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PREFACE

The subject investigation was conducted by the Lockheed-
California Company under U. S. Department of Transpor-
tation Contract No. DOT-FA75-WA-3657. The program was
funded by the Federal Aviation Administration's System
Research and Development Service. The study concept
and guidelines for the work were developed by

Robert C. McGuire who also acted as Technical Monitor
during the performance of the contract from June 1975
to April 1976.

The Project Leader for the Lockheed;California Company
was Philip S. Starrett. In addition to the listed
authors, acknowledgement is made to D. K. Krivec and
E. F. Versaw who performed the computer optimization
studies given in the Appendix. Appreciation is also
expressed to the Lockheed Flight Safety office for

providing much of the data for Section 2.
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SECTION 1

INTRODUCTION

1.1 BACKGROUND
Despite continued improvements in aircraft fire safety, a
number of fatalities attributable to post crash fire occur in
aircraft accidents that could be considered to be otherwise
survivable.
Design concepts to further enhance fire safety of an aircraft
cabin offer paradoxical choices. For example, flame retardant
material may result in increased hazards from pyrolysis products.
Improved fire safe materials may not be available in production
quantities, or may be prohibitively expensive, or may not have
been fully evaluated for production installations. Conversely,
if increased safety is sought through the use of fire management
systems, problems associated with early warning detection,
potentially hazardous extinguishing agents, weight/cost increases and
lower dispatch reliability may be involved. Therefore, the goal
of increased fuselage compartments fire safety will require:
o Judicious use of emerging technology on detection,
monitoring, and extinguishing systems.
o Improved materials testing and evaluation techniques.
o Capability for mathematical and low cost physical fire
modeling to assist in tradeoff decisions.
o Minimization of ignition sources through improved design
and maintenance.

National research programs in many of these areas are now in



progress. The present study was conducted to provide guidance
in the continuing search for increased aircraft fire safety,
with respect to the use of fuselage compartment fire detection

and fire extinguishing systems and improved materials.

1.2 PROGRAM OBJECTIVES AND REQUIREMENTS

The overall objective of the study is to determine the feasibility

and tradeoffs between two basic approaches to improving fire safety
in a modern wide-bodied transport fuselage. These two approaches
are:

(1) Application of the latest available technologies in

early warning fire detection and extinguishing systems.

(2) Application of improved cabin interior materials offering

high fire retardancy and low smoke and toxic gas emissions.
The contractual technical requirements of the fire management study
may be summarized as:

o The fuselage compartment fire'protection needs shall be
identified by a review of aircraft accident/incident records
in the period from 1964 through 197k4.

o The study shall use a zone breakdown such as the one
shown in Figure 1-1.

o In-flight, post-crash, and unattended (RAMPfkfires shall
all be considered. ‘

o Fire management provisions for each compartment shall be
gauged to the possible hazards of that compartment.

o Systems concepts shall conform to all pertinent FAA
regulations.

o The status of all national polymeric materials development
programs shall be reviewed for relevance to the present
study.

o The fire detector concept should be capable of response to
incipient fire conditions. The indication to the flight

crew of alarm in one compartment shall be persistent, while

% NOTE: RAMP is used in this report to designate any parked aircraft, whether
at the ramp, remotely parked, or in hangar for servicing.

1-2



1.3

the system continues to monitor the other compartments.
o The fire suppression concept shall use an agent physio-
logically compatible with crew and passengers. Release
of the agent in the cabin during in-flight conditions is
an option held open for extreme emergencies only.
o Comparative analysis of approaches should disclose technical,
time, and economic advantages, limitations, and tradeoffs.
It is not the intent of this study to evolve and recommend a fire
management system design to be incorporated in future aircraft. The
study seeks to disclose the feasibility and tradeoffs of the con-
cepts involved, and thus provide guidance for future research and

development projects in aircraft fire safety.

SEQUENTIAL TASKS OF THE INVESTIGATION

The study was broken down into a series of tasks as follows:

a) Define the Aircraft Fire Threat

In order to better understand the problem being dealt
with, fire-related aircraft accident and incident data
over the last 10 years were analyzed.

b) Analyze Fire Safety Aspects of a Hypothetical

Wide-Bodied Transport Fuselage

Using a zone breakdown, the types and amounts of non-
metallic materials used throughout a representative
hypothetical fuselage design were defined. Possible
ignition hazards, equipment, and typical local ventilation
rates are noted. Applicable fire safety regulations are
summarized.

c) Survey the Available Technology for Fire Safety

Improvements

Current and advanced states-of-the-art were surveyed on
potentially applicable detection, extinguishment, and
monitoring systems. A similar review was conducted of

the national and international efforts on development

1-3



of materials with greater fire retardancy and lower smoke
and toxic gas emission.

d) Analyze the Application of Advanced Fire Safety Concepts
to a Hypothetical Wide-Bodied Fuselage

In this phase of the study, the potential technology
improvements were brought from the general to the
specific in order that feasibility judgements could

be made. The impact of fire safety improvements on other
systems was assessed. The weights, costs, performance,
were defined for both material improvements and fire

management systems applicable to each.

e) Perform Tradeoff Analysis

The two basic approaches were compared on the basis of

performance, economics, and timely availability.
f) Conclusions

Conclusions drawn from the above tasks were identified

and summarized.

In the sections that follow, each of these tasks is treated in
detail. A few of the guidelines and constraints adopted for the
study should be explained. The hypothetical wide-bodied jet
transport chosen for study is approximately the size of the DC-10,
L-1011, and the A-300. The interior materials and equipments
considered are believed to be representative of modern commercial
transport design practice. However, since the analysis is concerned
with current aircraft design practice, nothing in this report should
be construed as applicable to a particular aircraft nor an endorsement
or condemnation of any specific product or equipment manufacturer.
The same comments apply to non-metallic interior materials, where,
as far as possible, generic designations were used. 1In some cases,

because of the uniqueness of the product, it was impossible to refer

1-4



SECTION 2

FIRE HAZARD SURVEY OF FUSELAGE COMPARTMENT
ACCIDENTS/INCIDENTS

2.1 DATA COLLECTION AND REVIEW

An analysis was made of all available data relating to aircraft fire
accidents and incidents for the period between 1964 and 197L4. The
survey was limited primarily to U. S. air carrier aircraft, with
only a few foreign carriers included where data was readily avail-
able. The aircraft types covered are representative of commercial
carrier fleets in that time period.
Data were obtained from two main sources: (1) The Lockheed-Calif-
ornia Company Flight Safety Office and (2) a Stanford Research
Institute study, Reference 1. Data from the Lockheed Flight Safety
Office were acquired from all the Armed Services, Flight Safety
Foundation (FSF), National Transportation Safety Board (NTSB),
International Civil Aviation Organization (ICAO), Federal Aviation
Administration (FAA), and other reliable sources. Service Diffi-
culty Reports (SDRs) and Mechanical Reliability Reports (MRRs) were
obtained from computer listings provided by the FAA Maintenance
Analysis Center (MAC) in Oklahoma City, Oklahoma. For the purposes
of this study the data are presented in the following categories:

o Post-Crash Fires

o In-Flight Fires

o RAMP Fires

o Fuselage Compartment Fires (Ref. MRRs and SDRs) .



2.1.1

2.1.2

2.1.3

In the discussions that follow a distinction is made between an
"Accident" and an "Incident." An "Accident" is an occurrence,
associated with the operation of an aircraft, resulting in loss of
life, serious injury, and/or substantial damage to the aircraft as
specifically defined by the NTSB. An "Incident" is an occurrence,
such as in in-flight fire, resulting in minor damage to the air-

craft in which reports are required by the NTSB and the FAA.

POST-CRASH FIRES

The most hazardous of all survivable accidents are those where a
cabin fire occurs after a survivable landing impact. The data for
these cases are summarized in Table 2-1. This table includes
survivable accidents where a post-crash fire occurred. The numbers
in parenthesis under Fatalities were judged by the accident investi-
gators as deaths primarily attributable to fire. In most cases,

a clear cut definition between impact deaths and fire deaths is not
possible and the figures given are estimates by official accident
investigators. Where reliable data are not available, no entry

has been made.

IN-FLIGHT FIRES

In this category, fire was the prime hazard rather than a secondary
result of impact. Table 2-2 presents the summary of these accidents/
incidents. The "Incidents" listing from Reference 1 is carried to
the beginning of 1968 whereupon the incidents are reported as Service
Difficulty Reports (SDRs). The fatalities in parenthesis are judged
to be caused primarily by fire, since the prime cause of the crash
was an uncontrollable on-board fire. Where the fuselage zone of

fire origin can be identified, it is indicated in the table according

to the zone breakdown shown in Figure 1-1.

RAMP FIRES

Data are presented in Table 2-3 on grcound, ramp and unattended fires



for the same 1964-7L period. Information relating to a zone from
Figure 1-1 is again indicated where this data was available.
Supplementary information is given under "Remarks" where such

information is known.

SERVICE DIFFICULTY REPORTS (SDRs)

The bulk of data in this category are service difficulty incidents
involving flame, smoke, and overheat occurrences, and recorded from
January 1968 to February 1975. These data include Mechanical
Reliability Reports (MRRs) from January 1968 to January 1970. A
zone analysis of flame, smoke and overheat incidents for this study
period is presented in Table 2-4. The same data are presented in
order of frequency by aircraft zone in Table 2-5. It should be
noted that engine flame, smoke, and overheat incidents are not listed
in these tables unless the fuselage compartments were involved. The
majority of the fire incidents listed are electrical in origin with
the following exceptions: (1) a few ihcidents of fire initiated in
the cabin by passengers, (2) a substantial number of lavatory
incidents originated by passengers, such as discarded cigarettes

in waste bins, (3) grease and food fires in the galley ovens, and
(k) overheated brakes and fires in the fuselage nose or main wheel
wells. It is significant that one fact is common to the large number
of "controlled" incidents in the flight station, cabins, lavatories,
and galleys; they occurred in occupied or accessible areas, where
passengers and/or crew could quickly detect and extinguish small
fires. A low number of incidents have occurred in the cargo areas.
It is also of significance that a large number of incidents in the
cabin and flight station areas evolve from overheated electrical
lighting ballasts and recirculating air fans. At times, these
seemingly small electrical devices can produce disproportionate and
alarming amounts of smoke. Similar results can occur from grease

or food fires in the galley.
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2.2 SUMMARY OF ACCIDENT/INCIDENT DATA

2.2.1

A summary of the data in Tables 2-1, -2, -3, -4, and -5 is presented
in Table 2-6 in terms of scheduled departures. Data for the annual
number of departures were obtained from a previous study (Ref. 1).
In Table 2-6, the total number of aircraft post-crash, in-flight and
RAMP fire accidents was calculated as 0.9 per million departures.
The rate of incidents was calculated as 15.2 per million departures.
These rates for a mass transportation system suggest a good overall

fire safety record.

TYPES AND LOCATIONS OF FIRES

The survivable post-crash type of fires occurred with greater
frequency than either the in-flight or RAMP fires. Over the period
surveyed, 309 fatalities were attributed to post-crash fires while
279 fatalities resulted from in-flight fires. No deaths occurred
in any of the RAMP fires.

If an on-board extinguishing system is to improve safety, a question
arises as to whether the fuselage will be sufficiently intact to
maintain effective extinguishant concentrations. The accidents in
Table 2-1 were examined with that question in mind. In seven

of the ten accidents where some deaths were attributed specifically
to fire by the investigators, there appeared to be sufficient fuse-
lage integrity to permit a cabin fire extinguishant system to be
partially effective. The potential for reduction in fatalities was
between 116 and 165 out of a total of 309 post-crash fire-related
fatalities. While the in-flight fire occurred with less frequency,
the hazards of uncontrollable fire were nearly as great. In this
case, extinguishment of the fire could prevent crash fatalities.

In those cases where the source of the in-flight fire leading to an
accident could be identified (Ref. Table 2-2) the zones involved

were:

2-4



FIRE ZONE NUMBER OF CASES INVOLVED

Equipment 3
Lavatory 1
Unidentified 1

5

The in-flight fire accident data suggests that neither the flight station,
the galley, nor the cabin was the location of an uncontrolled fire.
Presumably, this indicates both:

(1) The efficiency of the fire retardancy of interior materials when

exposed to small ignition sources.
(2) The effectiveness of the occupants in functioning
ags detectorgs and fire fighters.

This is highlighted by examination of Table 2-5, which indicates that,
despite the hazards involved in the many galley incidents, the fire was
safely contained.
Also, the survey further discloses that the greatest danger comes from
a fire in an unoccupied area where it may progress to catastrophic
proportions before being detected.
It is significant that the cargo compartments did not appear to be a
major source of in-flight fire accidents, except in cases involving an
incendiary device and hazardous cargo.
RAMP fires, while not incurring any fatalities, have resulted in
significant annual property losses. The nature of the RAMP fire, where
it may go undetected until extensive damage has occurred, makes it
sometimes difficult to establish the point of origin. The data indicate
a myriad of reasons, such as solvent (cleaning) catching fire, electrical,
oxygen, brakes, chemicals, etc. The high incidence of electrical fires
indicates a continuing need for design vigilance in minimizing the

hazards from electrical malfunctions.

In summarizing the implications of the survey for the fire management
system designer, the following generalized guidelines for improved
fire safety are indicated. The system should:

o Prolong emergency evacuation time under post-crash conditions.

2-5



o For in-flight fires, place high emphasis on unattended areas where
fire can develop unchecked for an extensive period. This should
include equipment zones which show a high fire, smoke, and over-

heat incidence rate.

o Increase protection against undetected development of fires when

an aircraft is parked on the RAMP.

2-6



nvvh““”H“”””v UOTSTTTOD aty
) SUTT Tong -9dny

"JT9sgT

SOTTI Te

TOTIJO

(¢}

S 6T 203 ®mqep 38T dwoo

4 (2)

(1)

SuTpueT paey - 0 " 60a “erg ‘oTepaapney -q4 cL-8T-S0
3+10US :JuTpuet L8 (Le)le " 08GAD "Uuo) ‘usaey moy T.-10-90
SutpueT paey U (2)e i lLalg ‘I'A ‘sewoyy -gg 0L-gz-cT
UOTSTTTOD yoz1q Te (L)L i 80a ‘TV ‘e8eaoyouy 0L-lz-TT
ino-troy 09 Le " OthAD "TTI ‘o3®oTyp 89-Le-cT
" " 9. 2t " " "H'N ‘asaouey 89-62-0T
" " 76 HE " LeeHd "ATM ‘uojgsatTaeyp 89-0T-90
HI0Yg :Jutpuer () 69 " 088AD Ay ‘souegsuop L9-02-TT
Sutpuet 7T (er)et u 89TT "BIN0 ‘saouwpay 99-22-10
03 () Tej0y, 670TT AN “Teuwae) G9-Ho-2T
T®eI3
*BUTPUBRT paey L (En)Ex -ue3sqng Lelg M LD e¥eT qTeg SO-TT-TT
Sutpuer €6 8s " Lela A “soumysuop G9-Q0-TT
STOTYaA /M
UOTSTTTOD 0/ 09 () gh Te307, Lolg ATelT ‘swoy 79-€2-TT
Sjusptooy
SYIeuway Squednoog SST3TIT®RYRg o3'ueq }FBIDITY UoT3®O07 91eq
ANV H@POH .HO om AMV
S®T1TT®BY By

SINEATODY ATIVATAYNS IO VINT

Aﬁvjmmﬁ 0% H96T SHUTH HSWED-1S0d T-z mrav:

2-7



TXBL - o) JOUTI ozld A3 ‘s®I9) SeT 0L-g2-€0
Sutpuel - 0 JOUTI g0a ‘LN “YaeMa) g9-ce-cl
mcﬂﬁcmﬂ\wwxooa oxeagd - 0 ER VI g0a * Ky ‘uo3z3uTao) wwlwﬂnoo
013838 - 0 JOUTW Lela "eTd ‘TWeTW ¢9-92-%0
Sutpuel - 0 ERCHE]S 80a ‘xa] ‘serTed £9-92-80
squsapToul
UOTSTTTOD
Yo3Td 0/% - 0 " Lzla *TTI €03®OTUD g9-T2-€0
SQUaPTIOOY 0O3I8D
q1J0Ug :3uTpuel 16 (66)66 " Lola gowreg ‘03ed 0JBd f1,-0€-TO
paeH :3uTpue] - 0 TB30L Lold ‘g) ‘saTa8uy SOT 1L-9T-TO0
Te13
qI0yg :3UTpuT] - 0 -ue}sqng 600  ‘uual ‘e3oourijeyd €L-le-TT
100ys Te13
-J3A0Q :3UTPUB] - 0 -ug3sqng LE)d *D°N ‘ogoqsusaad €L-g2-0T
UOTSTTTOD 0/ 62 (oT)0T " 60a *ITI ‘oJedTud 2lL-02-ct
© TT®38:SuTpuBl 1 (La2)en TB30L Lelg *TTI ‘o8edTyd  cL-80-cl
*qUOO - SJQUSPTIOOY
( S IBWSY squednooQ S9T1TTeYBI o3eureq 1JBJIOITY uo0T3BO0T a1%e(q
(2) Te30p 3o % °)
S9T3TTBIBI
SINAQIOOY TTEYAIAYNS IOYIWI
panuTluod -

