixture.

The concentration of agent (normalized to the free stream) in a region behind the baffle, located
adjacent to the wall and in the middle of the duct was calculated as a function of time using the two-
dimensional model for flows characterized by Reynolds numbers from 500 to 4000. The blockage
factor B was held constant at 0.8. The agent mixes into the recirculation zone and obtains its free
stream concentration in 25 to 40 nondimensional time units. A fit to the data using Equation (13)
allowed determination of the characteristic nondimensional mixing time ccmstant (~ “V/d) for each
corresponding Reynolds number. Thus, a dimensional characteristic mixing time, ~, in units of
seconds, could be calculated for combinations of V and d. The dimensional characteristic mixing time
determined from this type of calculation is shown in Figure 43 for obstacles 3.5 cm in diameter,
located in the center of the flow field and against a wall as a function of time. The mixing times for
the obstacle in the center of the flow field is significantly less than the mixing time for the obstacle
against the wall. The mixing times decreased as the velocity increased, although the rate of decrease
was larger than expected from Equation (16).
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These results are consistent with the trends found for the mixing times measured in the spray and
pool burners. In those combusting cases, the mixing times in the pool fire (with a baffle against the
wall) and in the spray flame burner (obstacle in the middle of the flow field) was measured as
approximately 0.7 s and 0.1 s respectively for 3 rds air velocities and similar baffle diameters. Thus,
the difference in mixing times for the two geometries was approximately a factor of 7. It is not
surprising that the ratio of mixing times for the simulations and the experiments were not equal. First,
the simulations were conducted for an isothermal situation, The detailed structure of the recirculation
zones undoubtedly plays a role in the turbulent exchange processes which govern the characteristic
mixing time and the structure of the combusting zones are certainly very different from isothermal

zones. Second, the detailed geometric configuration used in the pool fire experiments was not as
simple as a baffle abutting a wall, The air/agent mixture flowed around the finite sides of the baffle.
In addition, a lip was present on the downstream end of the burner to prevent fuel spillage (see
Figure 30). Third, the calculations were based on a 2D model. The 3D effects almost certainly play a
role. The simulations do, however, confirm the trends in the measurements, which suggest that the
baffle stabilized pool configuration is a more dangerous fire scenario in terms of forcing agent into the
fire.

Various agents have different thermophysical properties such as viscosity and molecular diffusion
coefficients. For example, the molecular diffusion coefficient of HFC- 125 is approximately a factor of

two less than N2 under ambient conditions. A calculation was performed to test the effect of molecular
diffusion on the characteristic mixing time. This was accomplished by varying the Schmidt number for
the agent. The Schmidt number (Se) is defined as:

Sc = v/Dw (21)

where Dm is the molecular diffusion coefficient. The calculation was conducted for a Reynolds
number equal to 500 and with an obstacle in the middle of the flow field. The results showed that
changes in the Schmidt number had negligible effect on the characteristic mixing time. These results
suggest that agent type will not effect the rate of agent entrainment into a baffle stabilized fire zone
for a well dispersed slug of gaseous agent. Other thermophysical properties may play a role however,
most notably, the Jakob number which governs the rate of flashing and is indicative of agent
dispersion (Grosshandler et al., 1994).

9.3.6.3 System Design Considerations, Safe design of fire protection systems requires an
understanding of plausible worst case situations.

* The most dangerous combustion situations, evaluated in terms of Equation (14), are characterized
by large values of the parameters ~ and Xm. For the conditions studiedl in this report, the most

dangerous situations were associated with pool fires rather than spray flames. For the same air
velocities and baffle lengths, the values of ‘cand Xm were both larger for the baffle stabilized pool
fire than for the spray flame. Furthermore, a comparison between the results shown in Figure 9
and those of Hirst and Sutton (1961), suggest that the blow-off velocity, for baffles with similar
diameters, was much higher in the pool fire configuration.

9 Besides the fire configuration, other parameters can be considered to add to fire hazard, as
discussed above in terms of the spray fire. These include the flow velc)city, air temperature,
system pressure, fuel flow and other parameters not studied in this report such as fuel volatility,
and the droplet diameter distribution of the liquid fuel. In this regard, the results from the
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extinction measurements in the spray burner were used to develop simple equations as guidelines
for design of suppression systems (see Section 9.3.2.4). However, the spray burner guidelines are
applicable to full-scale under certain conditions only. This is because geometric factors, material
properties, operating conditions and fire scenario may impact flame stability. For example, the

agent concentration at extinction and the blow-off velocity are both affected by the blockage ratio.
These are specific not only to each nacelle geometry, but also to each particular fire scenario.
The function f6(V) (see Tables 4-6), related to the free stream air velocity as discussed in
Section 9.3.2.4, is another example. As presented in Figure 12, the agent mass fraction at
extinction decreased for high air flows. Similar behavior was observed in full-scale testing
(Bennett and Caggianelli, 1995; Johnson and Grenich, 1986). Discerning application of f6(V)
would allow a reduced agent weight penalty for high air flows. Yet, for an arbitrary fire in an
arbitrary or geometrically uncharacterized nacelle, it is not possible to predict the free stream air
velocity at the fire location which is a local parameter. Nor is it possible to predict the total air
flow where the required agent mass obtains a maxima, as seen in Figure 10. This is because the
nacelle geometry is not a series of simple baffles in a free stream, Fluid flow in a cluttered
nacelle environment will cause interaction between the recirculation zones. This may impact the
values of the local characteristic mixing times. Furthermore, it is not clear that the blow-out
velocity is related only to the baffle length and fuel type. Fire size and fuel puddle dimensions
may also be a factor. In addition, only scant data are available for suppression of pool fires at
higher air velocities.

e For all of these reasons, agent concentrations in full-scale applications should be at levels such
that the maximum agent concentration required for extinction is available for all possible air
velocities, unless a full-scale testing program investigating a number of different fire scenarios can
prove otherwise.

* Preliminary design guidelines for an alternative agent might consider an agent target concentration
in the fire zone equal to the peak agent flammability limit. This would ensure flame extinction
and suppression of re-ignition (for a time period on the order of the agent injection duration for
typical nacelle conditions), A methodology to achieve such a guideline is suggested in Section 9.5
where agent mixing in the nacelle is viewed as a series of idealized transient processes, amenable
to algebraic modeling. The mixing details are not modeled, nor are they known for generic
nacelle geometries, but limiting cases are studied which suggest the values of the minimum agent
mass delivery rates. The model is based on idealized global mixing models describing agent
dispersion and dilution for the bulk temporal concentration, and a local mixing model for flame
extinction or concentration build-up at specified locations, The input data for the model were
inferred from the results of the small-scale spray and pool experiments described above. It should
be noted that the flammability limits are pressure, temperature and probably fuel sensitive as well.

9.4 Flow Field Modeling and Validation in a Mock Nacelle

The agent concentration in the flow field is the key to extinguishing a fire and preventing re-ignition.
The character of agent delivery and mixing in the flow field is then a key aspect of a fire suppression
system. Because of its low boiling point and other thermophysical properties, use of CF3Br has
ensured rapid evaporation and dispersion of the agent into a target volume. Upon use of one of the
candidate replacement agents, it is possible that the evaporation and dispersion characteristics may be
diminished. In order to enhance dispersion, the location, number, placement, and orientation, and even
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shape of agent injection nozzles may need to be carefully optimized. Computational fluid dynamics
(CFD) is a tool that allows three-dimensional modeling of transient problems in non-simple geome-
tries. CFD is a completely accepted methodology in the aircraft industry and is depended upon for
aircraft design. The purpose of this subsection is to demonstrate the viability of CFD in treating the
problem of agent mixing in an engine nacelle. CFD has apparently been used in the design of the fire
protection system for the B2 aircraft (Kinsey, 1994). The B2 has a highly unusual nacelle geometry

and standard protection system design was not appropriate. A detailed analysis of agent flow inside of
the nacelle under non-combusting conditions was developed. Through use of CFD, a design using
multiple agent injection locations was generated to improve agent dispersion (Kinsey, 1994).
Unfortunately, no report is available concerning this work.

Since there are many nacelle types, a single representative geometry was considered. The
geometric configuration was an idealized reduced-scale version of the Wright Patterson full-scale
nacelle test facility. Combusting flow conditions were not considered in the simulations, because the
isothermal flow dynamics upstream of the fire source are thought to control agentiair mixing and
because agent certification is performed at ambient temperatures. The purpose of this portion of the
investigation was to model agent concentration as a function of location, rate, and orientation of agent
injection,

Because temperatures as high as 350 ‘C (650 “F) are not uncommon in engine nacelles and
because the candidate agents have relatively low boiling points, evaporation of the liquid-phase agents
will be rapid. Under realistic conditions, it is unclear to what extent liquid phase flow phenomena will
impact suppression effectiveness through differences in agent dispersion. Elecause problems associated
with modeling an evaporating two-phase flow are much more difficult, only gas-phase phenomena
were considered. Information regarding criticalityy of the number, placement, and orientation of agent
injection nozzles as well as the rate of gaseous agent injection were considered.

To insure that the computational results were reliable, a flow tunnel with agent injection was

developed and measurements were compared to the computations.

9.4.1 Description of the CFD Model

9.4.1.1 Introduction. Three scenarios were examined. First, agent was injected through a tee so
that the initial agent flow was perpendicular to the air flow, and parallel to the plane defined by a
cross section of the nacelle. Second, a baffle attached to the inner wall of the nacelle was examined.
Third, cases involving agent inlets oriented 15° towards the far end of the nacelle were examined. The
geometry of these configurations will be described in detail below. Sensitivity of the agent concentra-
tion to various parameters was examined. It was observed that changes to the agent and air inlet
velocities caused the most change in downstream agent concentration.

9.4.1.2 Modeling Assumptions. CFDS-FLOW3D (Harwell Laboratories, 1992) was used to

perform the numerical simulations described here. This model solves equations for the conservation of
mass, momentum and energy. The fully compressible form of these equaticms was used due to the
high velocities at the agent inlet (up to 50 m/s) encountered in these simulations. The conservation of
energy equation was neglected since we assume that all flows are isothermal. The standard k-& model
of Launder and Spalding (1974) was used to model turbulence. Various turbulence levels were input at
the boundaries without significant changes in the results of the simulations.

The agent, nitrogen, was modeled using the “additional scalar” option of the field model. The
field model simulates flow of additional fluids using the species mass conservation equation:
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where p is the density of the carrier fluid (air in this case), t is time, U is the fluid velocity, pT is the
turbulent viscosity, D is a dif%sion coefficient, OS is the turbulent Prandtl number for the scalar, and S
is the mass fraction of the additional scalar. Convection and diffusion control the rate at which the
agent moves from one portion of the nacelle to another. It was found that the convection was the
dominant mechanism for transporting the agent. Computer simulations were run to steady state and
took approximately 7 hours of central processing time on a Silicon Graphics Indigo II workstation.