Aﬁv:pmﬁ 0% ©OBT SZ¥Id HSVMD-IS0d T-2 TTEVL

2-8



uTgeO UT Saumg

‘0N

‘q1dyo00 ct " - 0 " geTT  ‘°330TJdBUD  99-LT-HO
utqed 1 " - 0 W OTTPABIBD “[°N ‘MIBMAN  #9-62-TT
Ghl “ed
11dx000 UT o¥jowg T " - 0 N JUNOOSTA  ‘BangsTageH  §9-G0-TT
STT®39P ON - umousun - 0 JIOUTI goa  ‘'Td ‘TWeIW  ®9-22-60
SqUapPTOUT
o3eyeaT (S)9T%
payseId -30g PTOY OTI3
-TOJ3U0D JO SEOT 6 -IN snopJezeq 00T € " Lold *sseW ‘uogsog  €L-€0-TT
utqed

nIy3 a1y *JIdoad 9 9ITd AT 26 - (ger) " Lold eouead ‘ATa0  €L-TT-LO

£3TTTYTSTA " Z3TMG
M9JID JO SSOT 6 90TAS(Q *PUSOUT 00T i " 066AD ‘yotanz  0L-Te-20

pa3TunsaI Q) s2anTteI Axsa BTISBTY
@ uot3aTdep <0 Gt -3ed "pPeO-IN 68 33 Te30l oTTdA®BIBR) ‘eISTd  69-92-L0

TeT% Ghl

UOT3TPUO) BSTNIY ST Toued °399TH 0 0 -uBlSqNg JUNOOSTA “I'H ‘*OouoH  L9-TE-LO

pPayYSBIO-STOIY SATRA *ed
-uocd> TTe} JO SSOT o 09YD 3onp NV 00T #E " TITovE  ‘8angssord  L9-£2-90

payseto-pajxodax -GHl
9T IUSTTIUI - umousfupn 00T 6€ T®3}0L 3JUNOdSTA  ‘ul ‘*axed  §9-60-10
SqUSPTOOY
SyIBWS Y 2u07yg asng) squednooQ *ON o%eweq 2JBIOITY UOT3BOOT 923%e(q
(@) Jo %
: S9T3TT®YBI
- (€)

Aﬂvmpmﬁ 07 #96T Sm¥Id IHOITINI 2-¢ FIdvl

2-9



"JT9S3T aTF 03 9TQRINATJIIHB SU3BIP 938OTPuT sTsayjussed ur SoT3TTRIRL  (€)

*S9TTJ TRIOLFIO woxd (2)

"GLET-HL6T a03 wegep 93aTdwoour (T)

-2 9T9®RL - S3USPTIOUI SJTJ Juswgaeduio) ay3 UT PaJIdA0D ATTBUOTITPP® 848 SQUSPTOUT GL-2 03 §9-T
pPa3TU3T *IqH UOZTIY
‘I1H TT®BM "3°9TH U TTBM °"399Td - 0 JIOUTI LoLg ‘xtusoud  L9-HT-60
pPaNUTLUOD - SQUSPTOUT
SyJIBWSY  QUOY Amvmmsmo squedndoQ *ON o8ewey 17JBIOJITY UOT3}BO0T 23%e(
Io %
\SeT3TT®}R
(€)

psnuT3uUOD - Aavmwmﬁ 03 %96T SAYTA IHDITANI 2-2 TIdVL

2-10



Joatoede)

f JYSTT UTqeD " Lolg ‘pur ‘*pul  0L-22-%0
9 1J0US JO0ZBY " ozld ‘e *TTud 69-L0-80
19daeo
po3BOS SUTITOS®BYH € uosay " JUSPTIL OV pueTSuy ‘uopuoT  6£9-62-.L0
0T 9ITF soyeJd " LElg ‘B ‘ojoueOY  69-0E-TO
K wa3shs usBAxQ " Lela - 69-62-T0
TI®M/M UT 3USATOS
SutuesTO pojlTIUIT
0T ndy woxy yaedg " Lzla ‘X9 ‘s®erT®d  L9-0£-90
et wa3shs usSAxQ TBIFUBISANS Lolg - L9-€T-90
()TT JJI0US °Ja309TH T®30% OfthAD - L9-TT-40
03aed
AN P93 TUST 3UYSTT TBIJUBISANS OtAD - 19-62-€0
" " f " u 80a ‘) ‘yoweg JuoT  99-TE-cT
BuTuBSTO UTQRD 1 " T®307 80a - G9-G2-TT
SutueaTO QUSATOS
TIoM JIB9DH UTER ot JO uoT3TUIT " 80a ‘e ‘BUBIIY  G9-L2-LO
Sut JUSTT
-PUB WOJJ TX®J AN *3dwop oFar) TBTIUBISANG OthAD *X°N ‘Aueqry  $9-G2-€0
. SQUaPTIOOY
SYJIBWSY EYstel/A4 asne) a3rureq 1JBIDJITY UOT}BO0T 918
(2) -o8eTosng

HLJ6T 03 H96T SHUTJ WYY £-2 TIVI

2-11



yoyew papT

syoed

0JI23UT

utq
peay,0 - 39yood

U99M33q UOTFOTJL] 9BOD UT Sayd3By " 60a ‘®) ‘seTeBuy SOT  0L-12-TO
W L2ld "O°N ‘yStetred . 69-2T-H0
Sut3onp
8 NdV pa3edYI8AQ u Lzlg "0 ' ‘"useM  69-£2-€0
(n)TT usAQ AsTT®YD " L0lg "o ‘A3D s®esuey 99-gr-€0
STT9o%N
X8 OT  T®3UM UT 2aTJg " HOHW *BA ‘exouroy  $9-60-TO
XB], H 9JITF UTQeD JOUTH 90a ‘AN SI0X MeN  £9-62-TT
SQUSPTOUT
9TTooBN TBT%
OT T®3YM UT aJITJg -ue3sqng Q0a "K'N ‘eorewep  {L-f2-H0
POUTWIDYOP §90Jn08 9Tq
90anos aTJUTS oy H -gqoad TeaoAsg T®e310L TTIOT-1 *sse ‘uojsog 1,-02-10
ugJ °*OJTOSJ UT ,
f 1TNOJIT) 3J0YS " ozlg ‘yseMm ‘973388  2L-$2-TO
3ITF - IX®L 0T Raz33eg Shl
-TTed °3O9TH " JUNOOSTA ‘I°H ¢-ouocH T.,-80-80
2 2T3304
T 0 31dyo0) " 00TT ") ‘puerye0 TL-L2-10
Juau T®T3
f  -9T@ J93T1J % -urlsqng LE)ga *0°@ "uysem  OL-TE-2T
v pPanUT3UOD SQUSPTOOY
SYJIeUWSY QUo7 asne) 93eueq 1JBIDITY UOT3BOOT 91%e(q
(e) a8eTasng

panuT3uUod - Aﬂv:pmﬁ 0} {96T SHYIA WYY E£-2 TIIVI

2-12



KoTT®y ax2ddn  (n)
SOTTJ TBIOTIJIO woxy - asue) ()

fL6T J03F ejep a3aTdwoour (T)

ot " " 80a *X°N ‘®OoTeRWEL H)l-t2-H0
9TTo0BN/2ITJ

0T ‘MaTq SOJT] " 60a ‘ysem ‘asuesodg €)-£2-90
uado aj0aq ST®O

gr -Twayd °s3yd gz " L0l4 *X°N ‘eorewep gl-£2-60
SutpuTq STq®BD

0T  o¥®JIg SuTyIed M 0Toa 0°q‘rusem TL-f-2T
oTT22®N/211J

0T ‘MaTQq SOJT] " 80a " " 0L-12-80

pepoTdxs 4

0T  "TAS DIW 33971 JOUTI 80a *X°N ‘®otewer 0.,-.0-80

poNUTQUOD - S3USPTOUT

SyIBWLRY EYelelA Amvmmﬁmo a3grueq 1FBIDITY UOT3BOOT 91e(Q

Aumscﬁwcoow Aﬁvjpmﬁ 0% 96T

SAYTd INVY £-2 TIAVL

2-13



RoTTe®n I9MO0T (1)
La1Ten x2ddn  (n)
*SQUSPTOUT 9OTAJSS 3BIYIDAO
pue oyows ‘oWeTJ JOUTIW SUTATOAUT S8OUBIINDD0 ¢SIOTTI yyd UT sqaoday £3TNOTIITQ 90TAI9S woxd (T)

2-14

*sJayeaIq
*109T2 pu®r SUTJITIM S9X0Qq TBOTIFO9TH 6 *dtnby °109TH PUB OTUOTAY "t
quawdInbs JUTUOTFTPUOD
-JIT® puB °J309T2 ‘soyBIQ PO3BIYISAQ $9 *dtnbad 90T % TTOM T99UM 9SON €T
quawdtnba TBOTIZ09TH S 03J®) PIBMIOL AN
‘099 ‘saoyew 293302 ‘suaaQ (T)SGT (N)EET RoTTeH IO 22TAILSS POOJ T
*099 ‘Sutatm ‘sdumd ‘soxqeIq PO3BRIYISAQ gg +drnbd x2y30 ¥ ‘PAH ‘TTOM To9UM UTBW 0T
quawdtnbs TBOTIFO9TH S o3ae) 337 6
squauodwod SUTUOTFOoUNITEBW o quswdInba Jayj0 pur N4y ol
SQUOPTOUT SUTJIUS SpuToUT 30U S$20( T quaudtnby auT3uyg .,
sJojow yYsnrJ
19TTO3 €SUTg 99SBM UT S8339J8B3T) 2€ S9TJI0%3BART 3JV 9
189YJI9A0 3S®BTTRBA JUSTT pue
*dtnbs aTAOW YITTI-UT Sapnroul L pBOYISAQ JO D131V g
" u 1 " 0§ ASO.NOOV utqe)d H
S1B3YIDA0
1USTT ‘s3Saqwae UT SS8JITJ SapnToul )T (ss®eTd 1SITJd) UTQRD €
UTQ 93S®BM UT 933918BITY T S9TJI07BART PIBMIOJ 2
) *019 ‘saeay
~-I9A0 J3OTOP MOPUTM “mo sepurour 29 pHQMOOO\QOﬂpmpm AUYSTITA T
SYIBWOY SquUsapTIOoUT uotqdTaoss(Q 2U0Z *ON
Jo °*oN auo07Z

G)AT Axenagad 01 Q96T Asenuep
SINIQIONI IVIHUZAO ANV TMOWS ‘HWVTIAL INIFNIYYINOO H-2 TIIVL

(T)



£o1Ten a2MO0T (T)
KatTen x2ddn  (n)

*SQUSPTOUT 9OTAJSS 3BIYIDAO

pue ojows ‘sweTJ SUTATOAUT S8OUSLINDO0 $SOTTI yyd UT sqxodey AQTnoTIITQ 20TAIdg woxqd (T)

00T 0€S STYIOL

> T quawd Tnby autduyg ),

> T SOTJIO}BABT PIBMIOJ 2

> € 08aB) PIBMIOJ Al
> € o8ae) 3IY 6

T L PBIYISAQ IO OT33Y S

2 6 *dtnbg °309TH Pu® OTUOTAY 7T
€ LT (SS®eTD 3SaTd) UTABD €

g 2 S9TI03BART 3JV 9

38 fh juswdnby I9Yy3Q pue NdY o

6 0S (yoe0D) uIqED f

A8 29 11d¥00)/uoT3e1s JYSTTA T

Al ¢9 *dinbg SDF % TTOM To9UM 3SON €T
LT 88 *dmby 19y30 pue "PAH ‘TTSM TSSUM UTEW 0T
82 (T)ST “(n)eeT KoTT®) IO 90TAISG POOL TT

Te30L & SqQUSPTOUT JO °*ON uotqdTIosaQ auoy *ON 2U07Z

Gl6T Lxenagqad 03 QO6T Lxenuep

(T)ENOZ A€ AONHNBEYI INAQIONT

IVIHIIAO ANV EIOWS ‘HWYIA INIWIMYIWOD S-2 TTIVL

2-15



*G-2 pu® t-g ‘g-g 9Tqel 23§
T Joy ‘aesfk gad saanqaedsp QT X ¢ uo paseg
SQUITTI 03JBO puUR zo9usssed sepurourl

fL6T x0F wejep a39Tdwodur

N~~~
— N N
~— e

2 ST 6°0 1Gs gt STVIOL

c¢'0 "0 T 6T dNVg
A:vm HT T°0 A:vmmm. L IHHITA-NT

T°0 '0 L 22 HSVID-180d

SINEQIONI / SINHAIDOV

(€) SHENTLYVIET NOITIIW ¥dd

SINHAIONT/SLNHAIOOV
HHINNN

AHV:NmH 03 H96T

LYY INIQIONI/INZQIOOY HYId IAVMOMIV O-2 AI4VE

TYId 0 AdAL
(2)

2-16



SECTION 3

FIRE SAFETY ANALYSIS

In this section the hypothetical wide-bodied jet transport (Figure 1-1)
chosen for study is defined in terms of equipments and materials
affecting fire safety. The baseline configuration discussed herein

is intended to be representative of current aircraft design practice.
Safety improvements to this configuration in the form of fire
detection and suppression systems and advanced fire retardant mater-

ials are discussed in later sections.

EQUIPMENTS AND HAZARDS ASSOCIATED WITH EACH ZONE

While most aircraft components are extensively tested to substantiate
their reliability and safety functions, a possibility still exists for
electrical short-circuit or overheat, spillage of flammable fluids,
or other potential fire hazards. In Table 3-1 & listing is provided
of system installations and equipments associated with potential
ignition sources which should be considered when performing a fire
safety analysis of transport fuselage compartment zones. The
probability of a fire can be assessed from the record of fire
incidents which have occurred within zones (see Section 2).
Explanatory comments relative to the equipment listing in Table 3-1
are as follows:

Flight Station (Zone 1)

All, or most, airplane systems originate or terminate in the flight
station. Although there are extensive electrical and electronic

equipments and instrumentation in the flight station, the flight
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crew, being present during airplane operations, represent excellent
fire monitors. However, crew smoking materials and carry-on items,
in the form of maps, manuals, clothing, etc., constitute potential
combustibles or ignition sources.

Lavatories (Zones 2 and 6)

A primary hazard in the lavatories has been shown to be the care-
less disposition of cigarettes into a waste container of combustible
paper napkins and towels. Waste container fire safety improvements
have been developed in recent years which successfully contain such
fires. There are also electrical items, such as lighting, signs,
receptacles, heaters, toilet motors, and toilet controls, which

may serve as ignition sources.

Cabin (Zones 3 and k)

The passenger service assemblies, mounted above the passenger,
contain the reading lights, call lights, remote controlled individual
air outlets, and supplementary oxygen system. Passenger seats
incorporate additional controls, including switches for reading
lights, attendant call, individual air outlet, and various modes of
the entertainment system.

Electrical controls, wiring and drive motors of the passenger doors
may be potential ignition sources.

The multiplexing system is a specialized electrical system in-
corporated in the more recent transport airplanes. It is integral
with the passenger cabinsg by design and routed to and from the
bassenger seat controls, through the seat, to the items being con-
trolled. The routing is usually adjacent to the seat tracks,

beneath the floor and up the sidewalls into the attic or above
ceiling areas. The ceiling lighting extends throughout the main
cabin and the fixtures incorporate items representing potential
ignition sources. Similar ignition sources are present in the
specilalized light fixtures contained in the passenger cabins; such
as, EXIT, NO SMOKING, FASTEN SEAT BELTS (signs), call system advisory

lights, (color coded lights to indicate a bassenger call, lavatory
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call, etc.), work area lights, etc. The temperature sensors for
zone control on the environmental control system are also generally
in each passenger cabin.

Aircraft configurations which incorporate an underfloor galley also
in many cases have a small food service center and galleys in the
cabin area. This includes lighting, communication systems, ovens,
refrigerators, hot plates, blenders, coffee makers, water coolers,
and waste containers. The passenger's smoking materials are an
obvious source of ignition, and combustibles which they carry aboard,
in the form of luggage and clothing, are uncontrolled.

Attic (Zone 5)

This zone may contain a motion picture projector. Modern film,
although safer than the obsolete and very hazardous cellulose film,
is still flammable. Depending on detailed aircraft design, other
potential ignition sources contained in this zone are, wiring and
connectors, overhead coat compartment electrical drive motors for
the coat rods transport, environmentalvcontrol system cabin zone
controls, oxygen lines, if gaseous, or electrical controls, if
chemical, passenger services switches and controls, flight control
wiring, fuselage mounted engine controls wiring, anti-collision
lights, cabin entry door drive motors and controls, if electrically
driven, and cabin lighting ballasts/wiring.

Cargo Compartments (Zones 9 and 12)

The cargo and baggage contents themselves are potential ignition
sources, as well as the electrical control circuits of the container
transport system, the cargo door controls, and associated compartment
lighting. A Federal Air Regulation Class D compartment is a sealed
compartment which extinguishes a fire by oxygen starvation. However,
if the compartment does not meet the requirements of Class D (Para.
FAR 25.857 of Ref. 2) then it must be Class C, with a smoke or fire
detector and extinguishing system. Those components may have elec-

trical elements representing potential ignition sources.
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e Lower Galley (Zone 11)

The potential ignition sources of this zone include ovens, oven
exhaust system, refrigerators, freezers, food/wrappings, inter-
phone/intercom, oxygen system, lighting, various switches and con-
trols, water heater, and waste compartments. The personnel and
cart lifts (elevators) serving the cabins are usually electrically
activated and the controls and drive system are potential ignition
sources, in the cabin level compartment as well as in the lower
galley.

® Equipment Compartments and Service Centers (Zones 7, 8, 10, 13,

1&2 and 15)
The afterbody compartment (Zone 7) is unpressurized. It may contain

elements of the flight controls system and in some aircraft designs

a center engine installation and/or an APU compartment (Zone 8).
Because the APU is essentially a small jet engine, the area is
classified as a fire zone requiring a fire detection and extinguishing
system. In Zone 10, three separate unpressurized compartments may
exist. These consist of the right and left main landing gear (MLG)
wheel well, and the hydraulic service center. By designer option

the hydraulic service center may be incorporated within one or more
wheel wells. The hydraulic service center contains electrical
elements of landing gear controls, wing flap drives, pumps and other
hydraulic power units, instrumentation, and compartment lighting.
Potable water system lines may be routed through these compartments.
If so, the electrical water line heaters are potential ignition
sources. The MLG wells contain the gear itself, with the accompanying
hazards which may result from overheated brakes and tires. Zone 13
usually contains several unpressurized compartments, a nose landing
gear (NLG) wheel well, and one or two ECS compartments in the adjacent
cheek areas. The NLG well contents represents the same hazards as

the MLG wells. Potential ignition sources in the ECS compartment
include the electrical components of air cycle machine or Freon

system controls, heat exchanger door actuators, miscellaneous
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3.2

sensors/control/valves, wiring and connectors, and possibly potable
water system line heaters.

Two zones contain primarily electrical and avionic equipment. The
Avionic Service Center (Zone 14) typically accommodates the Auto-
matic Flight Control System (autopilot and flight computers), com-
munications, navigation, power conversion, ECS controls and flight
station equipment controls. The méjor potential ignition sources
in the electrical service center (Zone 15) compartment are power
contactors, circuit breakers, power conversion equipment, aircraft
batteries, and heavy duty feeder wires. Other than basic electrical
equipment, there may also be items such as radio/radar altimeter
components, automatic direction finder components, etc.

The underfloor equipment compartments also contain lengths of
hydraulic tubing and bleed air ducting which, of necessity, must
pass through the area. While the phosphate-ester-based hydraulic
fluids used in modern commercial transports are less flammable than

petroleum-based fluids, they will still burn when exposed to a

vigorous ignition source. Therefore, any leakage of fluid, especially

when absorbed on a wicking material such as thermal insulation,
constitutes a hazard. Bleed air ducts are insulated so that the
exposed surfaces are typically below 150°F. However, if the
insulation barrier is damaged, the bare metal ducting at 450 to
500°F. may be exposed. Air leakage from these ducts at improperly
installed joints could cause a local overheat condition. In some
aircraft designs, fuel is stored within the fuselage center section
wing beam structure or special tankage compartments. Federal Air
Regulations require such tanks to possess safety features to min-

imize potential hazards due to seepage/leaks.

ZONE VOLUMES AND VENTILATION RATES

For design of a fuselage fire suppression system, it is important
to determine the volume and ventilation rate of each zone requiring

protection. The volume directly establishes the amount of agent
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3.3

required to achieve effective concentration levels in the zone being
designed. The ventilation rate in turn determines the time that the
agent will remain at an effective concentration. In Table 3-2, the
volume to be protected and ventilation rates are presented for

the hypothetical aircraft depicted in Figure 1-1. These figures are
believed to be consistent with current aircraft design practice.

The effect on the protecting agent caused by dilution through
ventilation of the compartment is illustrated in Figure 3-1. When
the minimum effective concentration level is 3%, as it is in most
cases with Halon 1301, it can be seen that ventilation rates must

be maintained below approximately 0.5 air changes per minute to
sustain effective suppression levels longer than two minutes. In
some cases this may be controlled by manipulation of ventilation
valves, etc. However, if the ventilation is a result of compartment
leakage and uncontrollable, an additional discharge of the agent
(e.g. a second shot) may be required. This situation is considered

further in Section 5.

ZONE MATERTAL ANALYSIS

A materials analysis by zone is provided herein for a typical wide-
bodied jet transport. Since the non-metallic materials used in each
zone represent potential fuel sources to be considered in any fire
threat analysis, an attempt has been made to define the types and
quantities of materials used. Tables 3-3 through 3-9 list the
various non-metallic materials applied to the fabrication of parts
and assemblies of a wide-bodied jet aircraft. The seven tables
pertain to the zones previously designated by Figure 1-1. All cargo
zones are presented in one table, the lavatory zones in another, and
the avionic and electrical load center in one of the remaining tables,
since the materials are similar in these zones.

Each table is further categorized by five columns defining, (1) the
usage, (2) typical non-metallic materials in current use for each

application, (3) an estimate of the surface area of the materials,
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(4) an approximate estimate of the weight of the materials representing
the category listed, and (5) alternate material candidates which might
be considered for these zones to improve fire safety. The hypothetical
aircraft chosen for study represents a composite of current aircraft
design practice. Thus, some materials listed as alternate candidates

may already be in service on a particular wide-bodied design.

REQUIREMENTS FOR IMPROVED FIRE SAFETY

New aircraft designs are currently required to conform to specific

fire-related Federal Air Regulations before g type certificate will
be issued. Additional regulations are being developed on a continuing
basis, to be applied either retroactively or conformed to within an
established time period. The present regulations which relate to
aircraft fire safety are summarized in Table 3-10. Hence, proposed
candidate materials conform to thesge regulations and anticipate, to
the maximum extent, government concerns pertaining to smoke and toxic
gas emission. In reviewing the potential hazards (Table 3-1) all of
the zones are considered candidates for detection and suppression
systems. However, service experience (Section 2) indicates that

some zones are much more prone to fire incidents than others. Some
zones, with the exception of the equipment zones, may also benefit
from upgraded non-metallic materials. In the sections that follow,
the technology available to effect fuselage fire safety improvements
is reviewed and conceptual designs are developed for further con-

sideration and evaluation in the tradeoff studies.
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' TABLE 3-1 POTENTIAL IGNITION SOURCES
ASSOCIATED WITH EACH ZONE

ments and instrumentation systems

Toilet flush motors and controls

Same as Zone 3 First Class Cabin

ZONE 1 FLIGHT STATION
o Electrical/Electronics equip-
o Crew oxygen system
ZONE 2 FORWARD LAVATORIES
o Lighting and system
o Return-to-Cabin lighted sign
o
o Oxygen system
ZONE 3 FIRST CLASS CABIN
o DPassenger service assemblies
o Passenger seat controls
o Passenger door controls
o Passenger's and carry-on
luggage
o Multiplexing system
o Food service center
ZONE 4 COACH CLASS CABIN
o Galley service center
o
ZONE 5 ATTIC
o Multiplexing system components
o Motion picture projectors
o Overhead coat compartment
o Environmental Control System -
cabin zone controls
o Oxygen systemkcontrols
o

o

(@)

o

e}

o}

Water heater
Waste container
Wiring/connectors/system

Electrical receptacles

Lighting

Environmental Control System -
controls

Motion picture/ TV system
Oxygen system

Power assist coat closet

Flight controls wiring

Fuselage engine controls wiring,
(if located in attic)

Anti-collision lights
Entry door drive motors

Cabin lighting wiring system

Passenger services switches/controls
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TABLE 3-1 POTENTIAL IGNITION SOURCES
ASSOCIATED WITH EACH ZONE - continued

ZONE 6 AFT LAVATORIES

o ©Same as in Zone 2 Fwd. Lavatories
ZONE 7 AFTER BODY, EXCEPT AUXILIARY POWER UNIT (APU)
o Flight controls actuators, etc. o Service lighting
ZONE 8 AUXILIARY POWER UNIT (APU) COMPARTMENT
o APU
o Self-contained fire detection/ extinguishing
systems

o Fuel lines and system

o Lighting
ZONE 9 CARGO COMPARTMENT
o Cargo/baggage o Lighting
o Container transport mechanism o Cargo door actuators

ZONE 10 MAIN IANDING GEAR WHEEL WELLS AND
HYDRAULIC SERVICE CENTER

o Landing gear controls 0 Main landing gear

o Flap drive’ o Emergency power units
0 Motor driven pumps o Instrumentation

o Other hydraulic power units o Lighting

o Potable water system line heaters
ZONE 11 LOWER GALLEY

o Ovens, oven exhaust system o Oxygen
o Refrigerators/Freezers o Lighting
o Food o Environmental Control System

controls, fans

0 Water heaters
o} Interphone/Intercom o Waste compartments

ZONE 12 CARGO COMPARTMENT

o Lift controls

o Same as Zone 9 cargo compartment

ZONE 13 NOSE LANDING GEAR AND ENVIRONMENTAL
CONTROL SYSTEM SERVICE CENTER

o Air cycle machine or Freon system o Wiring/ connectors
control

3-10



ZONE 13 NOSE IANDING GEAR AND ENVIRONMENTAL

TABLE 3-1 POTENTIAL IGNITION SOURCES
ASSOCIATED WITH EACH ZONE - continued

CONTROL SYSTEM SERVICE CENTER (cont.)

o Heat exchanger door actuators
o Misc. sensors/controls/valves
o Lighting
ZONE 14 AVIONICS SERVICE CENTER
o Automatic flight control system
° Autopilot
° Flight computers
o Communications, navigation
ZONE 15 ELECTRICAL SERVICE CENTER
o Power contactors
o Circuit breakers
o Power conversion equipment
o Aircraft batteries
o Fans
NOTES: (1)

o}

(@)

Potable water system line
heaters

Nose landing gear

Fans
Power conversion equipment

Flight station equipment
controls

Heavy duty feeder wires
Radio altimeter
Automatic direction finder

Lighting

Careless disposition of smoking materials is a common

hazard applicable to all occupied compartments.

(2) Crew and passenger carry-on luggage constitute a form

of fire load.
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TABLE 3-10 SUMMARY OF FEDERAL AIR REGULATIONS,

PART 25, CONTROLLING FIRE AND SMOKE
IN TRANSPORT FUSELAGE COMPARTMENTS

FAR Part 25 Paragraphs on Fire and Smoke

(excluding Powerplant Fire Protection)

25.831 VENTILATION

.831(c)

Crew and passenger compartments must be free of harmful
or hazardous concentrations of gases or vapors. (re-
ferred to, also, in 25.1359 below)

25.851 FIRE EXTINGUISHERS

.851(a)

.851(b)

Hand fire extinguishers must be approved, types and
quantity of extinguishing agent must be appropriate
to kind of fire they are provided for, must be de-
signed to minimize toxic gas concentrations, and
readily available.

Built-in fire extinguishers capacity in relation to
volume of compartment where used and the ventilation
rate must be adequate for any fire in that compart-
ment, extinguishing agent must not be hazardous to
personnel, and must cause no structural damage.

25.853 COMPARTMENT INTERIORS

.853(a)(b)(b-1)(b-2)(b-3) Flame resistance requirements of

.853(¢c)
.853(4)

.853(e)
.853(f)

cabin materials

Ashtrays in smoking compartments, compartments without
ashtrays placarded against smoking.

Receptacles for towels, paper, or waste must be at
least fire resistant and must contain possible fires.
One portable fire extinguisher in pilot compartment
Specifies minimum number of portable fire extinguishers,
conveniently located.

25.855 CARGO AND BAGGAGE COMPARTMENTS

.855(a)(a-1(a-2) Flame resistant requirements of cargo and

.855(b)

.855(c)

baggage compartment materials.

Any controls, wiring, lines, equipment, or accessories
in the compartments either designed so they cannot be
damaged or if damaged, breakage or failure must not
cause a fire hazard.

Cargo or baggage must not interfere with fire-protective
features of the compartment
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.855(4d)
.855(e)

Heat sources in the compartment must be shielded or
insulated to prevent ignition of cargo.

Flight tests required to demonstrate compartment
accessibility, prevention of entry of hazardous
quantities of extinguishing agent into crew of passen-
ger compartments, and dissipation of extinguishing
agent in Class C compartments.

25.857 CARGO COMPARTMENT CLASSIFICATION

.857(a)(b)(c)(d)(e) Specify class of compartment fire pro-

tection provisions therefore, and require means to
exclude hazardous quantities of smoke, flames, or
extinguishing agent from crew or passenger compart-
ments.

25.859 COMBUSTION HEATER FIRE PROTECTION
(Not in general use today)

25.863 FLAMMABLE FLUID FIRE PROTECTION

.863(a)

.863(b)

Means must be provided to prevent ignition of leaking
flammable fluids or vapors, and to minimize hazards
if ignition does occur.

Factors to be considered in demonstrating compliance

with .863(a).

25.865 FIRE PROTECTION OF FLIGHT CONTROLS, ENGINE MOUNTS, AND
OTHER FLIGHT STRUCTURE

These parts and systems, 1f subjected to the effects of a
fire zone, must be made of fireproof materials or shielded
from the effects of the fire.

25.867 FIRE PROTECTION: OTHER COMPONENTS

.867(a)

.867(v)

Surfaces to the rear of nacelles, within one nacelle
diameter of the nacelle centerline, must be at least
fire-registant. :

Exception for tail surfaces that cannot be readily
affected by emanations from a fire zone or engine
compartment of a nacelle.

25.1359 ELECTRICAL SYSTEM FIRE AND SMOKE PROTECTION

.1359(A) Electrical system components must meet the require-

ments of 25.831(c) and 25.863 above.

.1359(b) Electrical cables, terminals, and equipment in

designated fire zones, and that are used in emergencies
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25

25

must be at least fire resistant.

.1359(c) Main power cables in the fuselage must be isolated

from flammable fluid lines or must be shrouded by
conduit.

.1359(d) Electrical wire and cable insulation in the fuselage

flame resistance requirements.

.1451 FIRE PROTECTION FOR OXYGEN EQUIPMENT

.1451(a) Oxygen equipment and lines must not be in any

designated fire zones.

.1451(b) Oxygen equipment and lines must be protected from

heat emanating from any designated fire zone.

.1451(c) Oxygen equipment and lines must be installed so that

escaping oxygen cannot cause ignition of flammables
present.

.1561 SAFETY EQUIPMENT

.1561(b) Lockers or compartments containing fire extinguishers

must be marked.

Part 25 APPENDIX F: AN ACCEPTABLE PROCEDURE FOR SHOWING COM-
PLIANCE WITH 25.853, 25,855, and 25.1359.
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SECTION L4

FIRE DETECTION AND SUPPRESSION TECHNOLOGY

The current State-of-Technology applicable to the design of
an aircraft fire detection and suppression system is reviewed
in this section. Selection and application of a particular

conceptual system is deferred to Section 5.

L1 FIRE DETECTION
k1.1 FUNDAMENTALS

The presence of fire results in observable changes in the
surrounding environment. It is the sensing of these changes
that forms the basis for all fire detectors. A fire introduces
the following tell-tale indicators into the atmosphere:

® Aerosols

o

Solid Particulates

o

Liquid droplets

® Gases

o

Thermal degradation (pre-ignition)

o

Pyrolysis (post-ignition)
@ Energy

° Ultraviolet radiation
° Visible light

o

Infrared radiation
° Heat from exothermic chemical reactions

As the fire develops, it usually progresses from overheat, to
smoldering, and finally to flaming combustion. In an aircraft

detection system, it becomes especially important to achieve
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very early detection. The resources to fight the fire are
usually limited, and it is much easier and safer to extinguish

at an early stage. Also, because rapid egress of the passengers
is not always possible, buildup of smoke and noxious gases should
be minimized. Thus, the detectors of primary interest are those
sensitive to the indicators originating in the pre-ignition or
early smoldering phase. Studies have shown that both aerosols
and gases are given off in these early stages. The emission of
significant amounts of energy is usually delayed until flaming

combustion.

L4.1.2 AEROSOLS
Sensing the presence of aerosols forms the basis for a number
of detector types operating on various principles. The range
of aerosol sizes emitted during the pre-ignition and combustion
phases 1s from 5 x lO_u to 10 micrpmetres. The heating of
materials in the pre-ignition phase results in particles in
the size range of 5 x 10 = to 1 x 10-3 micrometres (Ref. 3).
The light scattering efficiency of particles smaller than 0.3
micrometres is very~low. Therefore, these particles are
invisible, but as time progresses, coagulation, evaporation,
and sedimentation tend to stabilize the size distribution in
the range of 0.1 to 1.0 micrometres. Some of these particles,
even in the pre-ignition phase, are thus in the visible range
(larger than 0.3 micrometres) and appear as smoke. As smoldering
develops, more particles in the range from 0.5 to 1 micrometre
are observed. However, the largest concentration of particles is
still in the range below 0.5 micrometre. These particles may
be liquid or solid, or they may be liquid droplets condensed
around a solid nucleus. The particle size range of several
smokes and dusts is shown in Figure L4-1.
Early detection can therefore be based on sensing the presence

of invisible particles in the 0.1 to 0.3 micrometre range. At
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a slightly later stage, as coagulation begins to produce
particles in the visible range, sensing of smoke is then possible.
Detectors utilizing a variety of principles to sense the presence

of these aerosols are discussed subsequently in this section.