9.4.1.3 The Computational Grid. The grid used to simulate the cases discussed in this report is
illustrated in Figure 44. It consisted of 64,000 grid cells. Simulations with twice the number of grid
cells were performed with little change in results. It was therefore felt that 64,000 was a sufficient
number of grid cells to resolve the flow. All ,cases simulated were symmetric about a plane passing
through the axis of the nacelle and an agent relet. Therefore, only one half of the nacelle was
simulated with the field model. The control volume sizes ranged from 2 mm on a side near the agent
inlet to 4 cm near the far boundary where air/agent mixtures exited the nacelle. Air flowed through
the annular region between cylindrical tubes which was modeled as having a 30.4 cm O.D. of the
inner tube and a 45.0 cm I.D. of the outer tube. The cross sectional area of the annular region was

0.087 m2. Boundary conditions were specified at each inlet, outlet, and walls. The air inlet velocity
was taken from the experimental measurements described in Section 9.4.2 below, The velocity was
approximately 3 rds for most cases. The agent inlet velocity was such that the volume flow rate was

either 0.012 or 0.025 m3/s. The outlet at the far end of the nacelle was modeled as an open or pressure
boundary condition. A no-slip boundary condition was used at the walls.

The experimental configuration was used as a basis for the computer simulations. Agent was
discharged through a nozzle into the annular test section. Two nozzle types were used. Most

experiments used a tee shaped nozzle which injected two round jets perpendicular to the axis of the
test section and parallel to a tangent defining the annular region. Some calculations considered a
straight round tube (1.5 cm inner diameter) flush to the inner wall of the outer cylinder which defined
the test section, with the jet discharging nearly perpendicular to the air flow. A summary of the cases
which were studied is presented in Table 9. The agent volume percent varied from 3.4 970 to 8.6 9Z0 as
the agent flow varied from 0.012 m3/s to 0.25 m3/s. Geometric details of the air and agent inlets and
flow baffles which were attached to the inner nacelle wall are described below.

9.4.2 Experimental Facility. Measurements of the inlet velocity profile dictated the boundary
conditions used in the calculations. Figure 45 is a schematic diagram of the flow tunnel which
consisted of an air blower, a wood plenum and converging section, and a clear plastic test section. The
fan speed was adjustable, providing air velocities in the test section from 1 rnls to 10 m/s. Screens
were attached to the end of the converging section to provide a flat velocity profile of air at the test
section inlet. The test section consisted of two coaxially arranged plastic tubes, each 2 m long. The
inner tube was fitted with an aerodynamic nose section to prevent flow separation.

Two nozzle types were used. Most experiments used a tee shaped nozzle which injected two
round jets perpendicular to the axis of the test section and parallel to a tangent defining the annular
region. A schematic drawing of the injection tee is shown in Figure 46. The inner diameter of each of
the agent flows was 1.56 cm. Some experiments were conducted with a straight round tube (1.5 cm
inner diameter) flush to the outer surface of the test section with the jet discharging perpendicular to
the crossflow. Mixing was worse in this case, so measurements were focussed on use of the tee.
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Figure 44. Schematic diagram of the computational grid used in the CFD simulations.
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Table 9. Description of numerical computations

Case

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Injection
Locations

tee

tee

tee

tee

tee

tee

tee

15 degree

15 degree

15 degree

15 degree

15 degree

15 degree

tee

tee

tee

Air Velocity (m/s)

3,0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.3

3.5

4.0

Agent Volume
Percent

4.5

4.5

4.5

8.6

8.6

8.6

4,5

4.5

4,5

4.5

8.6

8.6

8.6

4.2

3.9

3.4

Agent Flow
(m3/s)

0.012

0.012

0.012

0.025

0.025

0.025

0.012
baffle on interior

wall

0.012

0,012

0.012

0.025

0.025

0.025

0.012

0.012

0.012

Gaseous agent was discharged through a nozzle into the test section at. a location 70 cm
downstream of the test section inlet. Measurements were made after a steady state flow had been
achieved. Gaseous nitrogen was chosen as the agent. ?N2flowed from six cylinders connected in series
to the test section through a 2.5 cm pipe. The flow passed through a regulating valve, a manometer,
and a rotameter, allowing control and determination of the agent flow. The rotameter readings were
corrected for back pressure. Uncertain y in the N2 flow was estimated as 13 %.

‘In some experiments, baffles or ribs were placed in the flow field in order to mimic the flow field

typically encountered in nacelles. Ribs were installed 60 cm downstream from the point of injection.
The ribs were attached to either the inner or outer walls of the annular region with extending from
30.3 cm to 36.7 cm in the radial direction on the inner wall and from 45.0 cm to 39.5 cm on the outer
wall.

9.4.2.1 Agent Concentration Deterrnhation. The agent concentration was determined by
measuring the depletion of oxygen at selected locations within the test section using the following
equation:
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[Agent] =
([O]. -[O])

[0]0
(23)

where [0]0 and [0] are the oxygen (volume based) concentrations in the air flow, before and during
injection respectively, and [Agent] is the agent volume fraction in the air flow. The local oxygen
concentration was measured by a paramagnetic oxygen analyzer in conjunction w“ith gas sampling. The
analyzer had a 1 s response time. Gas samples were collected through a stainless-steel cylindrical tube
with a 1.4 mm inner and 3.2 mm outer diameter. The probe had a right angle bend 8 cm from the
sampling orifice. The probe was inserted into the stream through a hole in the wall of the test section
with the orifice facing the flow (see Figure 45). Measurements were made 96 cm and 184 cm down-
stream from the point of agent injection for many angles and several radial locations. All measure-
ments were time averaged over a period of 10 s. Uncertainty in the agent concentration measurements
are estimated as 18 (?ZObased on repeat measurements and a propagation of error analysis.

9.4.2.2 Air Flow Measurements. A pitot tube was used to measure the air speed as a function
of location in the test section, both upstream and downstream of the agent injection location.
Measurements were conducted with a 3 mm diameter stainless steel pitot tube and a differential
pressure transducer. All measurements were time averaged for a 10 s period, The pitot tube was
mounted facing the incoming flow. Uncertainty in the velocity measurements was estimated as 8 Yo

based on repeat measurements and a propagation of error analysis.

9.4.2.3 Characterization of the Flow Tunnel Without Agent Injection. Figure 47 shows
measurements of the inlet air velocity as a function of radial location across the annular region, 65 cm
upstream and 90° from the agent injection location. In the absence of agent injection, the air velocity
profile is almost flat as a function of radial location. In this case, the average air speed was approxi-

mately 3.3 rids. From measurements taken 35 mm from the inner wall of the test section, Figure 48

shows that the air velocity was uniform as a function of angle around the annulus, except at 0°, where
the flow was disturbed by the agent injection tee, causing a 10 % velocity decrement. When the
straight tube was used for agent injection, no velocity decrement was observed. The Reynolds number
for this flow was equal to 7,5.104, where the characteristic spatial dimension (d) was taken as the
distance between the inner and outer tubes forming the annular region. Fully developed flow in the
tube was expected 2.6 m downstream from the test inlet, which is just beyond the end of the test
section (Blevins, 1984).

A hot wire probe was used to characterize the turbulence intensity at the test section inlet.
Measurements were obtained at a sampling rate of 2 kHz at several locations across the annular region.
The turbulence intensity (TI) was characterized as:

PTI=— (24)
<u>

where u‘2 is the square of the average velocity fluctuations in the axial direction. The average
velocity fluctuation is defined as the difference between the time varying (e.g., u) and
the time-averaged (<u>) velocity:
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U’=<u>–u (25)

For inlet velocities of =5 m/s, the turbulence intensity 8 cm downstream of the test section inlet

was measured to be =0.0065 indicating a nearly laminar flow. Because of the Reynolds number, TI
increased downstream, obtaining values close to 0.03 on average. Flow visualization using smoke
confirmed that the air flow was essentially laminar. The upstream velocity was measured for Cases 1,
4, 7, and 11 (see Table 9), and used as a boundary condition in the corresponding calculations.

9.4.3 Comparison of Calculations with Experimental Measurements. Experimental measurements
were performed in an effort to validate the numerical simulations. Measurements were conducted for
conditions corresponding to Cases 1, 7, and 14 listed in Table 9. The other cases represent numerical
simulations where the effect of varying the location and number of agent injection nozzles on agent

dispersion was tested.
Figure 49 compares the experimentally measured agent volume percent to the calculations (for

Case 1) as a function of angular location in the nacelle, for positions equidistant from the inner and
outer nacelle walls, 96 cm downstream from the agent injection location. Figure 50 shows a similar
comparison for locations 184 cm downstream from the point of agent injection. The experimental
uncertainty of 18 Yo, estimated from repeat measurements and a propagation of error analysis, is
indicated by the error bars in the figure. In many instances, the calculations fall outside of the error
bars. Uncertainty of the input to the model calculation, namely the air and IN2 flOWS, resulted in an

uncertainty in the calculated agent concentration distribution. The magnitude of the uncertainty varies
as a function of location in the nacelle and is steepest for locations of large concentration gradients.
For example, the uncertainty in the location of the calculated agent concentration maxima in Figure 49
was equal to approximately 40°. A higher air flow or a lower N2 flow shifted the calculated maxima

from 140° to 100°, in better agreement with the measured agent concentration maxima. In general, the
computed profiles were characterized by steep gradients and narrow peak half-widths, whereas the
measured profiles were relatively broad.

Figure 51 compares the experimentally measured agent volume percent to the calculations for
Case 7 with a baffle on the inner wall of the flow field as a function of angular location in the nacelle,
for positions equidistant from the inner and outer nacelle walls, 96 cm downstream from the agent
injection location, Figure 52 shows a similar comparison for locations 184 cm downstream of the
agent injection. The calculations generally follow the trends experimentally measured, Little difference
was experimentally measured between the cases with and without the baffle as seen by comparing
Figures 49 and 51, or Figures 50 and 52. The agent concentration 96 cm downstream from the agent
injection location shown in Figure 51 were asymmetric, whereas 184 cm downstream, they were
symmetric. This indicates some asymmetry in the experimental configuration. The measurements were
repeated after carefully checking the placement of the tee in the flow field. Measurements yielded
nearly the same results. Thus, the reasons for the asymmetry are not clear,

Figure 53 compares the experimentally measured agent volume percent to the calculation for
Case 8 as a function of angular location in the nacelle, for positions equidistant from the inner and
outer nacelle walls, 96 cm downstream from the agent injection location. Figure 54 shows a similar
comparison for locations 184 cm downstream from the point of agent injection. The computations
predict agent concentration peaks t 90° from the injection location, whereas the measurements show
peaks along the angle of injection. ~

The key difference between the numerical and laboratory experiments which remains unresolved
is that agent concentration gradients in the laboratory measurements are smoother and less steep than
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Figure 49.
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A comparison of the measured and calculated agent volume percent distribution
96 cm downstream from the agent injection tee. The average air velocity was 3.0 m/s
and the agent flow was 0.012 m3/s (Case 1).
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Figure 50. A comparison of the measured and calculated agent volume percent distribution
184 cm downstream from the agent injection tee. The average air velocity was 3.0
rrds and the agent flow was 0.012 m3/s (Case 1).
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Figure 51. A comparison of the measured and calculated agent volume percent distribution,
96 cm downstream from the agent injection tee for Case 7, a baffle on the inner wall.
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Figure 52. A comparison of the measured and calculated agent volume percent distribution,
184 cm downstream from the agent injection tee for Case 7, a baffle on the inner
wall.
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in the numerical calculations. The numerical computations predict localized regions of high concentra-
tions which are not observed in the experiments.