L.1.3 GASES
As a material approaches its ignition temperature, thermal
degradation results in emission of trace gases. Because these
gases depend upon the specific chemical nature of the material
and because their concentration in the atmosphere is so low,
they have not been found useful in fire detection. However,
once ignition takes place, substantial quantities of gases
common to many materials are emitted. Gases found present in
most fires include water vapor, carbon monoxide, and carbon di-
oxide. Of these, carbon monoxide is probably the most promising
indicator because the background level is so low in normal
atmospheres. In some cases, emission of gases specific to
known fuels might be sensed. However, the variety of interior
materials used in aircraft would appear to preclude such an
approach. It should be noted that the presence of detectable
quantities of gases tends to lag the emission of aerosols,

making this approach less capable of an early warning signal.

4.1.4 ENERGY

Many forms of heat detectors are in common use, both in aircraft
and building applications. The water sprinkler system, with its
fusible actuation, is a primary example. The aircraft industry
has used heat sensitive detectors, such as bimetallic devices
and continuous line eutectic metal elements, for many years as
overheat and fire detection devices. It i1s current practice to
protect engine nacelles, auxiliary power unit compartments, and
some equipment bays with such detectors (Ref. 4). However,

since substantial heat must be developed for their actuation,
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they are not early warning detectors.

Somewhat earlier detection can be accomplished by sensing the
radiation of energy from an open flame. Radiation surveillance
devices generally detect ultraviolet (UV) or infrared (IR).
Various techniques are used to compensate for presence of
sunlight and other ambient sources of radiation. An integrated
IR-UV system, combined with a continuous element heat sensor
has been recently applied to engine fire detection in an effort
to achieve high reliability and a low false alarm rate, (Refs. 5
and 6).

The primary disadvantages of radiation sensing are: (1) the
requirement that the fire progress to open flaming, and (2) the

1

difficulty of locating a detector that could "see" a flame in

any part of a complex compartment.

SIGNAL TRANSMISSION FROM FIRE TO DETECTOR

Another fundamental aspect of the detection problem is the
mode of transfer of the signal or fire indication to the
detector which usually is some distance away. For energy
sensitive devices, this can occur either by heat conduction,
convection, or radiation. Heat conduction is only practical
for very compact situations, such as equipment protection.
Radiation is the most rapid mode of signal transmission, some-
what offsetting the delay resulting from waiting to sense open
flaming from an incipient condition. As already pointed out,
an unobstructed path is required to view the source either
directly or by reflection surfaces.

By far, the most common mode, which is applicable to aerosols,
gases and heat, is transmission by free or forced air convection.
However, convection is slow and subject to '"dead" spaces. Even
the induced convection velocities of the aircraft compartment
ventilation systems are seldom over one foot per second. Thus,

location of detectors relying on either free or forced convection
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h,o1.7

is very critical.

EARLY WARNING DETECTORS
Since a key ingredient in a successful fire management system
1s early detection, the primary emphasis in this section will
be placed on detectors having that potential capability. A
discussion of each type of early warning detector will center
on the operation principle, accuracies to be expected, ambient
environmental effects, reliability of detection, false alarm
propensity, weight and approximate cost. The technical and
economic aspects to be considered in the design of a successful
aircraft early warning fire detection system are:

o Reliability of Detection

o Absolute Minimum of False Alarms

o Functional Throughout the Aircraft Operating Envelope

o Interface Compatibility with other Aircraft Systems

o Maintenance

o Weight

o Cost

o Endurance
The costs quoted in the discussions that follow usually reflect
available data on household units. The high reliability and
ruggedness required for aircraft applications would increase
the price substantially. It is important to point out that
rapid advances are taking place in this area of technology and
therefore important recent studies in early warning or detector

developments may have been inadvertently omitted.

IONIZATION DETECTORS

Early warning sampling detectors based on ionization principles
resulted from the early work of a Swiss physicist, Dr. Ernst Melll,
who was the developer of the cold cathode tube, Ref. 3. This

type of detector is capable of detecting pre-ignition particles
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primarily in the range of .0l to 1.0 micrometre. This range

of particles includes the small invisible aerosols to the large,
visible smoke particles. Tobacco combustion aerosols, for
example, range between .0l and 1.0 micrometre. The principle
of operation of this type of detector is the ionization of

air molecules by a radioactive source which establishes a
steady state current between an anode electrode and a cathode
electrode (Figure 4-2). When aerosols enter the space, many

of the negative ions attach themselves to the aerosols. The
relatively large aerosol particles move slowly compared to

the ions, reducing the current flow and unbalancing the sensing
circuit. Various techniques have been utilized for increasing
the sensitivity and/or compensating for changes in ambient
conditions. These techniques involve geometrical changes such
as placement of the radiation source close to the negative
electrode (uni-polar) and use of a reference chamber (dual
chamber type) for compensation of slow changes in ambient
conditions, Ref. 3. Recent advances in solid state circuitry
have also reduced the electronics and size, such that these
detectors have been increasingly attractive for industrial

and residential early warning fire detection usage. By use

of a separator, developed during earlier studies on a quartz
crystal detector (Ref. 10), aerosols taken into the ionization
chamber are limited in size to less than 1.0 micrometre. There-
by ambient contamination from non-fire related sources 1is
minimized. Units are currently undergoing evaluation tests for
NASA Space Shuttle Orbiter and Spacelab (ESRO) compartment fire
detection applications (Ref. 9). The overall detector including
integrated solid-state electronics is compactly designed and

weighs approximately 1.5 1lbs.

PHOTOELECTRIC DETECTORS
Although this type of detector has not usually been considered
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in the early warning category, it will be described in this
section for two reasons; (a) presently, it is the predominant
type of compartment smoke detector being used in current
commercial aircraft (FAA TSO Cla), and (b) recent improvements

in detection chamber designs and application of solid-state
electronics technology indicates the potential for early warning
detection. The principle of operation of photoelectric detectors
is the particle attenuation of a light beam intensity integrated
over a beam path length or the scattering of a light beam,

elther in the forward direction or at various angles to the

beam paths, Ref. 3. The first of these is called the '"beam"

type and the second is called the "Tyndall Effect" type. Both
utilize a light source and a photocell receiver. The "bean"

type is sensitive to alignment, dust or dirt on the source and/or
receiver, and voltage variations. Therefore, it is not extensively
used. The "Tyndall Effect" type is more popular and may either
use a target to shield the photocell from the beam, or the

beam source and photocell may be arranged at some angle,
generally 90°. As particles enter the chamber, they scatter

the light which is reflected onto the photocell, Figure 4-3,

thus providing a current flow for smoke indication. Early
models of these detectors were only effective at 8 - 10% light
obscuration; however, new detectors are reported effective in

the 0.4 to 1.5% light obscuration range. The lifetime of the
incandescent lamp light sources is limited on these earlier
detectors, especially under vibrating or moving systems. This
shortcoming has been improved with light-emitting diodes (LEDs)
or, gas-filled flash tubes as light sources with lifetimes in
the order of 10 - 20 years. Another important advantage is the
low current drain of these new light sources (50 microamps to

50 milliamps). The gas-filled tube light source type, apparently
to decrease the propensity of false alarms, requires a smoke

concentration duration of 5 to 10 seconds before initiation of
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an alarm. Suggested improvements invsensitivity of these

| photoelectric type of detectors are the incorporation of light
sources having a major spectral component in thé near ultra-
violet and bluégreen wavelengths and a maﬁching photo-cell to
respond to the larger invisible aerosols, since the best
scattering of energy occurs when the particle diameter approaches
the wavelength of incident radiation, Ref. 3. Efforts are also
being directed at determining the geometrical parameters for
effective detector designs in order to predict performance Dby
simple and inexpensive laboratory techniques, since response
of these and ionization detectors are very dependent on entrance
and chamber design, Ref. 11. Currently, the side scattering
design is favored over forward scattering for these detectors.
Recent tests conducted by Alvares and McKee, Ref. 12, Custer,
Ref. 13 and Bright, Ref. 14, indicate that good photoelectric
detectors are comparable in overall performance to icnization
detectors. In general, it can be stated that if a fire is a
slow, smoldering fire without flame, a good photoelectric
detector will be superior to a good ionization detector in
detection time. Conversely, if flaming is present, the ioniza-
tion detector will be faster in response, Refs. 13 and 14. A
good photoelectric detector will be less prone to false alarms
from cigarette smoke (.01 to 1.0 micrometre) and other aerosols,
compared to an ionization detector and is more desirable for
detection in water extinguishant sprinkler systems, Ref. 13.
Photoelectric "Tyndall Effect" detectors range in cost between
$50 and $160. Weight range of these detectors is between 1k oz.
to 1.5 1bs.

4.1.9 SEMI-CONDUCTOR GASEQUS DETECTORS
One type of gas detector uses a semi-conductor to sense re-
ducing or combustible gases, such as unburned hydrocarbons,

carbon monoxide, and hydrogen sulfide. Some of these detectors
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employ a heated n-type semiconductor, which is composed of a
metallic oxide coating (generally tin dioxide), and were origin-
ally developed for combustible gas detection (Ref. 3). 1In
contact with normal atmospheres, oxygen molecules are chemi-
sorbed on the highly porous coating. When a reducing gas comes
in contact with the coating, the molecules react with the
trapped oxygen, thereby causing a release of electrons and
increasing the conductivity of the coating. A requirement for
operation is the presence of hydrocarbons or combustibles.
However, not all combustion processes release these byproducts,
e.g. gasoline burning. Unfortunately, many devices utilizing
these n-type semiconductors are being marketed as "Smoke-Fire
Detectors." A recent study indicates a detector of this type
responded comparably to ionization and photoelectric detectors
in small scale smoldering cellulosic fires. However, in twenty-
six large scale fires, this type of detector responded only
once (Ref. 15). Other problem areas are the propensity for
false alarms from commonly present aerosols, humidity changes,
and long-term stability (reduced sensitivity). Recent manu-
facturer's data (Ref. 16), describes a "high sensitivity Carbon
Monoxide sensor TGS #711, where several tens ppm of CO can be
detected without difficulty." This development is so recent
that important parameters such as long-term stability and false
alarm propensity have not been fully evaluated. The basic sensor
integrated with control and alarm functions is in the $25 to

$50 range and weighs approximately 1.5 pounds.

POLYMERIC EARLY WARNING DETECTORS

A relatively new type of sampling early warning or incipient
fire detector is the polymeric type of gas detector referred to
as "lock and key devices," (Ref. 17). A simple schematic is
shown in Figure U4-4, This detection technique exploits the

principle of change of electrical properties of selected
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polymeric compounds in the presence of certain gases. It is
postulated that this effect may be the result of complex for-
mation and transfer of charge between the gaseous moleculegs

and the polymer.

Devices have been fabricated from eight polymers and evaluated
for performance as a function of temperature, humidity, and
combustion by-products response. Polymers have responded to
SO2 in the 10 parts per million (ppm) range and to NH3 in the

5 ppm range. One of the more promising of these polymers is
poly (p-aminophenylacetylene) and devices were fabricated from
this polymer for aging under different environmental conditions
and subsequently re-evaluated. Tests indicate some degradation
of sensitivity, but they were still responsive to pyrolytic
products (Ref. 18). Continuing efforts are directed towards
improved specificity of response to gases such as CO, decreased
sensitivity or compensation for humidity variations, investiga-
tion of properties of combined polymers and new polymers, and
other techniques for improved, miniaturized, low cost devices.
An analytical model has been developed to correlate empirical
data to the mechanistic theory of operation and to guide future
design efforts, (Ref. 20). Active consideration of these types
of detectors for aircraft compartment fire detection awaits
further evaluation as to performance under reduced pressure

(altitude), long term stability,and other factors.

L.1.11 IR AND UV FIRE DETECTORS
IR, UV, and combinations of these energy detectors operate on
a radiation surveillance principle. Although not considered
to be of the early warning or incipient type, recent advances
and applications of these types of detectors require continued
interest. As previously indicated, a flame radiates in the IR,
visible, and UV spectrum, and with proper photocells and filters,

it is possible to design devices for flame detection. In the

4-13



IR type, various approaches have been used to minimize the
effects of sunlight and other radiating bodies by utilizing dual
filters or dual detection circuits. Similarly, by proper photo-
cells or photo-conductive tubes, the UV radiation from a flame
can be detected. The operating range of UV detectors is in the
0.17 to 0.30 micrometres region which is out of the range of
sunlight or artificial lighting. A recent, important applica-
tion of a UV sensor for flame detection was on NASA's Skylab
Space Vehicle (Ref. 19). Considering all of the spacecraft's
operating environment, a UV flame detector was judged to be the
best system for volume flame surveillance of all the spaces of
the spacecraft. The requirements were for proven volume sur-
velllance reliability, low maintenance, minimum propensity for
false alarms, and maximum sensitivity. The photo-conductive
tube used to sense UV radiation is of the Geiger-Mueller type.
This tube consists of two parallel plate electrodes in a gas-
filled, UV transmitting glass envelope. UV radiation incident
on the tube releases photoelectrons from the metal electrode,
thus triggering an avalanche conduction ionization process. If
the UV radiation continues, the conductivity of the tube rises
sharply, thus generating voltage pulses at the output. The
frequency of these pulses is used to indicate a fire. These
detectors have a cone of vision up to 180°; the sensitivity
decreasing from 100% straight ahead to 4o% at the sides.
Reportedly, they can detect a l-inch high hydrocarbon flame at
a distance of 10 feet or a 3/4 inch diameter candle flame at a
distance of 10 feet or a B/M inch diameter candle flame at a
distance of 6 feet. Response times for these detectors range
between 5 milliseconds and 3 seconds. Since the detector tube
is totally sealed, presumably ambient pressure fluctuations
have negligible effects. These detectors can operate at 300°F.
and on special applications up to 650°F. Typical weight of a

UV detector without microprocessor is approximately 10-12 oz.
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Combined IR and UV sensors as an integrated fire detector

system have beéen develeped for engine nacelle applications

(Ref. 6), and more recently applied to other aircraft compért-
ments (USAF C-5A's) in addition to marine patrol boats (Ref. 20).
These systems give an alarm indication when there is a pre-

‘determined deviation from the ambient IR-UV balance.

4.1.12 IASER BEAM FIRE DETECTION
This system can be classified as a combined aerosol and energy
detection system. A coherent, monochromatic laser beam, where
the energy is being propagated in phase, will detect changes
in the index of refraction of air when the air molecules are
heated by a source of heat. In addition, the laser beam will
react similarly to a photoelectric detector upon the attenua-
tion of the beam energy by smoke particles (Ref. 3). Utilizing
these principles, a system (Figure 4-5) has been developed which
utilizes a laser beam source with a telescope for long projection,
a corner cube mirror to compensate for misalignment and vibration,
and heat and smoke photocells with appropriate filters.
Practical range of the alarm is reported to be 300 feet. Tests
of this system reportedly have been performed in an atomic
energy plant, an aircraft factory, a coal mine, and a power
generating station (Refs. 3 and 21). Reasonable response times
of 10 to 20 seconds due to heat from small test fires in a
tunnel and 24 seconds response, at low ventilation rates, to
smoke appear to make this type of system promising for lengthy
spaces such as long, uninterrupted compartments and tunnels.
Testing of these systems in the areas of varying environmental
conditions, power consumption, false alarms, and endurance

needs to be performed for a full evaluation.

L4.,1.13 CONDENSATION NUCLEI

Large quantities of aerosols are generated from materials at
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temperatures well below their ignition temperature. The temper-
ature at which submicrometre particles are generated from
materials is defined by Van Luik as their thermal particulate
point, (Ref. 7). A very early warning type of detector capable
of sampling particles in the range of .00l to .1 micrometre is
the condensation nuclei type. This device aspirates an air
sample into a chamber of 100% humidity. Subsequently, the air is
passed through an expansion section, resulting in over 100%
humidity. This action condenses water onto the aerosol particles
and the resulting fog is subsequently measured by a sensitive
photoelectric system (Ref. 3). These very early warning type

of detectors, although they are quite sensitive to combustion
aerosols, require very careful calibration, repeated change

of settings for sensitivity due to changes in ambient conditions,

and frequent maintenance care.

RESONANT QUARTZ CRYSTAL DETECTORS

This type of early warning or incipient detector is also of the
sampling type such as previously described; however, a somewhat
different method of sampling type detection is utilized. These
detectors stem from the early efforts of Chuan (Ref. 10) to
measure directly the mass of airborne particulate matter. This
technique utilizes a specially designed jet forming nozzle to
separate particles, 0.7 micrometres or less, from an aspirated
sample of air and impact these particles on a quartz piezo-
electric crystal. Particles over this size bypass the sampling
tube and pass on through the pump unit. As the submicrometre
particles impact and are collected on the quartz sensing crys*al,
the crystal resonant frequency is changed proportionally to the
mass change. As mass collects on the sensing crystal, its
frequency is lowered, thus increasing the difference between it
and the reference crystal. A regenerator is designed in the

detector for periodic cleaning of the sensing crystal. The
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separator concept developed during this work has application

to any detector sensing aerosols. By separating out the larger
particles and leaving those primarily associated with the presence
of fire, the signal-to-noise ratio is improved. As mentioned
earlier, an ionization detector has been developed which employs

this separator (Ref. 9).

4.1.15 SUMMARY AND CONCLUSIONS OF DETECTORS' CHARACTERISTICS
A summary of the available data on the detectors discussed in
this section is presented in Table L4-1 The detectors are
classified by at least eight important parameters necessary
for the purposes of aircraft application. Additional design
objectives related to the purposes of this study will be dis-
cussed in Section 5. In Table L4-1, a range of values is given
for some of these parameters available from the reference
literature. At the time of this study, information is not
available in several important areas for these detectors. Early
warning detection concepts that appear most promising at this
time for the development of an aircraft fire detection system
are those based on the ionization and light-scattering princi-
ples. The latest modifications of these concepts are the flow-
through, dual chamber ionization and the LED photo-electrics.
Concepts that may prove promising in the future, pending further
developments, are the polymeric and possible semi-conductor gas
sensing detectors in addition to the laser detection techniques
for long uninterrupted passageways. In special cases, involving
early flame detection, the UV, IR or combined systems may offer

special advantages.
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4,2 FIRE SUPPRESSION TECHNOLOGY
L.2,1 FUNDAMENTALS

Sustained combustion requires fuel, oxygen, and heat. Fire
suppression technology is based on disrupting the ongoing
interaction of these three key fire ingredients. The litera-
ture is replete with descriptions, often conflicting, of the
mechanisms of various fire suppressants (Refs. 22, 25, and L6).
These action mechanisms can be briefly summarized as:

o Removal of heat {cooling)

o TIsolating the fuel (blanketing)

o Removal of oxygen (dilution)

o Chemical interference with the combustion process.
Indeed, some agents perform one or more of these functions and
the complete mechanisms are not entirely understood for other
agents (Refs. 22, 25).

In the case of ordinary combustibles, removal of heat is one of
the most effective means of total extinguishment. This process
occurs when the agent absorbs sufficient heat to cool the burn-
ing material to a point where it ceases to release enough vapors
to maintain a combustible mixture in the fire zone. Extinguish-
ment by water is an example of this action. Another type of
heat removal involves the addition of inert gaseous agents which
raise the heat capacity of the atmosphere. The absorption of
combustion energy by these agents inhibits the requisite preheating
of material shead of the flame front and combustion is not self-
sustaining (Ref. 26).

Isolating the fuel from the oxidizing agent by a blanket of non-
combustible vapor just above the burning material will cause the
fire to go out. It will stay out if the blanket is maintained
long enough for the material to cool below its self-ignition
temperature. Carbon dioxide 1s representative of this mode of

extinguishment.
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Removal of oxygen by dilution with inert gases is an effective
fire extinguishing technique. One example of this method is
illustrated by the current practice for aircraft cargo compart-
ments. Ventilation is restricted such that any fire quickly
consumes most of the available oxygen, replacing it with CO2

and water vapor, and the fire is then not self-sustaining. A
suppression system based on this technique would reduce the
oxygen content by displacing it with an inert diluent gas,

such as nitrogen.

Extinguishment by chemical action is attributed to the reaction
of the pyrolysis products of the halogen compound with the active
combustion products within the flame zone. This reaction breaks
the chain and flame propagation ceases. For complete extinguish-
ment, the agent concentration must be maintained long enough

for the material to cool below its self-ignition temperature.

CHARACTERISTICS OF AGENTS

A variety of extinguishing agents have current usage or have
been proposed for use in uninhabited or unoccupied compartments
(Table 4-2). Some of these same agents have current or pro-
posed usage in occupied compartments as well, but only in the
local application mode with portable extinguishers, where normal
air changes can be relied upon to remove the toxic gases due to
the agent itself or its pyrolysis by-products. For total flood-
ing systems (automatic or manually actuated suppression) in
uninhabited compartments, the problem of agent selection can

be resolved on the basis of agent effectiveness and efficiency
relative to the concentration required, the weight, the storage
volume, distribution requirements, cost, etc. For extinguishant
discussions, it is important to differentiate between effective-
ness and efficiency. Effectiveness refers to application rate
(quantity per unit time) whereas efficiency refers to minimum

concentration needed for extinguishing flames. While each
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application must be considered on its own merits, the evidence
suggests that the halogenated hydrocarbons are the most
efficient extinguishants and among these the most efficient is
Halon 1301 (CBrF3), (Refs. 22, 25, 30, and 43).
In inhabitable compartments, using the total flooding concept,
the additional requirement of compatibility with human physio-
logy greatly reduces the list of potential agents which can
be seriously considered for application. An agent may have three
adverge characteristics, such that it:

o 1is toxic in the neat form

o 1s toxic in the pyrolyzed form

o reduces the oxygen content of the air by dilution.
Any one or all of these effects may cause a short-term loss in
useful function (Refs. 31, 32, 33, and 40), specifically,
inability to exit the burning aircraft.
In the subsections that follow, agents are examined which have

been recently congsidered for use in inhabited areas.

Perfluoralkanes

In a program directed at creating life sustaining atmospheres
which do not support combustion, Atlantic Research examined a
group of agents in the perfluoralkane category (Refs. 34 and
35). These agents, namely CF), (carbon tetrafluoride), CFg
(hexafluoroethane) or C3F8 (octofluoropropane), when incorporated
into the confined atmosphere, act to suppress combustion. The
suppression mechanism appears to result from the increase in
the heat capacity of the oxidizing atmosphere. The studies
indicated that i1f the heat capacity of the atmosphere exceeds

a critical value (50 calories per degree centigrade per mole

of oxygen) the atmosphere will not support combustion. While
not as efficient as the halogenated compounds, toxicity studies

on animals have demonstrated, that in the neat form, these

agents are physiologically more inert (Ref. 35). However, in
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extinguishing on-going fires, CQF6 and C3F8 decompose appreciably,
producing substantial quantities of hydrogen fluoride (exceeding
that produced by Halon 1301). CFM produces minimal hydrogen
fluoride during decomposition, but in the concentration required
to extinguish all classes of fire, could result in an oxygen
concentration at sea level pressure of approximately 16%. This
is equivalent to a physiological effect at sea level similar to
an altitude exposure of 7000 feet. If the aircraft cabin
pressure altitude was already at 8000 feet, as it normally is
during cruise in a modern jet transport, the physiological

effect could be similar to a 15,000 foot exposure. Such exposure
represents an additional undesirable stress (Ref. 41), in any
emergency situation.

The other perfluoralkanes, CMF8’ CMFlO’ and C7Fl6 are at lesser
states of development and do not appear promising. Some of the
properties of these agents are indicated, where known, in

Table 4-3. In the required concentrations, the agents would
result in a substantial weight penalty (Table h-h) over Halon
1301.

Nitrogen

Pressurizing an enclosed volume (e.g., a submarine) with nitrogen
while maintaining the partial pressure of oxygen at .21 atmos-
phere has been studied as a means of creating a habitable
atmosphere which will not support combustion (Ref. 37). In
these tests burning JP-4 was extinguished in 30 seconds by over-
pressurizing the chamber with nitrogen to 1.35 atmospheres.
Additional studies (Ref. 38) have shown that at an over-pressure
of 1.6 atmospheres paper is self extinguishing, but pressures

of 3.5 atmospheres are required to create an inerting condition
where combustion of paper will not occur.

In an aircraft the concept of overpressurization has several

limiting disadvantages. During an emergency landing, the
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aircraft must be unpressurized to avoid structural failures on
impact and also, so that the doors may be opened as rapidly

as possible. Overpressurization in flight is limited by the
structural capability of the fuselage. Also, any onboard fire
may produce local weakening of primary structure, adding the
hazard of explosive decompression.

The alternative is to maintain normal pressures, but dilute

the oxygen content by injection of nitrogen. At a pressure of
1 atmosphere, approximately 55% by volume of additional diluting
nitrogen is required for hexane flame inerting. This results
in an atmosphere containing approximately 88% nitrogen and 12%
oxygen with a resultant physiological effect of exposure

similar to a fifteen thousand foot altitude. Fire extinguishing
tests (Ref. 39) in a 5000 cu. ft. cargo compartment containing

a 10% cargo load of Class A combustibles (corrugated boxes
filled with excelsior) required nitrogen concentration which
reduced the oxygen level to approximately 9% before flame
extinguishment was achieved. When the oxygen level increased

to approximately 12%, due to natural compartment leakage of

75 cu. ft/min., a flash fire developed, indicating a smoldering
condition during the interim period. Thus, to be effective,

the oxygen level may need to be held as low as %, which is an
oxygen partial pressure physiologically equivalent to 21,000 ft.
Assuming that it is possible to achieve a rapid and complete
mixing (to preclude asphyxiation) of the nitrogen, the effect

on human ability to function physically and rationally (Ref. 4l1)
after an almost instantaneous ascent to a 21,000 foot altitude,
would be questionable. The temperature effect of discharging
this quantity of nitrogen into a confined space would also have
to be strongly considered. In the case of nitrogen as well as
some of the other gaseous extinguishants under consideration,

a decision of cryogenic storage versus storage as a high pressure

gas would have to be made. Cryogenic storage presents the
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complications of a heat source for vaporization and daily service
to make up boiloff losses. Storage as a gas, at 3000 psig, is
possible but involves large weight penalties and some hazard

when a large pressure vessel is exposed to a crash landing.

Halon 1301

Currently a large number of commercial air transport aircraft
use Halon 1301 extinguishing systems to protect engine nacelles,
APU compartments, and to a lesser extent, cargo compartments.
As extensive testing has demonstrated, Halon 1301 has a
relatively high degree of fire fighting efficiency per unit
weight of agent, and is easily stored as a dense liquid.
Application of Halon 1301 to deep seated fires will extinguish
the flame and control the rate of burning. However, to achieve
complete extinguishment, the concentration of agent must be
maintained for a period of time sufficient for the burning
material to cool below its self-ignition temperature, (Ref. 30).
The toxicity of the agent in both the neat form and when
pyrolyzed has been an inhibiting factor in applications to
inhabited compartments. Concentrations below 7% by volume are
considered safe if exposure is limited to five munutes or less,
(Refs. 41 through L4U4). Decomposition products are hazardous
and the quantity generated depends to a large extent on the
size of the fire, the concentration of the Halon vapor, and the
length of time that the agent is in contact with the flame or
heated surfaces above a temperature of 900°F. Since Halon 1301
extinguishes flames by chemical interaction, decomposition of
the vapor is the essential mechanism of extinguishment. To
minimize the volume of decomposition products generated, rapid
and total extinguishment is essential, (Ref. 45).

Numerous toxicity studies of Halon 1301 have been conducted.
However, these studies, in general, have not been related to

real fire scenarios that might be expected in aircraft, making
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‘it difficult to relate available toxicity data to the total fire

hazard. Whether this toxicity hazard can be quantified with anry
degree of certainty is the subject of some emount of controversy,
(Ref. 46). Experiments which will evaluate the effectiveness
and toxicity of the agent in typical cabin interior fires and
simulated post-crash fire scenarios where fuselage ruptures,
open exits, and ambient winds exist are needed.

Test conducted during the AIA Crashworthiness Development Pro-
gram in 1966 demonstrated that internal cabin fires could be
effectively extinguished by Halon 1301 (Ref. 42). Flames
entering a cabin from an external fuel fire were reduced in
height, but since interior materials were not installed, the
extent to which fire propagation through the fuselage might be
reduced was not determined. As indicated in Table L-L, the
weight of Halon 13C1l required to inert a given volume is
significantly lower than any of the other agents. Research 1s
needed to establish whether the known toxicity hazards are

acceptably small relative to the hazards of the fire itself.

Water

Water fog has been used effectively to prevent, control, and

to extinguish fires in addition to providing exposure protection
to equipment and occupants in or near the fire zone.

The primary extinguishing action of water is in cooling the
burning material below the point at which it will give off
combustible vapors. A secondary, but important, extinguishing
action is brought into play if sufficient steam is generated,
to the exclusion of oxygen supporting the fire. In the con-
version of water from a liquid to a vapor, the volume at
ordinary pressures increases 1700 times. This volume of vapor
excludes an equal volume of air surrounding the fire and effec~
tively smothers it, (Refs. 24 and 42). Whether a fire can be

extinguished or controlled by water depends upon the heat
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generated by the fire, the rate of application of the water and
the total quantity of water available. An additional benefit

is derived since wetted surfaces cannot be brought to their
ignition temperature until the water has been evaporated, there-
by etarding fire propagation. This cooling, wetting, character-
istic of water makes it particularly effective against fires of
solid combustibles.

Evaluation of water fog system during the AIA Crashworthiness
Development Program, (Ref. 42), demonstrated the feasibilify

of controlling interior fires due to flames entering a rupture.
Flow rates of 20 gpm and 8 gpm were used, with less fire damage
occurring with the lower flow rate because the discharge lasted
longer. However, interior temperatures were also higher by
about 200°F. Production of noxious gases was reduced during

the water fog test since the fog retarded the burning of
interior materials and presumably some of the gases went into
aqueous solution with the water droplets as they fell through
the air. The advantage of wetting the interior materials was
shown since temperatures did not increase for some time after
completion of the discharge.

During these tests, a total of 20 gallons of water was discharged
into an 850 cu. ft. volume at flow rates of 8 and 20 gallons per
minute for a discharge time of 2.5 and 1 minute, respectively.

To aid in comparing a water fog system with other extinguishants,
at the equivalent lower flow rate, approximately 29 gallons of
water (241 lbs.) would have been required to protect a 1000 cu.
ft. cabin volume for a 3-minute discharge time. As was previously
stated, whether this flow rate could effectively control or
extinguish a fire would depend on the size of the fire. In the
test, because compartment temperatures rose 200°F during the
lower discharge rate, it was concluded that a water fog system
at the lower flow rate would not have been effective on a larger

fire.
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The water fog system has the advantage of no agent toxicity,
retarding ignition by wetting combustible materials, cooling

the cabin environment, providing exposure protection and is
probably less influenced by wind effects in the post-crash fire
condition. The disadvantages are that the high weight of water
required precludes protecting the entire cabin volume simultane-
ously, the fog may restrict visibility for escape, and the size
of the external fire could render the system ineffective by over-
taxing the water supply. Of course, this latter condition is
applicable to all extinguishants. Water, alone or in conjunction
with corrosive combustion gases, may also cause substantial
damage to the aircraft beyond that caused by the fire itself.

In a modern wide-bodied transport, about 100 to 200 gallons of
potable water are carried to supply drinking and wash water
requirements. However, toward the end of the flight, most of
this water may be in the waste tanks. Some further considera-
tion of how this water might be used selectively for fire fight-
ing may be merited, but it appears to have many practical limita-

tions.

DECOMPRESSION

One method of fighting an in-flight cabin fire at cruise
altitude might be to decompress the airplane. When the partial
pressure of oxygen is reduced, the fire tends to be suppressed.
In some experiments at Lockheed-California Company (Ref. L7,
two aircraft seats were ignited at 8000 foot altitude. When
the seats were well involved in fire, the altitude was increased
to 38,000 feet. The flames were reduced from several feet in
height to several inches, but did not extinguish. An exposure
to 50,000 feet extinguished the flames, but reignition took
place on descent.

The disadvantages of this technique are: (1) exposure of crew

and passengers to low ambient pressures with the accompanying
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hazards, (2) requirement to redesign the oxygen system and
masks which currently do not provide smoke protection, (3)

the need to sustain high cabin altitude in an emergency rather
than descend, (4) the potential for reignition during descent,
and (5) the requirement to be initially at high altitude to be
effective. Additional study may be worthwhile of selected
situations (e.g. cargo aircraft) where this technique could be
used. However, the disadvantages, especially in light of the
in-flight fire experience (Section 2), appear to outweigh the

advantages.

SUMMARY OF AGENT CHARACTERISTICS

Of all the agents examined, only Halon 1301 appears to be a
practical candidate for an on-board fuselage compartment fire
extinguishing system. It is clearly superior to other agents
for unoccupied zones. While some aircraft and industrial
applications of Halon 1301 have been made to inhabited compart-
ments, its unqualified acceptability has yet to be substantiated.
Section 5 covers a detailed weight, cost, and performance
analysis of a conceptual Halon 1301 suppressant system for

fuselage protection.
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5.1

SECTION 5

FIRE MANAGEMENT SYSTEM CONCEPT

In this section, a transport fuselage Fire Management System
(FMS) concept is developed in sufficient detail to assess
potential performance, cost, and weight. The system is com-
prised of two subsystems, the Fire Detection System (FDS), and
the Fire Suppression System (FSS). The design concepts and
equipment selections are based on the hypothetical wide-bodied
jet transport in Figure 1-1. However, this same technology
could also be considered applicable to other transport fuselages.
The system concept has been carried to a degree of definition

which permits the subsequent tradeoff analyses in Section 7.

DESIGN REQUIREMENTS

A design is sought which would provide a major increase in
transport fuselage compartment fire safety. The study guidelines
(Ref. 49) indicate that the Fire Management System should:
o Provide substantially increased fire safety for conditions
of post-crash fires, in-flight fires, and RAMP fires.
o Have an economically realistic cost and weight.
o Use concepts conforming to pertinent FAA regulations.
o Have a negligible effect on dispatch reliability.
o Utilize technical concepts which are practical and
achievable within current or advanced state-of-the-art.
o Have no deleterious effects on operation of other aircraft
systems.

o Be compatible with standard airline operating, maintenance

5-1



5.2
5.2.1

procedures and supply logistics.