There are several possibilities that may explain these differences. Most involve the use of correct
boundary conditions for the air and agent flows. Another possibility explored was the variation in the
spread angle of the agent jet. Several angles from 0° to 5° were examined with little change in agent
concentrations. If the actual spread angle was much greater than 5°, then the calculated agent

concentration distribution downstream would be more diffuse, more closely matching the experimental
measurements.

Another possible explanation for the difference between computations and experiments was that
the agent flow exiting the tee was not properly modeled. The assumption that the agent velocity
exiting the tee was uniform over the entire opening was tested and the agent flow characteristics inside
and near the exit of the tee were examined as illustrated in Figure 55, The grid near the tee exit was
resolved into 20 x 20 grid cells instead of the 2 x 4 grid cells used in Cases 1 to 13. The fluid velocity
is indicated by the length and direction of the vectors. The agent concentration is indicated by the gray
scale. Note that the velocities (as indicated by arrow length) arc much higher near the top of the tee
than the bottom due to the presence of the recirculation zone near the bend in the tee. The agent
velocity then was approximately twice the average velocity in the top half and zero @ the bottom half.

This detailed flow pattern was used as a boundary condition at the tee in a case similar to Case 1 with
the result that downstr~am agent concentrations did not change appreciably.

Another possibility explanation for the modeling/experimental differences is associated with the
error introduced through the k-& turbulence model. Empirical parameters were used to calibrate the
k-e model. Though the k-e parameters used here were calibrated for applications involving air flow,
they may be incorrect for this particular application. Another possibility involves the interaction of the
agent jet with the side walls of the nacelle tube. lt is important to resolve the boundary layer at the
wall properly in order to account for the aerodynamic drag of the bulk flow. It was thought that the
grid resolution near the wall was sufficient. This was checked by refining the grid, which resulted in
little change in the calculated agent concentration,

Because of the discrepancy between measurements. aud computations, many model parameters
were varied in order to examine the sensitivity of results to changes or uncertainty in input parameters.
The model parameters that were investigated were the average agent inlet velocity, the spread angle of
the agent leaving the nozzle, the velocity distribution of the agent across the nozzle, the average air
velocity, the distribution of the air velocity across the air inlet, and the turbulent intensity boundary
conditions for both the air and agent flows. To summarize, the model is most sensitive to the ratio of
the agent inlet velocity to the air inlet velocity. The other parameters noted above did not have a
significant effect on the simulated distribution of agent in the mock nacelle. Figure 56 shows results
from Cases 1 and 14-16. These cases were the same except that the air inlet velocity varied from
3.0 rrds for Case 1, to 4.0 n-h for Case 16. Note that the region of high concentration for Case 1
(3.0 mls) was located approximately three-quarters ( 135°) of the way around the tube from the inlet
tee (whereas the region of high agent concentration in the 4.0 m/s case was located from one-quarter
(45°) to one-half (90°) of the way around the nacelle. Similar results were found when varying the
agent inlet velocity (or equivalently the inlet mass flow). Small increases in agent inlet velocity
enabled the agent to traverse farther around the nacelle. The model is not sensitive to the velocity
profiles of the agent and air (as long as the average velocity across the inllet remained constant),
turbulence levels, or the spread angle of agent exiting the injector.

9.4.4 Numerical Simulations. Shaded contours of ~oltime concentration are presented in the plane of
injection ‘and’ at 96 cm and 184 cm downstream from the injection pl’ane in Figures 55-61 for all of the
cases listed in Table 9.

!.



102 9. SUPPRESSION OF ENGINE NACELLE FIRES

Agent Con

1
‘1.0005E+O0

8.3132E-01
6.6212E-01
4.9291 E-01
3.2371 E-01

.... 1.5450E-01

Figure 55. The

,.~
,.:
.,,,

..

.
. ,.

., .,, ,, .,,

\

. %,. ,,
,, ,:

.,. ”

,6. :. . .,.
.< ,, ,,
,,,...<w .

--’i

,..

.-i

,.

.-
“..

character of the agent flow inside and near the exit of an injection tee. The fluid
velocity is indicated by the length and direction of the arrows.



9. SUPPRESSIONOF ENGINENACELLEFIRES

(a) 3.0 m/s (b) 3.25 m/S

(c) 3.5 nds

Case 16

184 cm

(d) 4.0 m/S

Figure 56. The calculated agent concentration in three vertical planes for Cases 1, and 14-16, for
agent injected through a single tee for air velocities vaarying from 3.0 rrds to
4.0 m/s. The agent flow was 0.012 m3/s.
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Figure 57 presents results from Cases 1-3 (see Table 9). The total mass flow rate was 0.012 m3/s.
The agent inlet velocity for the two tee case was 50 % of the one tee case and the inlet velocity for
the four tee case was 25 % the velocity of the one tee case, such that the total agent flow into the
nacelle was constant. The agent volume fraction in the figure is indicated by the gray scale. Its value
varied from near zero to greater than 10 %. The simulations predict that injecting agent at several
locations around the nacelle results in a more even distribution of agent down stream.

Figure 58 presents results from Cases 4-6. The conditions were the same as those in Cases 2-4
except that the total agent flow rate was doubled to 0.025 m3/s. Again, with more agent inlets, the
agent distribution was more even downstream.

Figure 59 shows the computed results for Case 7, where the fluid flows past a baffle on the
interior wall of the nacelle. The results for Case 1, with identical conditions except no baffle present,
are also shown, The baffle does not significantly influence the agent concentration distribution,

Figure 60 compares Cases 8-10 with the agent introduced through tubes inclined 15° downstream
rather than through a tee (see Figure 45). The total agent flow was 0.012 m3/s, the same as that used
in Cases 1-3, Compared to Figure 58, the agent distribution was marginally better when it was
introduced by the tees. Again, the agent distribution was more even downstream when agent was

introduced at multiple locations around the nacelle.
Figure 61 compares Cases 11-13 with agent introduced through a tube inclined 15° from the

perpendicular to the axis in the downstream direction, The total agent flow was 0.025 m3/s, twice that
used in Cases 8-10.

9.4.5 Conclusions, The use of flow field modeling can facilitate design optimization of an agent
delivery system. The capability of computational fluid dynamics to model gaseous agent concentration
in a generic engine nacelle should not, however, be fully accepted until it has been experimentally

validated for representative flow conditions. In general, the CFD model has shown that an injector in
the shape of a tee (with the tee oriented perpendicular to the flow direction) enhanced agent dispersion
as compared to a single agent inlet (oriented 15° downstream). In addition, the simulations showed
that increasing the number of agent injection nozzles increased agent dispersion. A baffle had little
impact on the downstream agent dispersion for agent injected from a tee. Research remains to properly
model two-phase agent flow and rapid evaporation in a nacelle environment (see Section 8 of this
report for a discussion of two-phase flow modeling).

9.5 A Simple Model for Agent Delivery Requirements

A simple model describing the agent delivery requirements for engine nacelle fire suppression was
developed as a complement to full-scale nacelle fire testing. Preliminary design guidelines for
estimating agent mass requirements and the specific system performance criteria, agent concentration
and duration, were proposed for each alternative agent using the model results. It must be pointed out
that the proposed guidelines must be related to actual fire suppression system performance and
appropriate safety factors applied to the mass requirements.

9.5.1 Simple Mixing Models Applied to Engine Nacelle Fire Suppression. The development of
Military Specification (Mil E 22285) described in Section 9 suggests a conservative approach in terms
of system performance. The sections of that Military Specification of interest here are the guidelines

for agent amount, discharge time, and specific performance criteria (agent concentration and duration)
of a suppression system. The guidelines for agent amount are meant to aid system designers in



9. SUPPRESSION OF ENGINE NACELLE FIRES

Case 1

(a) One tee

Case 3

(b) Two tee’s

(c) Four tee’s

Figure 57. The calculated agent concentration in three vertical planes for Cases 1-3, for agent
injected through one, two, and four tees. The bulk air velacit y was 3.0 m/s. The
agent flow was 0.012 m3/s.
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case 4

(a) One tee

Figure 58.

Case 5

(b) Two tee’s

Case 6

(c) Four tee’s

The calculated agent concentration in three vertical planes for Cases 4-6, for agent
injected through one, two, and four tees. The bulk air velocity was 3.0 m/s. The
agent flow was 0.025 m3/s.
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Case 1

(a) No baffle

w

(b) baffle

Figure 59. The calculated agent concentration in three vertical planes for Case 7, for flow past a
baffle on the inner wall, as compared to no baffle (Case 1). The bulk air velocity was
3.0 m/s. The agent flow was 0.012 m3/s.
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Case 8

(a) One inlet (b) Two inlet’s

(c) Four inlet’s

Figure 60. The calculated agent concentration in three vertical planes for Cases 8-10, for agent
injected through one, two, and four inclined tubes. The bulk air velocity was 3.0 m/s,
The agent flow was 0.012 m3/s.
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Case 11

Figure 61.

Case 12

(a) One inlet

Case 13

(b) Two inlet’s
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(c) Four inlet’s

The calculated agent concentration in three vertical planes for Cases 11-13, for agent
injected through one, two, and four inclined tubes. The bunk air velocity was 3.0 m/s.
The agent flow was 0.025 m3/s.
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meeting the performance criteria set forth in the Military Specification. An alternative agent will have
different suppression characteristics, which will preclude the use of the Military Specification as it
stands. Guidelines for designers and performance criteria for alternatives to halon 1301 are required for
safe and efficient system design.