The detailed requirements and suggested conceptual designs for

the detection and suppression systems are given in the sections
that follows.

FIRE DETECTION SYSTEM CONCEPT

DETECTION REQUIREMENTS

The detection and monitoring portion of the fire management

system senses the presence of abnormal smoke and/or gases and

provides an alarm to the flight engineer. This subsystem should

conceptually:

e}

Be based on early-warning detection technology, in
order that the fire can be controlled in its incipient
stage.

Have built-in test equipment (BITE) and line replaceable
unit (LRU) features to maximize reliability and main-
tainability.

Have fail-operational philosophy.

Have a mean-time-between failure (MTBF) which approximates
the life of the aircraft.

Have a mean-time-between-false-alarms (MTBFA) which
approximates the MTBF.

Respond in less than 10 seconds to an out-of-tolerance
smoke or gas concentration.

Provide the flight engineer with an easily interpretable
display of fire location and condition to facilitate
rapid execution of fire management procedures.

Be capable of alarming on the basis of both a rate-of-
change of incipient particle concentration level and
absolute particle concentration level.

Provide indication of fire situation, i.e. whether
extinguishing effort has been successful.

Cyclically monitor all zones every 5 seconds, providing

5-2



a persistent alarm for any zone out of tolerance while
continuing to cyclically monitor all other zones.

o Be insensitive to normal environmental influences of
altitude, humidity, lint and dust, sunshine, temperature,
fuel and hydraulic oil vapors, cleaning solvents, smoking
materials, aerosol sprays, etc.

o Be capable of automatic suppressant dispersal for the
parked, unattended condition with appropriate alarm to
local fire-fighting personnel.

o Provide, through modern microprocessor technology, max-
imum flexibility in setting (and altering, if desired)
different alarm levels between zones of widely varying
volumes and environments, including ventilation shut-
down procedures, as necessary.

o Be responsive to the combustion emissions of any of
the types of materials to be found in different zones.

o Have a low enough power consumption so that the system
can operate for prolonged flight periods on emergency
power and battery or ground power unit when parked on
RAMP.

o Be sufficiently rugged to sustain aircraft vibration,
shock, and maintenance handling.

o Be located, relative to potential hazards, to minimize
the response time (e.g., in outflow ventilation paths).

o Provide minimum projection into the occupied areas,
thus avoiding accidental mechanical damage and improving
the appearance.

o Utilize normal crew and passenger alertness to fire

incidents.
5.2.2 EARLY WARNING FIRE DETECTOR(S) SELECTION

To avoid costly and annoying false alarms, a concept was

selected for further analysis which utilizes two highly
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reliable detectors to confirm the existence of a fire situation
justifying an alarm. This is similar to design concepts now

in use which incorporate two heat detectors in an aircraft
engine nacelle. Confirmation from both detectors is required
to trip the alarm. For reasons cited in Section 4, an ioniza-
tion detector and a photoelectric detector were judged to
possess the greatest potential for fulfilling the design
requirements previously set forth. Both devices are sensitive
to incipient fire conditions and will provide an early warning.
One of the two detectors selected is a flow-through ionization
type proposed for application to the NASA Space Shuttle (Ref.
9). This detector has received the benefit of extensive
development for the proposed space application and it incorpor-
ates the latest state-of-the-art electronics technology. The
second detector is a sensitive photo-electric unit utilizing

a Light Emitting Diode (LED) source and the "Tyndall Effect"”
scattering principle. The ionization detector has a greater
sensitivity to open flaming combustion (e.g. burning paper)
.whereas the photoelectric detector is more responsive to the

" smoldering or visible smoke conditions (e.g. overheated electri-
cal wire). However, prior analysis suggests that both detectors
should be tripped by any typical zone fire well before 1t be-
comes a major hazard.

In this concept, a distinction is made between a "warning" and
an "alarm." Either detector can signal a "warning," and this
could be considered serious enough to merit visual inspection
(usually feasible in the cabin, lavatories, galley, electrical
load center, attic, and avionics compartment) by the flight
crew. However, if both detectors signal a "warning," an
"alarm" results and emergency procedures are warranted. Since
the detectors are based on different principles, thelr response
to spurious environment influences (altitude, humidity, etc.)

is different, enhancing the overall reliability. The logic of
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the monitoring system which provides appropriate warning and
alarm displays is discussed further in this section.

As indicated previously, reliability of an on-board detection
system is a prime requisite. A detection system which fails
to indicate an incipient fire condition would permit the
situation to propagate unnoticed while an overly sensitive
system, prone to nuisance alarms, would soon lose the confidence
of the flight personnel leading to its deactivation. The dual
system, properly designed and developed, has a good potential
of achieving the objective of a dependable detection system.
It should be noted that the extensive development and testing
of new detectors that is currently in progress may well reveal
alternate equivalent detector systems superior to this study.
As premised in Section 1, it was not the purpose of this study

to endorse a specific system or a particular product.

DUAL DETECTION SYSTEM CONFIGURATION

To minimize installation and maintenance costs, it is recommended
that the dual detector be a single assembly. A forced con-
vection or flow-through detector, properly located, will be
more responsive to an incipient fire condition than a detector
relying on the natural convection of the same aerosol particles.
The particle separator feature developed for NASA Space Shuttle
Fire Detector System may be a desirable feature for best per-
formance of an ionization detector. An integral fan is pro-
posed to induce flow through both the ionization detector and
the photoelectric detector. Since the airflow entrance and
chamber design is of basic importance for the photoelectric
type to reliably sense hazards by convection as shown by
Heskestad (Ref. 11), it is conceivable that forced sampling

of environmental air through the unit will improve its response.

A schematic of a dual-element system is shown in Figure 5-1.
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5.2.3.1 Detector Power and Wiring Requirements

Assuming the dual purpose detectors are housed in a single
assembly, as shown in Figure 5-1, the supply power and signal
conditioning to the monotoring microprocessor will be less
than 5 watts (28 vdc) and less than 1 watt (28 vdc), respect-
ively. The fire detector system power can readily be supplied
by the aircraft electrical system under normal operation and
switched to ground cart or aircraft battery power in the RAMP
condition; this switching being controlled from a panel in the
flight station. During emergency conditions, the detection
system will be designed to automatically switch to the air-
craft battery power system. Based on the low power and signal
conditioning demands, conventional 20-22 AWG size wiring

could be used. A two-wire loop would provide power, from
separate sources, to each detector of the dval assembly. A
self-test/BITE loop serving both detectors and an alarm-reset
loop could be provided for each detector, consisting of a
minimum of four wires to the microprocessor for each detector.
In total, a minimum of 10 wires to each detector assembly,
consisting of 20-22 AWG would be adequate. Also, because of
the low power requirements, each detector assembly could
readily interface with other existing aircraft power supply

systems.

5.2.4 FAIL-OPERATIONAL ANALYSIS
The operational reliability of an active system, such as the
conceptual prototype Fire Detection System, (FDS), described
herein, will be considered to be limited by the failure or
the service lifetime, of any active non-redundant component
of the system. Therefore, it will be necessary to anticipate
the failure modes and lifetimes of all active components of
the dual detector system in order to evaluate the fail-

operational aspect of the total assembly.
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5.2.4.1

Flow-Through Ionization Detector

This unit consists of four (L) active elements:

o Separator

o Sensor

o Fan/Motor

o Electronics
The separator is a fixed element of the system and functions to
selectively direct only submicrometre particles , <O0.7x , to
the sensor subassembly. The inlet housing of the entire unit
has filtering capability to preclude clogging of the separator
tube. Secondly, the sensor subassembly consists of the sampling
and reference chambers. The ionizing element is a radioactive
source, Americium 241, having a very long half-life, typical of
radioactive sources. These low-level radioactive sources are
not normally considered to constitute health hazards. The third

subassembly, the fan and motor combination is the element

governing lifetime expectations. However, the mean-time-between-
failure (MTBF) of the motor, is in the order of 30,000 hours.
This MTBF is equivalent to approximately 3.5 years of continuous
operation. The electronics subassembly consists of microelec-
tronic (semi—conductor) hybrid circuits for motor control and a
source of voltage for the frequency converter functions. In
addition, it also contains a Large Scale Integrated (LSI) chip
consisting of many semiconductor components and is applied to
signal conditioning, alarm, reset and self-test functions.
Electrical connections between components is accomplished by
"flex prints" and a printed circuit board. The components are
designed to be easily removed, replaced and interchanged, pre-
cluding the need for calibration after repair. No specific
information was available pertaining to the MTBF of these micro-
electronic components. However, theoretically LSI chips and
other semi-conductor devices have a service life of 5-7 years

with proper design incorporation and environmental control.
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5.2.4.2

Counters employing these circuits and using LED displays reportedly

provide approximately 100,000 hours or 11.5 years of service.
Therefore, the MIBF of the flow-through ionization detector is
limited by the fan/motor subassembly lifetime of 30,000 hours.
However, in the event of motor failure, the conceptual Dual
Detector Assembly (DDA) can still function by the natural con-
vection of incipient particles, although probably at a reduced
response time. At the time of this study, no information was
available for consideration of other failure modes which may
be applicable to the assembly. However, because of advanced
solid state circuitry and absence of other mechanical working

parts, additional failure modes are presumed minimal.

Light Emitting Diode (LED) Photoelectric Detector

The major components or subassemblies of the photoelectric LED
units are:

o Light source

0 Receiving photocell

o DPower and signal conditioning circuitry

The light source is a light emitting semi-conductor or diode of

the photo semi-conductor class. The diode produces light, the
color of which depends on the semi-conductor material, when
current passes through it. Historically, the limitations of
photoelectric detectors has been the MTBF of incandescent light
sources, especially under vibration or shock conditions. This
situation has been greatly improved by the use of LEDs as light
sources. As indicated previously, the lifetime of LEDs is on
the order of 100,000 hours or longer, even to a theoretical 10

hours (Ref. 3), The receiving photocell of these sensitive

photoelectrics may be either a photovoltaic, photocurrent or a
photoresistive cell. The photovoltaic and photocurrent cells
produce a voltage and current respectively when light is incident

on the cells. The photoresistive type changes resistance when
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5.3

exposed to incident scattered light. The LED photoelectric unit
proposed for the Dual Detector Assembly (DDA) utilizes the
photoresistive type of photocell. However, other LED photoelectric
detectors utilizing photoconductive or photovoltaic cells for
receivers may also be applied. The MIBF of photoresistive
semi-conductors is similar to that of light emitting diodes, i.e.
the lifetime or endurance is dependent on the electrical current
stress level. If proper design techniques are used and only
half of the semi-conductor design stress level igs assumed,

the lifetime can be extremely long (10 to 30 years). Associated
power and signal conditioning circuitry, properly designed, will

not degrade the endurance lifetime or MTBF.

ZONAL DISTRIBUTION OF DETECTORS

The arrangement of Dual Detector Assemblies throughout the
various cabin zones (see Figure 1-1) is described in this sub-
section. A minimum of one DDA has been assigned to each zone,
although some of the larger zones have as many as three. This
approach may seem conservative, but elimination of some DDAs is
a more appropriate consideration in the tradeoff studies. The
zonal distribution of DDAs is:

e Flight Station (Zone 1)

One DDA is required primarily for RAMP fire protection.
(May be de-activated during the in-flight condition).

e lLavatories (Zones 2 and 6)

Protection afforded for the in-flight and RAMP conditions
with a DDA in each of seven lavatories, with a total of
seven (7) assemblies. Of particular usefulness in the
in~-flight condition could be the detection of unauthor-
ized smoking in these restricted areas.

e Cabin (Zones 3 and 4)

To provide protection against a RAMP fire, two DDAs

would probably be needed in each of these large zones.
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The accident survey of Section 2 indicated little
requirement for cabin fire detectors to supplement the
alertness of the bassengers and crew for in-flight fire
situations. Further rationalization of these detection
needs is discussed in the tradeoff analysis (Section 7).
Attic (Zone 5)

Protection can be provided against both in-flight and

RAMP fire situations with three (3) DDAs equally

distributed in this zone.

Cargo (Zones 9 and 12)

A DDA would be provided in each cargo zone (assumed to
be Class D for this study). Even though an in-flight
fire would be suppressed by lack of oxygen in these
compartments, it might rekindle when the cargo doors
were opened on the ground. Also, in the RAMP mode,

the cargo doors are not always closed. If the compart-
ments are Class C, current regulations require a
detection and suppression system. Some wide-bodied
aircraft have these systems.

Lower Galley (Zone 11)

The high service flame, smoke and overheat incident rate
in galleys substantiates the need for a DDA to protect
the in-flight and RAMP operational modes. Some current
wide-bodied jets already have smoke detectors in this
zone. Warning threshold levels should necessarily be
set higher in this zone to avoid nuisance alarms from
smoke and particulates associated with normal galley
operations.

Equipment Compartments

o}

Zones 7 and 8 (Afterbody and APU): Active protection
can be afforded for the in-flight, RAMP, and crash-
fire conditions with one (1) DDA in each zone. These

assemblies could be desensitized to accommodate
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normal operating levels of aerosols or mists.
Performance of the early-warning detectors in extreme
environments such as the APU compartment is uncertain.
Therefore, conventional continuous element heat
detectors, already installed on some aircraft, may
prove to be a more appropriate selection for this
type of compartment.

Zones 10 and 13 (MLG, NLG, Hydraulic Service Center):
Various aircraft possess diverse configurations of
the compartments in these zones. Each wheel well
compartment could be protected, which would require
(1) DDA for the nose landing gear and (1) for each

of the two main gear compartments. In some designs,
the hydraulic service center is ventilated to the
wheel wells and would be protected by the same DDAs.
The environment of the gear well will differ in its
exposure to one or more of the following: altitude,
runway dirt and dust, grease, hydraulic oil, and
temperatures resulting from hot brakes. As in

Zones 7 and 8, a different type of detector assembly
may be more appropriate for these zones. An addition-
al demand on the detector is that it should function
with the gear doors open. For purposes of this study,
one (1) detector is provided for Zone 13 and two (2)
for Zone 10 (right and left main gear wheel wells).
Zones 14 and 15 (Avionic and Electrical Service Center):
These zones contain a large number of electronic and
electrical components in addition to the aircraft's
battery. A potential hazard exists in these areas
because of high power dissipation loads and possible
component(s) overheat(s). An active DDA for each of
these zones could provide maximum protection against

in-flight and RAMP fires.
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5.4

5.4.1

'FIRE DETECTOR MONTTORING AND DISPIAY SYSTEM CONCEPT

A conceptual aircraft fire detection microprocessor monitoring
and display system (FDS) is described in this subsection.
Utlllzlng metal oxide semiconductor (MOS) and integrated (LsI)
electronics technology it should be possible to design a logic
system having high performance which is reliable, economical
and compact, for cyclic monitoring of the aircraft zone's Dual
Detector Assemblies (DDAs). The outputs of the microprocessor
system could be subsequently displayed on a LED Fire Management
System (FMS) display panel of the flight engineer's console.

DUAL DETECTOR ASSEMBLIES THRESHOLD AND ALARM INPUTS
The microprocessor could be programmed to display an alarm on
the FMS monitoring panel by two DDA input modes derived from:

o A fixed minimum sensitivity or concentration level

setting
0 Rate of concentration level rise of combustion
particulates.

A minimum concentration level for the ionization detector of
the DDA is in the range of 2500 micrograms (ugms) per cubic
meter (Ref. 9). This level is fifty times the mean background
level concentration of 50 gms per cubic meter which is present
in a typical laboratory environment during the working day.
However, in the typical air transport service environment, the
background level may be significantly above the 50 egms per
cubic meter. Similarly, the photoelectric detector of the DDA
has a minimum sensitivity level of 1.59 light obscuration.
These minimum sensitivity values are important for sensing
slowly developing fires, similar to those resulting from elec-
trical wire or equipment overloads. The rate-of-rise mode is
important for sensing rapidly developing fires fueled, for
example, by combustible fluids or waste paper. The micropro-

cessor logic for both the rate and concentration modes is
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5.4.2

‘shown for one of the detector pairs in Figure 5-2. If the

second detector, having the same logic, senses combustion
products, then the warning is confirmed and a valid alarm
condition is displayed. The rate and concentration settings
for each zone are developed from test data and can easily be
altered if service experience indicates the necessity. The

LED photoelectric detector may be programmed to incorporate

a special compensation feature which is responsive to a pre-
determined level of concentration and initiates an internal
rate-compensation circuit which in turn increases the intensity
of the LED light source. This particular feature reportedly

elevates the detector sensitivity by a factor of 5 to 1.