Keeping in mind that the likely halon 1301 replacement may require a much higher volumetric
concentration to be effective in extinguishing nacelle fires, a logical question is: “what are the
implications of a higher agent target concentration relating to design guidelines and performance
criteria?” A direct method to explore the impact of design parameters and system variables is to
perform a series of full-scale fire tests, varying design parameters (agent, injection rate) and system
variables (air flow, volume, nacelle geometry, fire scenario, etc.) to determine how those variables
impact the minimum agent mass required to suppress the fires. Tests with and without fires would
also be needed to relate certification test results to the worst case fire scenario suppression require-
ments. Clearly, the number of full-scale tests would be very large, essentially repeating the early CAA
research for each alternative agent. The full-scale testing performed at Wright-Patterson AFB for the
Halon Replacement Program for Aviation was limited in terms of air flows, configurations, and fire
scenarios, although a number of other variables were examined.

A complementary method to full-scale testing proposed here is a model that describes the agent
delivery requirements for generic nacelle geometries. The model was used to explore the impact of air
flow, mixing modes, nacelle volume, agent injection duration, and fire scenario on the agent require-
ments for suppression. All of the details of mixing are not simulated, nor are they known for a
generic nacelle geometry, but limiting cases were covered which suggest the values of the minimum
agent mass delivery rates to achieve flame suppression. Allowances for un-modeled phenomena such
as imperfect mixing, inadequate description of the fire scenario and additional safety factors need to be
considered for a conservative design methodology.

The model is based on idealized global mixing models describing agent dispersion and dilution
for the bulk temporal concentration, and a local mixing model for flame extinction or concentration
build-up at specified locations. The local mixing phenomena were inferred from small-scale
experiments previously described in Section 9,3. In principle, computational fluid dynamics (CFD)
could provide the answers pertaining to dispersion and the concentration profiles for every single
configuration, but at this point, it is impractical to do such calculations because current CFD capability
cannot provide a comprehensive description of fire suppression phenomena, Although CFD can
provide answers pertaining to agent dispersion and mixing in specific nacelle-like configurations, it is
not yet possible to do such calculations with consideration of two-phase flow for both agent and fuel
and the detailed inhibition chemistry associated with the replacement agents, Nor is it possible to
model all in-flight nacelle conditions, each with its own very different time-varying temperature and
flow boundary conditions. Although (2FD may prove to be a useful tool in specific applications and
future designs, the focus here was to provide simple guidelines on alternative agent delivery rates for
engine nacelle fire protection system designers, It is highly likely that discharge testing with
concentration measurements for certification will remain relevant to document system performance
when an alternative agent is used. Therefore, the relationship between certification criteria and flame
suppression requirements needs to be explored for the alternative agents.

The mixing models presented here for the bulk flow are well known, and have been used for
decades to describe industrial mixing in blending operations and concentration profiles in chemical
reactors. The mixing extremes that are covered are the plug flow “segregated” case and the perfectly
stirred “homogeneous” case. The plug flow model assumes either no mixing of the components (the
extreme) or mixing with the incoming air flow only. The perfectly stirred scenario implies intense,
chaotic motion leading to a spatially homogeneous system. A definition of a perfectly stirred system is
that any given particle after being introduced into the volume has an equal probability of being
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anywhere in the mixing volume, and as a consequence, the concentration is uniform throughout the
mixing volume. Such a model was successfully employed in Section 9.3 to treat flame extinction in a
recirculation zone. In chemical reactors, plug flow is typically assumed for tubular reactors, where the
mean velocity profile is unidirectional. An example of a system that approaches perfectly stirred
behavior is a liquid-filled tank with an impeller operating at high speed. Deviations from true plug
flow occur with turbulent backmixing or molecular diffusion leading to axial dispersion. Deviations
from the perfectly stirred case occur from quiescent “dead” spaces in the volume, concentration
boundary layers, and by-passing of incoming fluid. ln many cases the phenomena giving rise to the
deviations from the ideal cases can be modeled or quantified by experiments if sufficient effort is
expended.

In the bulk flow models, deviations from the idealized cases were not considered. The descrip-
tion of a particular nacelle is given by any number of perfectly stirred or plug flow regions in series
and/or parallel. The transfer of agent from one region to another was taken into account by solving
the transient mass balance equations for each region. The agent is assumed to be introduced as a gas,
which then mixes isothermally with air.

The agent concentration for any given location as a function of time is required to assess the
suppression system performance. One extreme case is to assume that the agent flows as a plug and
does not mix with the air stream. Thus, the bulk “free stream” concentration is 100 % for the volume
occupied by the plug, and its duration at any location in the nacelle is equal to the nacelle volume (V)
divided by the total (air and agent) volumetric flow (Qtotal). The next case is where the agent mixes
perfectly with the incoming air stream, and flows downstream as a plug. 14 good approximation
would be agent dispersed from many locations in a cross section with flow in one direction. The bulk
“free stream” concentration is equal to the agent volumetric flow (Qagent) divided by the total (agent

and air) volumetric flow (QtOtal). The duration at any location is equal to the nacelle volume divided
by the volumetric flow (V/QtOtal).

For a perfectly stirred region (PSR), the steady-state (long agent injection duration) bulk
concentration is equal to the agent volumetric flow divided by the total flow of agent and air

(Q agenJQtotal)’ The mixing volume and total volumetric flow determines the dynamics of the
concentration build-up. Assuming isothermal, constant volume conditions, the solution to the mass
balance equation for a step change in agent flow entering the nacelle is:

‘(t) = J$-+ (XO-X)(6? “/” )
(26)

where X(t) is the volumetric concentration in the nacelle, Xf is the Volumetricagentconcentration
entering the nacelle (Q ~ge~/Q,ot,l), X. is the initial concentration, and ~1 is the characteristic mixing
time given by the mixing volume divided by the total volumetric flow (V/QtOtal). A step change from
a fixed volumetric flow of agent, to zero agent flow gives

X(t) = Xp (e ““2)

where $ is the con

(27)

centration in the PSR when the agent flow is stopped (at time t=O) and ‘C2is the
characteristic time given by the total volume divided by the air flow (V/Q1lir).

The solutions above for step changes in the incoming stream concentration and flow are indicative
of cases where the initial agent injection takes place in a perfectly stirred region, or a constant
concentration plug flow feeds a perfectly stirred regiort. Analytical solutions are obtainable for other
cases where the concentration of the incoming flow is a known function of time. A relevant case is
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when one perfectly stirred region provides the feed to another perfectly stirred region (PSRS in series).
This situation is a reasonable model for certain nacelles (see Section 9.5.2). The solution to the
concentration in the second PSR is given by one of the following equations below. If the feed
concentration is given by Equation (26), the solution to the concentration in the second PSR is:

X(t) = Xpe-’”3 + K(I + ~ (e ““3 - e ‘f’”) - e ‘r’T3)
~1 –~3

X(t) = X. e ‘r’T3+K(I – e-~’T3) - ~ te-t’t’
73

(28)

(29)

if ~1 = ‘C3,where K is the constant feed concentration into the first PSR multiplied by the fraction of
the total flow entering the second PSR and 73 is the volume of the second pSR divided by the
volumetric flow rate into that PSR. If the feed concentration is given by Equation (27), the solution
for the concentration in the second PSR becomes

X(t) = (X. - Kp ~) e ““3 + Kp ~ e ““2
72 – 73 ~2 – 73

if ~z # T3 and

X(t) = (~t+Xo) e ““3
~3

(30)

(31)

if tz = Z3, where KP is the peak concentration achieved in the first PSR multiplied by the fraction of
total flow entering the second PSR and X. is the initial concentration in the second pSR Likewise,
solutions for more PSRS in series begin with the solution to the previous PSR.

So far the bulk or “free stream” concentration has been described. A description of agent mixing
from the free stream into eddies behind bluff bodies in the case of certification concentration and into
fire locations is needed in order to relate certification concentration and duration to agent requirements
sufficient to extinguish various types of fires. This local mixing phenomena is described in terms of a
characteristic mixing time, analogous to the characteristic mixing time described for the PSR bulk
mixing. The location of a certification probe may likely be in an eddy behind a bluff body (rib, etc).
In that case the characteristic mixing time depends on the flow velocity, viscosity and characteristic
dimension of the bluff body as shown in Section 9.3.6. For the flows considered here, the diffusive
term can be ignored since the mixing is convection dominated.

Mixing from the free stream into a fire stabilized behind a bluff body is much slower than mixing
into the same location without any fire due to the expanding hot gases increasing the fluid viscosity
which affects the flow field and the rate of agent entrainment or mixing. Two different baffle
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stabilized fire scenarios were explored; a spray fire, and a pool fire. Extinction times for both
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scenarios were fit to the same first order equation, Equation (14):

Xm = XC(1 -e ‘*t”f)

where Xm is the critical free stream agent concentration at extinction for long injection durations
(At>3’cf), XC is the critical free stream agent concentration for short agent injection intervals, and ~f is
the characteristic mixing time associated with the given fire scenario as discussed in Section 9.3.

Considering the characteristic mixing times for combusting and non-combusting cases, it is
obvious that local mixing behind baffles is very different. This observation necessitates that relation-
ship between the certification test and real fire scenarios must be explored so that certification criteria
specify safe conditions for the worst case fire scenario considered.

9.5.2 Agent Requirements for Generic Nacelles. Two generic nacelle models are described below
which represent the extremes in the bulk mixing phenomena.

Model No. 1 It is assumed that the bulk flow of agent is a plug flow and the fire zone or
certification locations are located downstream from the injection plane. Perfect
mixing of agent and air occurs at the injection plane.

Model No. 2 The entire nacelle volume is treated as a perfectly stirred region. The bulk flow
feeds the fire zone or certification locations.

A real engine nacelle may behave closer to one of these generic descriptions than the other. The
geometry, air entrance location, air and wall temperatures, agent injection location, and flow exit will
impact the mixing and dispersion. For instance, the F-11 1 has air entering the nacelle uniformly
across the radial cross-section, and exits the through an ejector at the end of the nacelle, Agent is
introduced through a tee fitting located at the most forward position of the nacelle to spread the agent
around its co-annular nacelle cross-section (McClure et al,, 1974). With this configuration, it is easy
to imagine that there is no significant air or agent back flow, and the bulk of the agent would flow as
a plug mixed with air. The F/A- 18 on the other hand has a much different configuration. The nacelle
air is introduced through an air ram located on the bottom of the aircraft and positioned between the
forward and aft of the nacelle. The flow exits through two small vents located on the top and the
bottom of the aircraft near the aft position (Picard et al., 1993). Agent is introduced through a tube

located at the forward-most position of the nacelle. Prior to agent release there must be reversed flows

giving rise to recirculation zones and dead zones with no air flow. During and after agent release, the

recirculation zones act as perfectly stirred regions. Instead of a plug flow of agent and air, the nacelle

will undergo a rapid increase in agent concentration followed by a slower tailing. This behavior was
observed qualitatively during some discharge testing with halon 1301 and HFC- 125 in an F/A-18
(Leach, 1994). No specification of a smooth or rough nacelle geometry has been made in the generic
models. The specific nacelle geometry is handled by the certification and fire characteristic times
chosen. It was assumed that in smooth nacelles, no baffle stabilized pool fires could form and for
now, the worst case fire for the smooth nacelle geometry was taken as a baffle stabilized spray flame.
For rough nacelles (defined as those nacelles with ribs or other obstructions that can stabilize pool
fires), the worst case fire was taken as a baffle stabilized pool fire.
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9.5.2.1 Minimum Fire Suppressant Requirements. A parametric study was employed to

determine the required agent amount for a range of discharge durations for the two nacelle models.
The variables were nacelle type (smooth or rough which fixes the characteristic mixing times), free
volume, air flow, agent density, discharge duration, and critical extinguishing concentration. The

temperature and pressure were fixed at 20 ‘C and 101 kPa respectively. The nacelle volume range was
from 0.25 m3 to 8 m3 in increments that double from the previous value and the air flow range was
from 0.25 kg/s to 8 kg/s, also in increments that double from the previous value. These values cover
the range of possible air flows and volumes in actual nacelles as listed in Table 1. In the following
analysis, the incoming air flow was assumed to be a constant value; agent injection has no effect on
the nacelle air flow. This would be the case when the air flow entering the nacelle is choked which
can occur for a Mach number greater than one and represents the worst case scenario since dilution air
flow is at its highest value. It is also assumed that during agent injection, the pressure rise inside the

nacelle volume is negligible. The injection durations examined were 0.25 s, 0,5 s, 1.0 s, 1.5 s, and
2.0 s. This range covers a very rapid injection time (0.25 s) and an injection time twice the value
specified in the Military Specification for halon 1301. This range will show when positive effects

from rapid injection are to be expected, and when it may be possible to relax the discharge time
requirements without having a drastic impact on the agent requirements. The discharge time
significantly constrains hardware design (see Section 8.6 of this report). The agent mass flow rate is
assumed to be a constant over the injection duration. This is a reasonable assumption given the pipe
flow model results reported in Section 8.6.

For the simulations, the mixing times for the fire scenarios were fixed (not a function of air flow)

and were specified to characterize worst case fires for these generic nacelles. Two different fire
scenarios were considered; a baffle stabilized spray fire, and a baffle stabilized pool fire with
characteristic mixing times (~f) taken as 0.1 s and 1.0 s, respectively. These values are, consistent with
the experimental measurements described in Section 9.3. The critical or’ maximum long injection time
concentrations (Xm) were taken as the cup burner extinction concentrations for the spray fire scenario.
For the pool fire scenario, the results described in Section 9.3 served as input or in lieu of this data,
the peak flammability limit of n-heptane flames was utilized (Malcolm, 1950). The peak flammability
limits are a reasonable target concentration for an agent in the fire zone. This concentration insures
that combustion of even the most flammable fuel/air ratio cannot occur and secures both flame

suppression and the prevention of re-ignition. Note that the target concentration is for the combustion
zone, not the free stream. These values are given in Table 10 along with the gas-phase density of the
agent at 20 ‘C.

For nacelle model No. 1, an analytical expression for the minimum agent mass is given by

At pagxmWair
wag =

x. (32)
(1 - _A,,Tf)(1 - e ‘*”Tf) pair

l-e

where Wag is the minimum agent mass, At is the injection duration, Wair is the mass flow of air, pag
and pair are the densities of agent and air at ambient conditions, and ‘cfis the characteristic mixing
time for the particular fire scenario. Observe that the nacelle free volume is not a variable in the
equation, and thus does not impact the amount of agent for this nacelle model. For’ nacelle model
No. 2, the minimum amount of agent is”obtained by a numerical iterative procedure using Equations
(28) and (31 ), replacing Z3 with ~f and solving for X(t)=&.
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The results are presented graphically with agent mass as the dependent variable, air flow as the
independent variable, and different symbols for each nacelle free volume. Results for each injection
duration are presented in separate figures. Figures 62-66 are for a spray fire scenario with halon 1301
as the agent. In this and all other cases, nacelle model No. 1 (plug flow model) yielded the minimum
amount of agent at any given air flow. Note also that as the volume decreased, the results for nacelle
model No. 2 approached the plug flow results because the characteristic mixing time for the bulk flow
approaches zero as the volume approaches zero. As the air flow approached zero, the agent mass

Table 10. Critical

Agent

halon 1301

HFC-125

HFC-227

CFJ

gent volume fraction for s]

X-, spray fire

0.031

0.087

0.062

0.032

ray and pool fires

X-, pool fire

0.060

0.12

0.11

0.068

Agent density @ 20 “C
(kg/m3)

6.2

5.0

7.2

8.2

reached a limiting value, independent of injection time. Also, the agent requirements increased as
injection time increased. What is not shown is that if the injection time were decreased below 0.25 s,

a critical injection time is reached where a fire cannot be extinguished. Recall that agent mass is
minimized when the free stream concentration is 100 $ZO. But, in both nacelle models Nos. 1 and 2 the
agent always mixes with air flow, therefore 10070 agent concentration cannot be achieved. In
practical terms though, this result is unlikely to pose a problem since during any agent injection, there
will be some spreading of agent both up and downstream. That spreading effectively increases the
injection time and reduces the concentration.

Figures 67-71 are for a pool fire scenario with halon 1301. Again, as air flow decreased, the
agent mass tended to a fixed value independent of injection time. The injection time that resulted in
the minimum amount of agent was not the shortest injection time, but now depends on nacelle volume
and falls between 0.5 s for the smaller volumes and 1.0 s for the larger volumes. In all cases the mass
requirements were much higher than for the spray fire scenario.

Figures 72-76 show the results for HFC- 125 in the spray fire scenario. Again, agent requirements
were minimized for the 0.25 s injection as observed in the halon 1301 simulations. Figures 77-81
show the results for HFC- 125 in the pool fire scenario. The minimum agent mass was obtained for
injections between 0.5 s and 1.5 s, depending on the volume. In all cases, the agent mass was higher
than the predicted values for halon 1301.

Figures 82-86 show the results for HFC-227 in the spray fire scenario. Agent requirements were
lowest for the 0.25 s injection time. Figures 87-91 show the results for HI?C-227 in the pool fire
scenario. Injection durations between 0.5 s and 1.5 s minimized the agent mass requirements. As
with the HFC- 125 results, the agent mass requirements were higher than the halon 1301 values.

Figures 92-96 show the results for CF31 in the spray fire scenario. Figures 97-101 show the
results for CF31 in the pool fire scenario. For the spray and pool fire cases, the injection duration that
minimized the agent mass was 0.25 s and between 0.5 s and 1,5 s respectively. The agent mass
requirements were still higher than halon 1301, but not as high as HFC- 125 and HFC-227.
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Figure 79. The minimum HFC- 125 mass requirements for pool fire suppression as a function of
air flow. The agent injection duration was 1.0 s.
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Figure 80. The minimum HFC-125 mass requirements for pool fire suppression as a function of
air flow. The agent injection duration was 1.5 s.
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Figure 99. The minimum CF31 mass requirements for pool fire suppression as a function of air
flow. The agent injection duration was 1.0 s.
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The minimum agent mass is plotted against injection time for a fixed volume (2.0 m3) and air
flow (1.0 kg/s) in Figures 102-105 to show the effect of injection time on the minimum mass
requirements for the different agents, fire scenarios, and mixing modes. Figures 102 and 103 show the

spray fire scenario results for plug and PSR-type mixing respectively. The injection time is seen to
have a stronger impact on the relative agent mass for plug flow mixing as compared to PSR-type
mixing. A comparison of the results in Figure 102 with the spray burner results in Figure 14 show
identical trends between the injection time (or delivery interval) and the required mass. The agent
rankings are also identical. This observation is not surprising, because the spray fire scenario and plug
flow mixing mode is an excellent model for the spray burner. Johnson and Grenich (1986) reported

results on the effect of agent injection duration for their “clean” nacelle fire tests in the AEN fire test
simulator that are in qualitative agreement with the spray fire and plug flow mixing simulations. Their
fire source was a baffle stabilized spray fire, and agent (halon 1301) was injected through a manifold
to specifically provide uniform dispersion of the agent in the air flow. In Figure 103, the increase in
agent mass from short to long injection times is approximately 30 ’70. The PSR-t ype mixing dampens
the effect of the rate of injection. Minimum agent mass increases for both nacelle models as the
injection time increases. Figure 104 shows the pool fire scenario results for the plug model, In this
scenario, the injection time does not have as strong a relative impact, as compared to the spray
fire/plug flow mixing model results. The minimum agent mass is a weak function of injection time
for the PSR model as seen in Figure 105. Both the plug flow and PSR model results obtain minimum
agent mass values at intermediate injection times in the pool fire scenario.

From Figures 102-105, it is inferred that the rate of agent injection can have either significant or
negligible impact on the minimum agent mass for suppression depending on the fire scenario and
mixing mode. In suppression system design, there may be applications where very short injection

times significantly decrease agent mass requirements, which would benefit agent mass and volume
storage considerations. Conversely, there may be applications where system constraints (constraints on

storage pressure and temperature, bottle location, pipe diameter, etc.) dictate that it is impractical or
impossible to achieve rapid discharge. Specific cases, where a relaxation of the discharge criterion (an
increase in discharge time) would not have a significant impact on the agent mass, may benefit from
flexibility in the system design. For example, in a retro-fit design, if the bottle location does not have
to be changed (i. e., its growth potential is sufficient), the original piping may provide an adequate
discharge time. This design alternative is probably the second most desirable case, where drop-in
replacement is the first.

The impact of a potential cold ambient environment on agent discharge should be considered if
the discharge criterion is altered. This is especially critical when the discharge time has a significant
impact on the mass of agent.

9.5.2.2 Comparison of the Model to the Military Specification for HaIon 1301. The model
results for halon 1301 can be compared to the guidelines presented in the Military Specification. The
Military Specification used the guidelines developed from data collected by the CAA, where
Hansberry (1954) reported that effective suppression occurred for agent injection durations between
0.5 s and 0.9 s. The Military Specification itself requires an injection time of 1 s or less. For
comparative purposes, the injection time in the simulations was fixed at 1 s. A distinction between the
smooth and rough nacelle configurations can be identified in terms of the worst case potential fire
scenario, which is related to air flow and geometry. The smooth nacelle geometry has no ribs and
thus pool fires will not be stabilized, In that case, the worst case fire scenario is considered to be a
baffle stabilized spray fire (~~0. 1 s). For the rough nacelle geometry, ribs and other obstructions are
available to stabilize pool fires, therefore the worst case fire is considered to be a baffle stabilized pool
fire (~f = 1.0 s).
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Figures 106-109 show the model calculations and the Military Specification agent requirements,
Figures 106 and 107 show the spray fire scenario and the guideline requirements for the smooth
nacelle. Notice that the Military Specification specifies more mass than predicted from the calcula-
tions; in some cases more than three times the predicted amount. If the guidelines were compared to
the results for the shortest injection time then even less, and in some cases, much less agent would be
predicted. Figures 108 and 109 show the pool fire scenario results compared to the guidelines for the
rough nacelle geometry for air flows above 0.45 kg/s, Again the guidelines specify more agent than
predicted from the model. The injection time does not have a large impact on the predicted agent
requirements; thus, for shorter injection times agent mass will not be substantially less than those for
1.0 s injections and may actually be higher.