IN-FLIGHT OPERATIONAL MODE

During an in-flight situation, the microprocessor could
interrogate the continuous (analog) signals from each of a
zone's DDA at least once each 0.0l second, taking approximately
0.48 second for a complete pass through the DDAs (L8 detectors).
The analog signals would be converted to digital output by a
fast updating analog to digital converter and sent into the
microprocessor. The microprocessor would, in turn, output
status signals to update the FMS display panel. When either
one of the detectors of the DDA identifies the presence of a
hazardous, incipient fire condition in a zone, the output from
the microprocessor would provide a continuous yellow light on
the flight engineer's display panel. The microprocessor would
continue to interrogate the remaining zones. If the other
detector of the DDA in the same zone also trips, the yellow
warning would change to red, indicating a valid alarm. The
microprocessor logic could alsc possess the ability to shut off
or reduce the ventilation flow and shutoff of non-critical
equipment in the affected zone if incorporated into the system

design. A reset button on the panel would enable the flight
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engineer to reset either the yellow or red light and recycle the
logic search to confirm the hazard. In addition, a built-in-
test (BITE) feature would be provided to enable the flight
engineer to checkout the status of a selected zone DDA at any
time to assure that the system is active. An important feature
suggested for the FMS would be a lockout of the automatic dis-
persal capability of extinguishant while in the in-flight
condition. The suppression system during in-flight would be

manually operable only at the option of the flight engineer.

5.4.3 RAMP OPERATIONAL MODE
During the RAMP condition, the FMS could be switched to auto-
matically monitor the zones, provide an external audible alarm,
and also transmit a signal by radio-communication to local fire
services. An additional capability could make it possible to
automatically actuate either the onboard or ground suppression

system.

5.4.4 FIRE MANAGEMENT SYSTEM DISPLAY
As the number and complexity of systems in modern aircraft have
increased, the task of the crew in monitoring their status and
providing rapid, logical decisions has become increasingly
difficult. With the Fire Management System, as detailed above,
it would be possible to simplify the monitoring and display
system status to expedite logical decision-making in the event
of an on-board incident. The FMS display system is envisioned
as a small-scale cross-sectional presentation of the aircraft
as shown in Figure 5-3. A combined yellow/red LED light would
be located at each of the 25 DDA positions. Also, beneath the
pictorial display would be on-off switches to control the FMS
power provisions for alarm/reset, selection of extinguishant
by one-shot or two-shot, ability to monitor extinguishant

pressure, to set self-test or BITE and pre-set the ramp condition.
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An alfa-numeric window display would be provided for malfunction-
ing detection identification and extinguishant concentration
readout. By use of a two-position switch, the extinguishant
could be automatically (except in the in-flight condition) or

manually activated.

FIRE DETECTION SYSTEM WEIGHT AND COST ANALYSIS

An analysis was made of the conceptional Dual Detector Assembly
requirements for each of the zones of a hypothetical aircraft
indicated in Figure 1-1. By assuming 20 AWG fully qualified
wiring at a unit weight of .00462 lbs/per ft. and locating the
DDA in the center of a zone (or in the case of the attic or main
cabin, evenly distributed) an analysis was made of the wiring
lengths and weights. For the analysis, the power loop (2 wires)
to each unit was assumed to be 14 feet and connected to separate
28 vdc power sources (for increased reliability). The signal
conditioning wire loops (U4) to each DDA leading to the flight
station (Flight Engineer's Console) were also determined for

each zone. For the analysis, production wiring costs, in 1975
dollars, including material, labor, installation, associated
harnessing, and connectors, were estimated at $0.46 per foot.

The DDA unit weight was assumed to be 4.0 1lbs., including 1.5 1lbs.
for the ionization unit, 1.5 lbs. for the LED photoelectric unit
and 1.0 1lbs. for related enclosures and attachments. For analysis,
the ionization detector cost was estimated to be $1000 per
detector, with $250 for the LED photoelectric detector and $3000
for the flight station microprocessor and display panel which
provides cyclic interrogation, signal conditioning, and displays.
Table 5-1 summarizes the weight, cost, and power requirements of
the individual zones. The total FDS required power was estimated
as 156 watts with a weight of 180 1lbs. and a cost of approximately
$42,000. These are estimated recurring costs based on similar

equipment and systems.
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5.6
5.6.1

FIRE SUPPRESSION SYSTEM (FSS) CONCEPT
REQUIREMENTS

For a fire extinguishing system which will protect against fire
in individual fuselage compartments by selective flooding of
the compartment, the agent should possess the following character-
istics:
o Physiologically compatible, both in the neat and
pyrolyzed form, with passengers and crew.
o Effective in a post-crash situation despite open doors
and fuselage ruptures.
o Effective against all classes of fire.
o Produce no damage to cabin materials, equipment, and
cargo, that it will come in contact with during dispersal.
o Efficient such that a low concentration is effective
for extinguishing all classes of fires.
o Safe - requiring no unusual storage or handling pro-
visions.
None of the gaseous agents that were investigated in Section L
possess all of the desired characteristics. Agents which show
promise as being the most physiologically inert are inefficient
extinguishants; therefore, requiring high concentrations with
associated high weight penalties. The more efficient extinguish-
ing agents present problems relative to their toxicity in the
neat and pyrolyzed forms. With the exception of toxicity con-
siderations, the agent which approaches the desired character-

istics identified above is Halon 1301 (CBrF The toxicity

3)'
and resulting physiological effects of Halon 1301 are under-
going further experimental research in various government-
sponsored programs. However, since Halon 1301 was the only
agent available during the study which had significant potential,
a system design having the following criteria was considered:

o) 5% Halon 1301 concentration limit in occupied compart-

ments.
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0 All numbered fuselage zones were considered for agent
application.

o High agent discharge rate was presumed in occupied
areas for adequate mixing and extinguishing and also
to minimize pyrolysis products of the agent.

0 Minimum weight system.

o Optimized agent discharge rate in unoccupied areas to
take advantage of possible weight savings resulting
from use of small diameter distribution tubing, without

jeopardizing effectiveness.

5.6.2 GENERAL SYSTEM DESIGN CONSIDERATIONS
Since the agent and its storage container form a major portion
of the weight on a suppressant system, an effort was made to
optimize the design. A computer program was written to predict
agent storage bottle weight as a function of discharge time,
discharge orifice size, and other parameters. The results of
the analysis are detailed in the Appendix. By selecting stain-
less steel storage bottles and a two-second discharge time,
the weights shown in Figure 5-4 were obtained. The total system
weight was influenced by assumptions regarding the discharge
configuration and bottle support structure. These assumptions
were extrapolated parametrically based on several detailed
designs of similar systems. A minimum bottle and agent weight
(per volume protected) occurs in the range of 3000 to L4000 cubic
feet of volume. For example, to protect a 7000 cubic foot com-
partment, two bottles represent a lighter configuration than
one bottle. As explained in the Appendix, the minimum weight
occurs in a tradeoff between discharge plumbing per bottle
and the higher nitrogen charging pressure (heavier bottle con-
struction) required to discharge all the agent in the desired
time from larger bottles. Using the assumptions of Figure 5-4,

an estimate of weights and costs for one and two-shots systems
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is made considering individual bottles systems mounted in each
zone. The data are presented in Table 5-2. This design
obviously results in large total costs and weights, but is useful
information for this study. The heayiest single element in a
Halon 1301 extinguishing system is the charged agent container.
Therefore, in order to achieve a minimum system weight, it
becomes necessary to supply the minimum amount of agent that
will provide adequate protection for each of the zones on a
selective basis, but will not protect all zones simultaneously.
A further extension of minimum weight design requires that
container placement in the airplane be such as to minimize the
length of the distribution tubing. This is particularly true
where larger diameter tubing is required to achieve high dis-
charge rates. Additionally, a minimum weight design suggests

a deviation from the concept that agent supply must be adequate
to provide for a two-shot system to any zone. A two-shot
requirement would in effect double the amount of agent required.
With the system concepgxggsgr%ggg,sgwo shots are possible in
all unoccupied zones./ In the main cabin zones, the one-shot
system is justified on the following basis:

o In-Flight Fire - It has been one of the assumptions of

this study that the suppression system for the occupied

areas would be used in-flight only in extreme emergencies.
o RAMP Fire - Concentration would be maintained for a

period long enough for the airport fire department

to arrive.

o Post-Crash Fire - Evacuation must take place before

external fire consumes the fuselage structure -
effective agent concentration could probably be main-
tained during this interval, until airport crash fire/
rescue crews arrive.

An alternate concept is detailed later in this section of pro-

viding suppression for the RAMP fire case only by utilizing a
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5.6.3

ground cart. In this case, only the distribution tubing is

carried on the aircraft.

DESCRIPTION OF AN ON-BOARD SUPPRESSION SYSTEM

Assuming that the protection of all fuselage compartments is on
a ‘elective basis, the minimum amount of agent required is
devermined by the largest single compartment volume to be pro-
tected. The largest compartment volume is represented by the
main cabin area, Zones 3 and L, for a total volume of 17,000 cu.
ft. Based on the NFPA 127 Standard, approximately 20 pounds

of Halon 1301 are required to protect a 1000 cu. ft. volume at
a 5% agent concentration. A total of 340 pounds of agent igs
therefore required to inert this total cabin volume. The
optimization study described in the Appendix revealed that as
the agent requirements increased beyond 60 pounds, a substantial
weight penalty would result, if only a single bottle was used.
Based on these considerations, six containers with 60 pounds of
agent each resulted in a minimum system weight and the greatest
flexibility of arrangement.

Following the selection of the number and size of agent con-
tainers, consideration was given to their placement within

the aircraft. For maintenance, the most desirable location for
the containers is the underfloor area in various equipment bays.
However, increased weight resulting from the tubing requirements
to achieve a high rate discharge into the cabin, is the primary
factor causing the six containers to be mounted in the attic
area, spaced at approximately equal intervals along the length
of the fuselage. As a result, advantage is taken of individual
distribution tubes that are less than 10 feet long. The
necessarily longer pipe lengths into the equipment and cargo
compartments were accepted on the basis that these plumbing
lines can be of significantly smaller diameter since the dis-

charge rate into these compartments is not as critical. This is
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5.6.4

true for all underfloor areas except the lower galley zone

where the ducting would be sized to assure a high discharge

rate.

SYSTEM FUNCTIONAL CONCEPT

In the conceptual design, all bottles are identical, each with

three individually fired (discharged) outlets. With the bottles

numbered from one to six, fore to aft, their system function

would be as follows: (See Fig. 5-5)
Bottle Number One

1.

a.

Outlet number one supplies first shot agent to Zone 13
and Zone 1L simultaneously. Fire in either zone would
result in agent dispersal into the adjacent zone as well.
Outlet number two supplies first shot into Zone 12,
Outlet number three supplies agent through two nozzles
into forward end of first class cabin area, Zone 3.

Bottle Number Two

Outlet number one supplies second shot into Zone 12.
Outlet number two supplies agent through two fore and
aft oriented nozzles into forward and mid-attic

area Zone 5.

Outlet number three, aft end of first class cabin,
Zone 3.

Bottle Number Three

a.

b.

C.

Outlet number one supplies agent for the lower galley,
Zone 11. To assure that agent concentration in the
Galley does not exceed 6%, the excess agent is dis-
charged into the adjacent Zone 12. This outlet will
not discharge with fire in Zone 12.

Outlet number two - supplies second shot to Zones 13 &
14 simultaneously

Outlet number three - fwd end of coach cabin, Zone L.

Bottle Number Four

a.

b.

Outlet number one - supplies first shot agent for
wheel well and hydraulic service center, Zone 10.
Outlet number two supplies agent through two fore and
aft oriented nozzles aft and mid-attic area, Zone 5.
Outlet number three, middle of coach cabin, Zone L.
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5. Bottle Number Five

a. Outlet number one supplies first shot into aft cargo
hold, Zone 9.

b. Outlet number two, second shot to Zone 10.

c. Outlet number three, middle of coach cabin, Zone L.

6. Bottle Number Six

a. Outlet number one supplies second shot into aft cargo
hold, Zone 9.

b. Outlet number two - supplies second shot into Zone 7

c. Outlet number three, aft end of coach cabin, Zone L4.

Based on the above system description, Table 5-3 summarizes the
various zone volumes, the agent required for each zone and the
actual quantity dispersed. The optimized fire suppression sy s-
tem functional aspects are presented in Table 5-L,.

The flight station (Zone 1), the lavatories (Zones 2 and 6), and
the electrical service center (Zone 15), are not protected by
the basic integrated suppression system although equipped with fire
detector assemblies. These zones are relatively small and large
discharge of agent into these spaces might raise the agent
concentration to unsafe levels in the area. Therefore, these
compartments could be protected by self-contained systems (see
Table 5-4). Also, the hazard survey of Section 2 indicates that
with early warning detection, an in-flight fire incident in these
zones could be adequately suppressed with portable hand-held
extinguishers. In the hypothetical wide-bodied aircraft chosen
for study, the electrical service center (Zone 15) is accessible
through a door from the galley. In designs where this zone is
less accessible, the zone could be added to those protected by
the overall system.

Agent dispersal and effectiveness in the cabin for an in-flight
emergency would be conﬁrolled by the flight engineer. Agent
effectiveness would be affected by the normal cabin ventilating
flow (0.3 air changes per minute). This ventilation flow would

dilute the concentration of the dispersed agent too rapidly
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5.6.5

5.6.6

(e.g. Figure 3-1). Consequently, emergency procedures by the
flight engineer would require manipulation of the ECS flow valves,
reducing the ventilation flow to the minimum required to sustain
pressurization. Typically, this reduction would be about one-
third the normal flow (0.1 changes-per minute), thus affording
additional time for fully suppressing a fire. The microprocessor
would provide the required logic to select which bottle valves
are opened based on the alarm conditions. As mentioned earlier,
the actual in-flight discharges would be at the discretion of the
flight engineer, allowing time to assess the situation and alert
passengers, as required.

With the on-board integrated system described, RAMP protection
would be provided with the FMS activated for the RAMP mode.
Operational procedures would be required to leave the flight
station door (Zone 1) and doors to the lavatories (Zone 6) open

for cabin suppressant protection.

WEIGHT AND COST ANALYSIS OF ON-BOARD FIRE SUPPRESSION SYSTEM

The weight and cost estimates are based on current design and
fabrication of similar installations in cargo and APU compart-
ments with appropriate modifications for compatibility with
designated compartments.

For an integrated minimum weight design, based on the 17,000 cubic
foot volume of the main cabin Zones 3 and L, the weight and cost
breakdown is shown in Table 5-5. The total suppression system,
providing protection to all zones and shown in Table 5-6, is
estimated to be $37,840 and the weight penalty would be 725

pounds.

MAINTAINABILITY AND RELIABILITY CONSIDERATIONS FOR THE FIRE
MANAGEMENT SYSTEM

Considering the optimized system, maintenance and delay costs
were estimated based on service experience with similar system

components in APU and cargo compartments. It is suggested that

5-31



*£3TTTqRdBO JOUS-OMT %%

*00h2$ 29 PTNoM S3T3309 9 28J®yoa1 0% 2S00 92Ul puB °"SqT 09€ ST 3UIToMm qua8e TB3OL x

0£6°2E$ "sqT 199 HT ® €T ‘2T ‘IT

: v ‘0T ‘6 L ‘G ‘4 ‘€ sauoz - T®I0L

o6t ‘2 LT €9 xx (HT pue €T sauoz) Surqumid

008°T ct 09 *x (ZT @uoz) Surqumid

029°‘T 9T 7S (TT 2uogz) Surqumtg

0L9°T 9T 7S xx (0T @uoz) Jutrqumid

ooL‘e 8T 06 *x (6 2uoz) Surqumrd

00c | c G xx (L Puoz) SurtqunTd

009 H oc (¢ suoyz) Sutqumid

05812} "SqT 28S f % € SOUOZ T30l

ooo«w 9 STNOSUBTT9S T

0G60°T 8e 8602 BUTITM

0009 o€ -- sqzoddng

008°T 8T 09 SutqumTd

000°2T$ 006 -- %(9) sasurejuO) pue JULSY
Ampm 000°¢LT = SumTOA) f{ PU® ¢ S3UOZ

(s¥yT1I0Q) (sat) (33) HIDNAT WALT
LS0D IHDIAM ONTENT

WALSAS NOISSHMAANS H¥IA CEIVIDLINT HHL ¥O0dA LSOO ANV IHDIHEM -G TIdVL

5-32



(popTAoad ST UOTFRIFUSIUOD 9, °IoUM G 3U

oz qdeoxy) seuoz paTdnodoumn UT q0US-OMT %%

Asmpm%m pOUTeqUOO—J[OS) S3UCZ potdnoo0o UT 30UYS-dU0  x

ong LES cel
STVIOL

09¢°‘T T2 %x(2-G oTqel woxd) °JI3D IOTAISF "O9TH ¢T

- - (peddtnbd fpeaatTy) *qdwod NIV o)
000°‘T o %x(2-¢ o1qel woxd) Axojene] IV 9
og6°ee L99 xx(G-G 9TqeRL WOXI) HT

9 €T ‘2T ‘TT 0T ‘6 ‘L ‘¢ ‘n ‘€
000°‘T 3 x(2-¢ o1qel woxd) AxojenreT DAL 2
06T ¢ 1e %(2-G °Tqel Woxd) UCTIBLS FUSTTL T
S
o ot 2007