The comparison of the Military Specification’s halon 1301 requirements and the model predic-

tions indicates that the model predicted the trends as the volume and air ilow increased. The fact that
no allowances for imperfect mixing or other un-modeled phenomena were included in the predictions
suggests that the results are consistent with the Military Specification guidelines. If such allowances
were included, a model such as this may have wide applicability.

9.5.3 Comparison of Predicted Alternative Agent Requirements to HaIon 1301 Requirements,
The predicted alternative agent mass requirements can be compared to the predicted halon 1301 mass
requirements for each given fire scenario, nacelle free volumes, air flow, and agent injection duration.
Comparisons of the two fire scenarios, spray and pool fires, at the nominally best agent injection
durations of 0.25 s and 1,0 s respectively are shown in Figures 110-112. These figures show the
amount of alternative agent required for a given air flow and volume plotted against the amount of
halon 1301, Notice that these points fall on a separate line for each fire scenario, and that the lines
pass through the origin, The slopes from best fit straight lines indicate a constant multiplier to the
amount of halon required to that of the alternative agent required for each fire scenario. This
comparison is analogous to the Flame Suppression Number (FSN) introduced in Section 4 of NIST
SP 861 (Grosshandler et al,, 1994) where the experimental results for the minimum halon 1301 mass
required to extinguish various flames were compared to the minimum mass requirements of a number
of other agents. Table 11 shows the slopes for the best-fit straight lines for each alternative agent and
fire scenario.

As expected, CF31 is the closest in terms of mass requirements to halon 1301 for both the spray

and pool fire scenarios. For the spray-type flame, there is little difference between HFC- 125 and
HFC-227, but there is a significant difference between HFC- 125 and HFC-227 for the pool fire
scenario. This comparison has important practical implications. For two very different fire scenarios,
there is a linear relationship between the amount of halon 1301 and alternative agent over a wide
range of air flows and volumes. Even though idealized mixing and isothermal conditions were
assumed, this relationship may still hold for non-idealized real fire scenarios. Therefore, knowledge
gained from halon 1301 systems in terms of agent mass requirements may be directly applied to
alternative agents, In addition, Table 11 suggests that HFC- 125 is almost as efficient as CF31 for the
pool fire scenario. This is not surprising, after all, the input for Xm in the pool fire scenario was
related to the peak flammability limits, which when written in terms of mass rather than mole fractions
(as in Table 10) were 0.247, 0.361, 0.420 and 0.331, for halon 1301, HFC-1 25, HFC-227, and CF31
respectively. This follows the same trends as the results for the pool fire scenario as seen in Table 11.

9.5.4 Comparison of the Model to Full-Scale Test Data, It is of interest to compare the model to
full-scale data. Data is available from the Phase II full-scale Wright-Patterson study on halon
alternatives (Bennett and Caggianelli, 1995). The tests were performed in the AEN fire test simulator,
and the data included the minimum agent required to suppress a fuel spray fire. This is the only
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known full-scale data for the alternative agents. Model calculations were compared to this data set.

Only tests where the surface temperature was not above 79 ‘C (175 “F) were considered since hot
surface re-ignition was not included in the model at this time. Two nacellle volumes, 2.5 m3 and
4.2 m3, and two air flows, 0,4 kg/s and 1.2 kg/s were examined in the full-scale tests. Agent injection
duration varied depending on the bottle conditions and the amount of agent required to suppress a
given fire. Estimated times were in the range from 0.05 s to 0.4 s. For the purposes of comparison an
effective injection time of 0.25 s was assumed, since at very rapid injection rates some spreading of
the agent as it penetrates up and downstream from the injection location must occur, The data for
each agent were compared to the model calculations for baffle stabilized spray and pool fire scenarios
over a range of air flows and volumes. Figures 113-118 show the comparisons. The test data fall

between the plug

Table 11, Best-fit Flame Suppression Number for each alternative agent and fire scenario

(Mass of agent)/ (Mass of halon 1301)
Agent

spray Flame (q=O. 1 S) Pool Fire (~~1.0 s)

HFC-125 I 2,34 I 1.74

HFC-227 I 2.36 I 2.27

CF. I I 1.36 I 1.51

flow results and the PSR results for the spray fire scenario. The test results lie above and then below
the plug flow results for the pool fire scenario as the air flow is increased. One possible explanation
of these observations is that the experimental results are consistent with a spray fire and plug flow
with poor radial mixing. The details of the AEN mixing are not known, but it is unlikely that
recirculation of agent and air occurs, which suggests a plug flow mixing scenario.

9.5.5 Re-ignition Suppression Requirements. Re-ignition suppression requirements are very
dependent on the specific scenario. At this point, there is no reliable method to predict the optimal
agent requirements to prevent it. Re-ignition is always a threat as long as fuel vapor and air can come
in contact with sufficiently hot surfaces. Strategies to prevent re-ignition include removing fuel vapor,
reducing surface temperatures (either through design changes or active cooling), and inerting the
fuellair mixture with a suppressant.

Fuel vapors are removed by the air flow in the nacelle, liquids are removed by drain holes or
sump ejectors. Typically, before activation of the engine nacelle fire suppression system, the jet fuel
and hydraulic fluid flow to the particular engine is shut down. This limits the amount of fuel in the

nacelle, but it could take a relatively long time to remove the combustibles from the nacelle, especially
the low vapor pressure liquids.

Surface temperatures can be reduced either by design changes such as insulating hot surfaces, or
through active cooling. Air flow over hot surfaces will lower the surface temperature, but may not be
available in sufficient quantity, A mechanism that should be considered is the effect of surface
cooling from the agent after it is discharged into the nacelle. For instance, mass requirements for

HFC- 125 will probably be at least twice that of halon 1301 and, given the heat of vaporization and
heat capacities for those two agents, the HFC-125 discharge would provide more cooling relative to
halon 1301. It is possible, although unlikely, that cooling may be sufficient to decrease surface

temperatures below ignition temperatures.
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Unfortunately, it has been shown that the replacement agents are not very efficient in suppressing

hot surface ignition at low agent concentrations as measured by relative increases in the ignition

temperature (Section 9.3.4). The model developed here uses the agent concentration which inerts the
peak flammability limit as a target for the combustion zone (see Section 9,5.2.1), insuring suppression

of possible re-ignition, Yet, the duration of that target concentration was not specified. To insure

prevention of re-ignition, a high concentration must be held until surface temperatures decrease
sufficiently, or fuel vapors are removed from the nacelle,

9.5.6 Impact of Unmodeled Phenomena. In all of the model calculations above, the fire scenarios
were defined by fixed characteristic mixing times and fixed critical concentrations, No allowances
were made to account for the effects the local velocity has on the ease of suppression, because for the
generic nacelle models, no relationship between the flow and velocity was introduced, The only
constraint was that the characteristic mixing time for each fire scenario represented the worst case
possible for those models, In real nacelles, geometric factors such as objects, upstream from a baffle,
can significantly impact the flow field near the baffle. Therefore, it is impossible to utilize the known
effects of velocity on the characteristic mixing time and flame stability unless detailed flow calcula-

tions or measurements are performed for specific nacelle configurations, See Section 9.3,6,3 for a more
detailed discussion of this issue,

In the model, agent injection occurs isothermally and the agent is assumed to be in the gas phase
to simplify the equations. An assumption is made that there is sufficient heat available to vaporize the
agent soon after mixing with the nacelle air, Typically the agent enters the nacelle as a two-phase
gas/liquid mixture and at a cold temperature due to adiabatic expansion and flash evaporation. The air
flow may be approximately 20 ‘C during a certification discharge, or at cold or elevated temperature

during flight depending on flight conditions, with the possibility of hot surfaces present. Upon mixing

with air, agent will continue to vaporize while cooling the air; also heat transfer from the nacelle walls
can add heat to the agent/air mixture. It is possible to numerically solve the mass and energy balance

equations simultaneously to determine the impact of non-isothermal conditions for the plug flow and
perfectly stirred nacelle volumes, but given the simplified mixing assumptions, such details do not
significantly affect the results in terms of the predicted trends of this analysis.

9.5.7 Conservative Design Allowance. Allowances should be made to account for imperfect mixing,
uncertainty in input parameters, and other un-modeled phenomena. The model calculations assume
that the agent is mixed perfectly with the air flow. In reality, some areas will have relatively lower
agent concentrations due to real dispersion effects; therefore, more agent must be added to protect such
areas. The relative increase needed to protect such areas is configuration dependent and is not known

a priori.
In terms of a safety factor, one question is: “1S it better to increase concentration or duration when

adding additional agent mass?” Assuming that the minimum agent mass and injection time are known,
to affect an increase in the agent concentration in a fire zone, the additional agent mass is injected
over the original injection time. This increase in the mass injection rate will increase the turbulent
mixing and local velocities in the nacelle, impacting flame stability in a favorable manner. Likewise,
to increase the duration, the minimum and additional mass are injected over a longer injection time
such that the mass injection rate is equal to the original mass injection rate. This increase in injection
duration will increase the duration of agent at all locations. An increase in duration may be required if
the nacelle volume is to be “inerted” (held at concentrations above the peak flammability limit) for a
period of time. Thus, there are trade-offs associated with each choice.
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9.5.8 Preliminary Agent Mass Guidelines. The model calculations show that the agent mass needed
for extinguishment is not a function of the nacelle volume in the plug flow model if the cross section
of the nacelle is held constant. That is to be expected since the nacelle vo [ume does not play a role in
free stream concentration or duration for the plug flow configuration. The perfectly stirred nacelle
results do show variation with air flow and nacelle volume. In addition, it appears that air flow and
total volume are essentially independent parameters for the ranges of air flow, free volume, and
injection times examined. It follows therefore that a “design equation” of the form:

W=a V+ bWai, (33)

could fit the model results for fixed characteristic mixing times. Here, W is the agent mass (kg), V is
the nacelle free volume (m3), and Wair is the mass flow of air (kg/s). Indeed, suitable equations were
obtained for each agent and worst case fire scenario. This equation is of the same form as the design
equations in the Military Specification (see Equations (1)-(4)). Figures 119-126 show the “new”
design equation (Equation (33)) for the spray and pool fire scenarios for agent injection times of 0.25 s
and 1.0 s respectively as a function of the model calculations for all of the agents. Thus, Equation
(33) represents a simple algebraic equation which may be used as a design guideline. Table 12 gives
the coefficients for each agent and fire scenario, The (a) coefficient is not simply the critical

concentration divided by the agent density, These results approach those limiting values at very low
air flows only, much lower than the flows considered here. Again, no allowances for un-modeled
phenomena are included in the above design equations, and appropriate safety factors must be applied.

It should be noted that Equation (33) was developed for ambient conditions and the coefficients
(a) and (b) are functions of temperature. It is anticipated that the pressure dependence is small. The
temperature dependence can be obtained from calculations using the model and based on the results
discussed in Section 9.3.2,3.5.

9.5.9 System Performance Criteria. For halon 1301 systems, system performance is validated
through a non-combusting certification discharge test. The test involves discharging the agent into the

nacelle with air flow provided to simulate cruise conditions and making temporal concentration
measurements at various locations. The performance criteria specifies that the halon 1301 concentra-
tion be 6 9Z0 by volume or greater at all locations in the nacelle for a minimum of 0.5 s. Replacement
agent(s) for halon 1301 will likely have to be tested in a similar manner. IHere,a method to back-out
agent concentration and duration requirements from flame extinction experiments is presented to
provide a rational approach for the development of alternative agent system performance criteria. As
presented previously, (Section 9.3) there is a relationship between the free stream agent concentration
(Xf) and duration (At) required to suppress a given fire. Assuming a step function free stream agent

concentration (plug flow), that relationship is given by Equation (14) wh~qh is re-written here as:

l-~ = e-A’l=
‘f

Section 9.3.2.3.4 describes this relation in detail. Figure 127 illustrates the equation as it is presented
above. For conditions above the curve, a flame would be extinguished. The critical injection duration
(Atc) shown in Figure 127 is obtained when the free stream agent concentration is equal to 100 % (see
Equation (15)). Below this value, the duration is too short to extinguish the flame. For known vaIues
of Xm and ~, assuming that the agent and fire scenario are known, the required duration (At) can be



178 9. SUPPRESSIONOF ENGINE NACELLE FIRES

.-

.-

:

5

4

3

2

1

0

Figure 1

1 I I I 1 1 1 I 1 1 1 I 1 1 1
i

1 1 I

I t 1 I I 1 I I 1 1 I I 1 I 1

0 1 2 3 4
Minimum Agent Mass (kg)

Design EquatiOn

9. Comparison of the minimum halon
“design equation” for the spray fire

5

1301 mass from the model calculations and the
scenario with an agent injection duration of

0.25 S.



9. SUPPRESSIONOF ENGINE NACELLE FIRES 179

10

8

6

4

2

0

I 1 I I 1 I 1 I I 1 I I 1 1

0 2 4 6 8 10
Minimum Agent Mass (kg)

Design Equation

Figure 120. Comparison of the minimum halon 1301 mass from the model calculations and the
“design equation” for the pool fire scenario with an agent injection duration of 1.0 s.



180 9. SUPPRESSION OF ENGINE NACELLE FIRES

‘g

m-

25

8

6

4

2

0

/

0

0 2 4 6 8
Minimum Agent Mass (kg)

Desiun Eauation

10

Figure 121. Comparison of the minimum EIFC-125 mass from the model calculations and the
“&Signequation” for the spray fire scenario with an agent injection duration of

0.25 S.



9. SUPPRESSION OF ENGINE NACELLE FIRES 181

.-

;

Figure 122.

0

1 1 1 I I I I I 1 1 1 I 1 1 I I 1 i I I 1 1 1 I 1 I I I I

c)

.

/~
o

0

.

1 I I 1 I 1 I I I 1 I I I I 1 1 I I 1 I 1 1

02468 10 12 14
Minimum Agent Mass (kg)

Design Equation

Comparison of the minimum HFC-125 mass from the model calculations and the
“design equation” for the spray fire scenario with an agent injection duration of 1.0 s.



182 9. SUPPRESSION OF ENGINE NACELLE FIRES

10

8

6

4

2

0

I I I I [ 1 1 1 I I 1 I I I I I I 1 I

0
0

0 2 4 6 8 10
Minimum Agent Mass (kg)

Design Equation

Figure 123. Comparison of the minimum HFC-227 mass from the model calculations and the
“design equation” for the spray fire scenario with an agent injection duration of
0.25 S.



9. SUPPRESSION OF ENGINE NACELLE FIRES 183

20

Eg
30
Ez 5.-

0

I 1 I 1 1 1 m I 1 1 # 1 I I 1 1 a

0

I

v I I I I I 1 1 1 1 I ! t 1 I I 1 1

0 5 10 15 20

Minimum Agent Mass (kg)
Design Equation

Figure 124. Comparison of the minimum HFC-227 mass from the model calculations and the
“design equation” for the spray fire scenario with an agent injection duration of 1.0 s.



184 9. SUPPRESSION OF ENGINE NACELLE FIRES

Figure 125.
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Table 12. The coefficients in Equation

Agent (a) spray fire
(kg/m3)

halon 1301 0.17

HFC- 125 0.37

HFC-227 0.37

CF21 0.21

)3) for each agent and fire scenario

(b) spray fire

(kg/kgai~s)

0.165

0.397

0.397

0.225

(a) pool fire
(kg/m3)

0.52

0.84

1.1

0.77

(b) pool fire

(kg/kgai~s)

0.542

0.974

1.26

0.819

obtained given the free stream concentration. For instance, if the free stream concentration is twice
X~ then & = 0.693z. If the free stream concentration chosen is very similar to X=, the duration must

be very long (At = 3’c), likewise, if the free stream concentration chosen is very high, then the duration
approaches the minimum (Atc).

The concentration/duration relationship given above, formally applies to a plug flow only, where
the agent free stream concentration takes the form of a step function. It is not applicable when the
free stream concentration is not constant which occurs in nacelle model No. 2 (PSR) for example, and
more importantly, in real nacelles which are characterized by imperfect mixing. Because of the
mixing problem, it is recommended that temporal concentration measurements be conducted in full-
scale nacelles to ensure suppression system effectiveness. Following agent discharge, the transient
agent concentration should be measured in the free stream near potential fire locations. In addition,
temporal agent concentration measurements should be made behind bluff bodies which represent
potential fire zones, as is currently the case for halon 1301 certification testing. This is of value
because there is no guarantee that the free stream concentration is spatially homogeneous. These
measurements made under non-combusting conditions or “cold flow” must be related to an effective
free stream concentration to assess suppression system effectiveness. These issues are addressed
below, yielding a generalized methodology for the determination of concentration/duration require-
ments for protection of a particular nacelle, fire scenario, and agent.

Real dispersion effects lead to spatial and temporal variations in the agent concentration. Fire
suppression is directly related to the agent concentration in the fire zone, thus adequate free
stream temporal concentrations are required at all potential fire locations. The time dependent agent
concentration, initially zero in the fire zone or behind a bluff body is given by:

1 ‘ e ‘/’ Xf(t) dX(t) = e ‘t/’ – fTo
(34)

which is the solution to the non-homogeneous, linear first-order differential equation describing the
local mixing:

~x(o + x(t)Xf(t) = T — (35)
(it

where X(t) is the agent concentration in the recirculation zone, X{t) is the free stream concentration,
and ~ is the appropriate characteristic mixing time for combusting or non-combusting conditions. To
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assess whether the free stream agent concentration is sufficient to extinguish the fire, the integral in
Equation (34) must be evaluated. The fire is considered extinguished if X(t) is greater than X~ for

any discrete time interval. The relative value of X~t) to Xm is irrelevant. The criteria for extinction is

based on the agent concentration in the fire zone only.
The integral in 13quation (34) can be evaluated either analytically or numerically. X~t) can take

any functional form, but in practice, discrete data is recorded from a concentration measuring device.
If X~t) is well represented by a facile functional form, then the integral can be evaluated and X(t)
determined. If not, X(t) can be determined by piecewise integration of Equation (34) using the discrete
data. For piecewise integration, given that the discrete data were collected at a regular time interval

(&), and that the curve between two data points is represented by a straight line, the concentration at
time ti is:

X(ti) = ~ e-8t/T(a-bT +X(q_l)) + (a+b~t-b~)
j=l

(36)

where a = Xfl - 1) and b = (Xfi)-X& 1))/&. As an illustration, Figure 128 shows simulated discrete
agent concentration data for the free stream (with & = 0.1 s) and the predicted concentration in the fire
zone using Equation (36) for two different values of ~. At t = O, the agent arrives just upstream of the
fire zone. Notice that for the smaller value of ~ (= 0.1 s), the agent concentration in the fire zone
ciosely follows the concentration in the free stream, whereas there is a significant lag in the fire zone
agent concentration for the larger value of ‘c (= 1 s). If the long injection concentration limit (Xm) for
these fire scenarios is taken as 12 %, then it is obvious that there is a large excess of agent for the fire
zone characterized by the smaller value of ~, whereas there is just barely sufficient agent for the fire
zone characterized by the larger value of ‘t. This example is intended to emphasize the importance of
the order of magnitude difference between the values of ‘t measured in the baffle stabilized pool fire
and in the spray flame.

Winterfeld (1965) found that the characteristic entrainment or mixing time into a baffle stabilized ~~~
premixed flame is twice as long as the characteristic mixing time in an isothermal flow for the same “ ‘

geometry and velocities. Winterfeld’s research was for obstacles in the center of the flow field. In lieu,
of other data, that observation could be applied to relate combusting to non-combusting characteristic,;
mixing times. Since measurement of the characteristic mixing times (z) in the combusting and nont ~
combusting cases are different, the results from “cold flow” certification testing is ~ directly /’
applicable to forecasting fire suppression. (liven the temporal concentration in the recirculation ~one,
however, the free stream concentration can be deduced and then used in Equations (34) or (36) with
an appropriate value of ~ to assess fire suppression effectiveness. The free stream concentration, X~t),
could be calculated from solving Equation (35), where ~ is the non-combusting characteristic mixing
time,

For a particular nacelle, transient agent concentration measurements should be made at many
possible fire locations. The performance criterion adopted above evaluates the fire suppression
effectiveness at each location independently. Other performance criteria could be added to that
criterion, for example requiring that all locations must be at a given concentration for a given duration
simultaneously as is the case in the current halon 1301 specifications.
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9.5.10 Procedure for Determination and Validation of Nacelle Fire Suppression Requirements.
The following procedure outlines a methodology to determine agent requirements for fire protection
and validate suppression system performance for real engine nacelles.

Step 1.

step 2.

Step 3.

Step 4,

Step 5,

Collect information regarding the nacelle volume, configuration (e.g., rib sizes; locations of
other obstacles), air flow, and the environment (operational temperatures and pressures).
Available information regarding the nacelle air flow including measurements and/or computa-
tions would be useful in determining the type of agent mixing that would likely occur, if
zones of low agent concentration (“dead zones”) occur and where agent injection location(s)
should be to mitigate potential problems.

Deduce the worst-case probable fire scenarios which are inferred from the information
collected in step 1. Estimate the characteristic mixing time (~) and critical extinction

concentration (Xm) for the fire scenarios.

Two fire scenarios have been considered in the model calculations, namely baffle stabilized
pool fires and spray flames. Given the configuration (the location of fuel lines, baffle sizes,
geometric blockage, etc.), air flow, and environment, estimate the characteristic mixing time, ‘q
and the critical agent concentration, X- (see Section 9.3,2.3.4). More confidence is placed on
the estimates for the spray fire scenario due to the extensive testing, while much less confi-
dence is placed on the estimates for the baffle stabilized pool fire scenario. Extrapolations to
other conditions should be made conservatively until more data is gathered. Other fire
scenarios have not been explicitly addressed in the modeling, most notably re-ignition of fuel
from hot surfaces. The re-ignition scenario adds another dimension to the suppression system
requirements.

Calculate the minimum agent mass for a specified injection duration.

Using the appropriate design equation (Equation (32) for plug flow or Equation (33) other-
wise), calculate the minimum agent mass required for fire suppression. Equation (33) should
be used in concert with appropriate coefficients as described in Section 9.5.8. It is useful to
check the effect of the injection duration on the minimum agent mass to determine if the
injection time can be increased without a large agent mass penalty.

Add additional mass to the agent quantity obtained in step 3 as a “safety factor.” Decide
whether to increase the discharge rate or injection time.

The decision to increase the discharge rate or injection time involves trade-offs (see
Section 9.5.7). The decision will probably be dictated by experience after full-scale experi-
mentation and successful system design.

Calculate the discharge time given the agent mass, storage conditions and piping configuration.

It is prudent to integrate the discharge characteristics into this design guideline. Given the
hardware requirements, assess whether the discharge of the required agent amount can be
achieved in the specified injection duration (see Section 8.6 of this report). The discharge
time of an agent stored at cold temperatures could be estimated to assess its impact. If a
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relaxation of the discharge time is possible, potential benefits relating to hardware design can
be assessed.

Step 6.

Step 7.

Step 8.

Perform certification tests with the agent mass and injection rate prescribed from steps 4
and 5. Measure the agent concentration in the free stream and potential fire zones.

Compare temporal agent concentration measurements to concentration and duration criteria.

FO11OWthe methodology outlined in Section 9.5.9 to assess the suppression effectiveness at
each measurement location. Check any other performance requirements.

If the measured concentrations meet the criteria, then the system is properly designed. If the
criteria are not met, then decide if the problem is due to inadequate mixing or insufficient
agent mass. If the problem is due to inadequate mixing, then tailor the discharge (i.e., by use
of nozzles, tees, etc.) to improve mixing. If the problem is due to inadequate agent mass, then
increase the agent amount and return to step 5.

9.5.11 Summary of the Model. There is no simple generic solution to the nacelle fire protection
problem. The model developed here illustrates the importance of injection duration, air flow, nacelle
free volume, fluid mixing, and fire scenario on the minimum agent suppression requirements. A
comparison of the results of the model for halon 1301 suppression requirements with the current
Military Specifications showed that the trends with air flow and nacelle volume were well predicted,
and that the Military Specification requires larger agent mass. Comparison of the alternative agent
requirements to those predicted for halon 1301 showed that a constant multiplier between them exists
for each fire scenario. Comparison of the model results with full-scale fire test data for the alternative
agents showed consistent trends. Preliminary guidelines in the form of simple algebraic equations
were proposed for the minimum agent delivery rates. Certification specifications were discussed and

the relationship between concentration and duration was given. A step-by-step procedure was
proposed as a guideline for system design and certification. Before application, it is strongly advised

that the model be adequately validated using full-scale testing.

9.6 Summary and Recommendations

The following conclusions are made regarding flame suppression and agent effectiveness.

1. A simple mixing model was developed that gives guidance in determining agent requirements for
nacelle applications. A step-by-step procedure was proposed as a guideline for system design and
certification (see Section 9.5.1 O).

2. In general, baffle stabilized pool fires were more difficult to extinguish than the baffle stabilized
spray fires tested in this study. Larger agent concentrations and longer characteristic agent mixing
times were required to achieve suppression in the pool fires due to the structure of the recircula-
tion zone.

3. Of the candidate replacement agents evaluated in the turbulent spray burner, C’F31 was the most

effective compound. CF31 required the least amount of gaseous agent to extinguish the flames on
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4.

5,

6,

7.

8.

9.

10.

11.

12,
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both a mass and volume basis. The other two alternative agents tested, HFC- 125 and HFC-227,
were measured to have nearly identical suppression effectiveness, and were significantly less
efficient than CF31 in extinguishing the flames. On a mass basis, none of the agents performed as
well as halon 1301.

Agent performance measured in the turbulent jet spray burner for low air flows was very similar
to the performance measured in the cup burner and in the opposed flow diffusion flame under low
strain rate conditions, suggesting that a single test apparatus is sufficient for ranking the effective-
ness of alternative agents.

The agents required more mass to extinguish flames in the turbulent spray burner when the air
was heated. This trend was anticipated, since heating the air adds enthalpy to a flame, and a
flame with a higher enthalpy is expected to be more stable. However, increasing the air
temperature altered the agent ranking. For temperatures below 150 ‘C, CF31 was the most
effective agent. For temperatures above 150 ‘C, the three agents, CF31, HFC- 125 and HFC-227
were approximately equally effective.

The system pressure and the fuel flow did not significantly impact the agent concentration
required to obtain extinction over the range of conditions tested in the turbulent spray burner.

A model was developed that treats the recirculation zone in baffle stabilized flames as a perfectly
stirred reactor, facilitating prediction of the agent concentration required for flame extinction as a
function of the agent injection duration.

Agent type does not significantly impact mixing rates behind an obstacle in combusting or non-
combusting conditions.

Mixing times for an agent entraining into a recirculation zone behind an obstacle under non-
combusting (cold flow) conditions, such as during agent certification, are different than mixing
times under combusting (suppression) conditions. In other words, the rate of fluid mixing into the
recirculation zone is impacted by combustion. The mixing time also varies with the blockage
ratio, the relative geometric relationship between the open and blocked area associated with a
flow obstacle.

To achieve a target concentration in the recirculation zone behind an obstacle, the free stream
concentration must be maintained for approximately three times the value of the characteristic
entrainment or mixing time, 1

There are trade-offs in obtaining a target concentration in the recirculation zone behind a baffle
(during both flame suppression and non-combusting certification), involving the agent concentra-
tion and its duration in the free stream.

CF31 was the most effective agent in suppressing the ignition of reactants flowing over a hot
nickel surface. The other two agents tested, HFC- 125 and HFC-227, were both measured to have
nearly identical ignition suppression effectiveness, and both were significantly less efficient than
CF31. HFC-125 was observed to marginally promote ignition in stoichiometric methane/air and
propane/air mixtures.
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13. A reasonable target concentration for an agent in the fire zone (not the free stream or in non-
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combusting tests) is the concentration which insures that the most flammable fuel/air ratio cannot
occur. This agent concentration insures both flame suppression and prevention of re-ignition for a
period of time on the order of the agent injection duration. After this period, however, it is likely
that re-ignition will still be possible and therefore other fire prevention strategies should be
considered.

A number of cautions must be made regarding utilization of the derived results for full-scale
application.

1,

2,

3,

4,

Geometrical factors are not scaleable in a one-to-one fashion. Whereas mixing times are influ-
enced by the Reynolds number, mixing is also impacted by the blockage ratio.

Fluid mixing may be impacted by changes in air flow due to agent injection itself,

Flame stabilization may be enhanced by a heated wall or obstacle.

All suppression testing was conducted with gas phase agents. Changes in the rate of agent
evaporation or flashing as well as agent dispersion could also impact the relative suppression
effectiveness of an agent. Therefore, changes in nacelle conditions, involving air temperature or
pressure for example, could significantly impact the relative agent effectiveness in suppressing a
fire.

A better understanding of a number of issues would facilitate improved design guidelines for -
nacelle fire protection.

1.

2.

3.

4.

The impact of differences in the rate of agent evaporation and agent dispersion on suppression
effectiveness should be independently tested. All suppression testing in this report was conducted
with gas phase agents only. This could be particularly important for discharge under low
temperature conditions where droplet dynamics could impact the required agent amount.

The validity of Equations (16) and (17) should be tested for baffle stabilized pooI flames. A large
number of issues remain unresolved. Although Winterfeld (1965) studied the differences between
entrainment into an eddy in isothermal and combusting flows, his study was conducted over a
narrow range of Reynolds numbers and for premixed flames only. Other studies of entrainment
into baffle stabilized premixed flames (Bovina, 1958; Mestre, 1966) have only considered a baffle
in the middle of the flow field. The isothermal flow simulations presented here show that baffles
against a wall must also be considered. Understanding agent entrainment is critical for the careful
development of revised agent certification requirements.

Comprehensive agent dispersion measurements are needed in full-scale systems to determine the
transient agent pulse shape at locations upstream and downstream of agent injection. Is the pulse
shape significantly impacted by changes in the air flow induced by agent injection?

The peak flammability limits are a possible preliminary target for agent requirements in nacelle
applications. For this reason, it would be. of interest to understand the effects of initial temperature

and fuel type on the peak flammability limits of halogenated agents.



9. SUPPRESSION OF ENGINE NACELLE FIRES

6.

9.7

To gain further understanding about re-ignition, it is important to model the ignition of reactants

flowing over a heated plate, similar to the experiments described in Section 9.5.3. A model that
considers detailed kinetics and fluid dynamics should be employed, such as that of Sano and
Yamashita (1994) or Vlachos et al. (1994). A key element in such a model would be the kinetic

and thermophysical data associated with the halogenated compounds. Such information is
available for many key molecules including CF3Br, CF31, and C2HF5 (Babushok et al., 1995c). It
would be beneficial to consider a range of reactant residence times, including times on the order
of 1 s, where ignition may occur at relatively low temperatures.

Suppression testing of a baffle stabilized spray flame, with the baffle against a wall, is needed.
This is a possible nacelle fire scenario and may be a more difficult to extinguish than the
configurations investigated in this report. Such a study would allow a direct comparison of
suppression in pool flames and spray flames.
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