WAISAS NOISSHMAANS TIId @IVOd-NO HITIIWOD 40 STYIOL IS0D QNV IHDIEM 9-§ TIEVL

5-33



19°T JNOH JYSTTA J9d TYIOL QNVED

mu.o% 2T°T$ saer1od °S°n GL6T TVIOL
0T 0% - (%G2) BursnoyaIem TBTISJBN
- 2l 0% (x0qeT Jo %0QT) uspang
- oh* 0% anoy x2d 00°g$ 1® I0qBI
oTH6E "0% 096t0° 0 TVILOL
"3Tsul 06200°0 . SuTITM
-31sut *3t1sut SutqumTg
..%meH *31sut 238aBYISTIQ “OTZZON
23l 0 - TTO00" 0 Toajuo) ‘Taued
ceeee o 991000 J03BT3TUT
-31sug 00f00° 0 (09U ,V,,) @aussadad R 23xeYISTQ ‘I03@ITPUT
*STSuT 98H00° 0 FUIYSTNSUTAXY ‘JI2UTBIUOD
WHLSAS ONTHSINONIIXH HYTJd
0000T "0 04T2C"0 Toued Aerdstd SAAY
06.20°0 6LE00"0 J10S$200xdOIDTI
00cT0"0 00TO00"0 JI97JI9AU0Y) TBITITQ 073 JoTeUY
60020°0 22L00°0 sJosusg Teng

WNHLSAS NOILOHIHA HYTJA LAVIOHIV

¥NOH IHOITA ¥NOH IHOITd ¥Hd WALI
¥d $ TVIYILVI 'SYNOHNVW HOdV'T

(INTOV HNTHSINONIIXA TTLYWNASNOD
DNIANTOXHA ) LSOO TONYNAINIVW THLVWILSH
- WILSAS DNIHSINONIIXA ANV NOILOEIIA FYIA  L-G TIVL

5-34




*SIETTOP GLOT - 3JBIDITR

Apogq-spTM JOT pazepdn - IoTiaz) JTy S ‘N Joleu e £q pa3onpuod Lpnys ® uvodn pasmq Bleq (1)

aTo£D 4ul8trd xod 9n0$ = *069$ X L000'0 = 350D AeTaQ ‘8103243YJ
seqnuTw L = awi] Aereq wa3shg

pue sangaedsp Jod sAersp L0O00°0 29®'y ArToQ waasAg

- SUTITJIT® TBOTAA]

860°€E 069 Loe TVIOL

oM of oM (1) 3s0) st1sATeuy

:NN“H 6.Lh 19T Amwﬂhﬁﬂmm 3mhov sqso) SurzeaadQ

L L 0 I9U30

TT T 0 ydexdsTa] % 2uoydsTal

wﬂ T 0 SQBOTXRB]

eld 0 0 ST990H

€9 0 0 uotqerIodsuBa], I9U30

69 0 0 STeSN

84 H 0 LxoAnTTa(Q 23e33eq
AHvmpmoo BuTTpuey J23ussSsed

6TS HE 0 Aﬂvmmoq TTTMPOOH

8E0°T 39 0 SSOT onusAdy 239N

I9A0 %R 09 66 - 0¢ 62 - 0 WALI

(S°9MUTW) AVIAQ 40 HIDNAT
SYYTION S "N GL6T

LS00 AVIEC QEIVNILSHE -~ WHLSAS
DNTHSINONIIXA ANV NOILOATAQ @¥Id Q-6 TIIVL

5-35



5.7

5.7.1

operational checks, using the FMS Microprocessor in the BITE
mode, provide low bottle pressure indication and a continuity
check of all bottle squibbs. The maintenance cost summary shown
in Table 5-7 assumes that the installation would provide adequate
access for maintenance. The maintenance and material costs are
projected at $1.61 per flight hour (Ref. Table 5-7). These
costs would be additive to the total aircraft direct maintenance
cost, which for wide-bodied aircraft of this size is currently
in the range of $200 to $430 per block hour (Ref. 50). The
costs due to delays attributable to the FMS are estimated in
Table 5-8. The delay costs are projected as 46 cents per flight
cycle.

GROUND SUPPLIED FIRE SUPPRESSANT SYSTEM FOR RAMP FIRE PROTECTION

An alternative to the self-contained cabin fire suppressant sys-
tem is to provide a permanently installed agent distribution
system with the agent supplied from a portable, external supply.
This approach affords a substantial reduction in weight and cost
over the self-contained system. However, cabin protection is
limited to RAMP or unattended aircraft only. An evaluation of
this concept was requested (Ref. 49) as part of the feasibility
study. Since RAMP fires do not generally threaten human life,
the hazard must be judged primarily on economic grounds. Other
methods of providing RAMP protection are considered in the
tradeoff analysis (Section 7). For the survivable post-crash
case, the integrity of the cabin agent distribution system can-
not be relied on. Therefore, plug-in for post-crash protection
may not be usable at all times. However, some circumstances
could make this system concept attractive for RAMP protection

if it were economically feasible.

DESIGN CRITERIA

System design is based on the following criteria:
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5.7.2

1. Agent distribution to Zones 3 and 4, main cabin area
only.
. Agent discharge rate 10 seconds.

3. 7% Halon 1301 maximum concentration.

2

3

L., Temperature range -4O°F to +130°F.

5. Single point "plug-in" quick disconnect.
6. Wheeled ground cart for agent supply.

7

Automatic agent dispersal electrically triggered by
aircraft fire detection system.

SYSTEM DESIGN

The quantity of agent required to protect the main cabin area of
Zones 3 and 4 is established by the volume, the required agent
concentration and the minimum anticipated ambient temperature.
Based on the NFPA 12A Standard (Ref. 23) LOO pounds of Halon

1301 would protect the Zone 3 and L volume of 17,000 cu. ft. with
approximately 4.5 to 6.5 percent agent concentration over the
-40° to +130°F temperature range.

The aircraft distribution system would be supplied from a single
point quick connect fitting near the bottom fuselage centerline
at approximately the fuselage mid-point (Fig. 5-6). A vertical
header duct from the quick connect fitting following the fuselage
contour would "tee" into the fore and aft overhead distribution
duct at approximately mid-point. The distribution plumbing would
be sized to maintain the agent in the liquid state throughout

the 10-second discharge time.

The ground cart would be a towable four-wheeled cart similar to
current airline inventory Oxygen System service carts (Fig. 5-7).
This cart design could be modified to provide support for two (2
200 1lb. Halon 1301 storage‘cylinders (15 dia. x U8 and the
required manifold and pressure gauges. Additionally, stowage for
approximately 20 ft. of 2-inch high pressure flexible hose would

be incorporated into the cart.
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5.7.3 WEIGHT AND COST OF GROUND CART
In Table 5-9, the weight penalty to the aircraft is shown to be
approximately 86 pounds. The cart is estimated to cost $8L0O.
With aircraft on-board detection and alarm, it is probably'not
necessary to provide a cart for every parked aircraft. Within
a few minutes of an alarm, a nearby cart could be plugged into

the aircraft quick disconnect fitting and accomplish the fire

suppression until fire services arrive.
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6.1
6.1.1

SECTION 6

IMPROVED FIAME RESISTANT AIRCRAFT INTERIOR MATERIALS

In this section, activity by governmental and industrial
research organizations directed toward developing improved
fire safe materials is reviewed. Promising materials develop-
ments are highlighted and conceptually incorporated in the
hypothetical transport to compare these selected material

improvements with the fire management system under study.

MATERIAL IMPROVEMENT OBJECTIVES
MATERIAL REQUIREMENTS

Improvement in the fire safety properties of a material must
be accomplished without degrading other important material
characteristics, such as:
o Serviceability, including endurance and tear resis-
tance, etc.
o Resistance to cleaning solvents.
o Manufacturing properties, such as ease of forming,
bonding, and fabricating without major re-tooling.
o Production and maintenance handling properties.
o Aesthetic appeal.
In addition, weight and cost must be consistent with economic
realities. While holding the above characteristics on a par
with existing materials, improvements are sought in:
o Greater resistance to ignition.
o Less smoke emission.

o Less toxic gas emission.



o Less fuel contribution and lower flame spread in on-
going fires.

It has been typical in the field of material development, that
improvements in one property, such as reduced flame spread,
may be accomplished at the expense of other properties; for
example, smoke emission or serviceability. Fire safety
improvements, therefore, involve difficult balancing and
tradeoffs between the important factors affecting the practical

application of a material.

6.1.2 TEST METHODS
Because material fire safety improvements must be judged by
some criteria, a variety of test methods are employed. The
quality and reliability of these test methods are of primary
concern since, if not valid, they may exclude good materials
and pass poor ones. It is beyond the scope of this study to
attempt a detailed assessment of available test methods; how-
ever, comments on the current state-of-fire safety testing
will be briefly included.
The principal fire safety properties which the designer needs
to know about a material are:

1. Ignitability - Resistance to ignition and flame

propagation when exposed to small and large ignition
sources.

2. Smoke Emission - Rate and magnitude of smoke emission

when exposed to flame and radiant energy.

3. Irritating and Toxic Gas Emission - Rate of emission

of all physiologically harmful gases.

L. Rate of Heat Release - A measure of the potential

contribution of the material as a fuel to an already
on-going fire.

5. Flame Spread Rate - The rate at which an on-going

fire propagates through a material, including radiant

6-2



6.2

heat effects.
Other relevant properties which also are of concern are the
ignition temperature and the propensity of the emitted com-
bustible gases to produce a flash fires.
The Federal Aviation Administration has selected vertical and
horizontal flammability tests for evaluation of ignitability
and self-extinguishing characteristics of aircraft interior
materials (Refs. 51, 52). For evaluating smoke emission of
materials, the airframe industry and the FAA have selected a
test using the NBS-developed smoke chamber (Ref. 53). Both
the vertical and horizontal flammability test and the NBS
smoke chamber test methods are in the process of being adopted
by the ASTM-F7 Committee (Aerospace Industry Test Methods) as
standard test methods. Measurement of toxic gas emission is
much more difficult and although some advanced techniques
(Ref. 54) are being evaluated, more research remains to be

done before a widely accepted technique will be available.

PROGRESS IN MATERIALS

A broad national effort is underway to upgrade the fire safety
properties of non-metallic materials used in aircraft and indus-
trial applications. Some of this work is proceeding with govern-
mental agency sponsorship and in many cases by the material
suppliers. Basic improved material thermochemical studies are
being conducted by NASA-Ames Research Center (ARC) and some
full-scale burn tests using improved materials are being per-
formed at NASA-Johnson Spacecraft Center (JSC). It should be
recognized that a fairly long development cycle of 2 to 5

yvears is typical for most new materials. Thié includes not
only the time required for material development, pre-production
testing and evaluation, but also the time for the market to
mature to the point where production quantities are available

at reasonable prices.
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6.2.1

6.2.2

THERMOFORMING AND INJECTION MOLDING COMPOUNDS

Chemical companies have been working on new low smoking polymers
for replacing certain resins and fire retardant inhibitors used
in the manufacture of thermoplastic materials which emit exces-
sive smoke. In addition, development of new materials is being
performed to replace those materials which emit suspected toxic
gases during fire conditions. Certain resin systems for impreg-
nating fiberglass fabric for laminates, sandwich skins or com-
pression molded parts such as phenolic, Xylok, and polyimides,
are already in production. However, low smoking adhesives
used for bonding these reinforced parts to the core materials
are not in production. Therefore, substitution is not easily
made without further development and manufacturing investiga-
tions. In addition, various new thermoforming materials have
been developed such as modified polycarbonate, modified poly-
sulfone, polyphenylene sulfide and polyether sulfone. These
materials appear to offer improvements for the over-all safety
characteristics of thermoformed or injection molded parts if
the materials can be made in various colors, are secondarily
bondable and can withstand the service environment. Evaluation
of these materials for replacement of presently used Acrylon-
itrile-Butadiene-Styrene co-polymer, modified polyphenylene
oxide, and polycarbonate parts are now being pursued by several
airframe companies, including the Lockheed-California Company
under a NASA-ARC contract.

LAMINATES AND SANDWICH CONSTRUCTIONS

Sandwich constructions are being developed which have the
potential to resist the penetration of a 2000°F. flame for
15 minutes and, therefore, could be appropriate as barrier
panels in areas in which limited "hardening" would be con-
sidered for improved fire safety. Cargo liner materials are

being developed which offer the potential of increased
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6.2.3

resistance to flame and lower emission of combustion by-products.
There are many new polymers and resin systems such as the
addition-type polyimide, Kerimid 601, and the aromatic poly-
imides (PBI) which appear promising. These resins may possibly
be combined with fiberglass or Kevlar fibers to produce a
fairly light-weight sandwich structure, which resists flame

and produces a low emission of smoke and toxic fumes. This
type of structure could be considered for many of the ceiling,
partition and sidewall assemblies. However, there is much
development work still required to produce usable interior
assemblies, including the volume of production material which

would be required to achieve reasonable costs.

SEATS AND UPHOLSTERY

Current aircraft seat cushions, which are also used for emergency
flotation, are usually made of fire retardant urethane foam
covered with a variety of upholstery materials. The problems

of urethane include high smoke and gas emission and a tendency
to drip and flow under fire conditions. Some interesting tests
on nine theatre seats were performed by E. I. Dupont, Elasto-
meric Division. A 3/16" layer of fire retardant (FR) neoprene
foam was applied to the back of a fabric and used to cover the
FR urethane foam cushions. In comparative tests with FR ure-
thane cushions, the FR neoprene-fabric covered seats showed
great improvement, primarily by limiting drippage and material
flow, such that damage was confined to one seat instead of nine
seats. This is an example of a tradeoff between smoke emission
and flame spread. Even though the neoprene has a smoke emissicn
D, value of 40O in 4 minutes as determined by the NBS smoke

test procedure, it prohibited flame spread, such that evacuation

in a real fire situation would probably have been safer.
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6.2.4

6.2.5

Another promising material for seat ticking is Kynol yarn, a
phenolic fiber derivative, which has low smoke and toxic gas
emission. Tests are being performed to confirm the benefits of
this application. These two methods of approach, for reducing
the overall fire hazard by controlling the spread rate of small
seat fires, could be employed to improve the fire safety of seat
cushioning until better foam materials are developed. Among new
cushion foams being considered for replacing older latex and
polyurethanes are the polyphosphazenes and polyimide type foams.
Also under development are new upholstery fabrics having greater
fire safety properties (e.g., Kynol, FR improved Nylon, PBI and

advanced Nomex).

DECORATIVE FIIMS FOR INTERIOR PANELING

Research is proceeding on the development of new decorative films.
These new films include phenolphthalein polycarbonate, polyether-
sulfone, Kynar, and combinations of these may be made which
should give promising results. Additional work is needed for

determining serviceability and cleanability.

FLOOR COVERINGS

Current materials in aircraft interior usage include FR wool,

FR modacrylics and some Nomex carpetings with urethane or latex
backings. New material development programs in this area
include work on Kel-F 2L01 coated asbestos (the Kel-F seals the
fibers; preventing dispersion in the atmosphere), improved Nomex
carpeting with FR neoprene backing, Kynol and relatively new
fiberglass carpeting with improved polymeric backings. In these
categories of interior furnishings, there is a time span between
qualification of .new materials for replacement of existing
materials and their actual implementation into service aircraft.
This delay is caused by (1) lack of an adequate supply of the
material in production quantities and (2) the time required for

evaluation of other necessary design properties.
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'POTENTIAL MATERIAL IMPROVEMENTS FOR EACH ZONE

The non-metallic materials improvements which appear promising
at present and in the near future are conceptually applied to
the hypothetical aircraft in this subsection. Tables 6-1
through 6-7 depict the parts and assemblies in the various
zones which could be replaced. The tables show the effect of
the change in materials, with respect to presently used mat-
erials on potential weight increase, a rough estimate of the
possible cost impact, and a best estimate of the initial
availability of production material to make the substitution.
The availability dates shown in the tables assume that the design
requirement for the material is firmly established one year
prior to the dates indicated. Another l—l/E'years after the
dates shown would be required for tooling, manufacturing, etc.,
before a material would appear on a production aircraft.

In several instances it is impossible, at this time, to forecast
the approximate cost impact or the availability of production
quantities of material and the tables indicate this problem.
Rough cost estimates are based on finished parﬁs and assemblies
at 1975 prices, and include the cost of processing within the
state-of-the-art.

As mentioned earlier, not all the test methods to evaluate
improved materials have been resolved, and thus assessment of
material for their fire safety improvement features often rest
primarily on knowledge about ignitability and smoke emission.
Consideration given to the area of toxicity is limited

by available knowledge. In order to proceed with tradeoff
studies between improved materials and fire safety management,
it was necessary to estimate the cost and weight impacts, by
zone, of the materials changes. These estim@tes are shown in

Table 6-8.
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SECTION 7

TRADEOFF ANALYSIS

A tradeoff comparison has been made between the two approaches
which have been examined in this study. Applying the approx-
imate weight and cost data from Sections 5 and 6, the two
approaches may be summarized as:

o A Fire Management System consisting of detection,

monitoring and suppression subsystems. The weight

of this system was estimated to be 905 pounds and

the recurring cost (not including design, development
and qualification testing costs) was projected to be
approximately $80,000.

o Improved Materials throughout most zones. This

approach involved an estimated weight increase of
781 pounds and a recurring cost increase to the
aircraft of $296,000.
It is appropriate in this section to compare, as directly as
possible, the advantages in performance, cost, and timely
availability which one approach has relative to the other.
Table 7-1 summarizes these factors which are discussed in

more detail in the following sub-sections.

FIRE PROTECTION PERFORMANCE COMPARISON

Since the safety contribution of each of the systems under
review is heavily influenced by the fire situation, all three

fire scenarios are discussed below:



7.1.1

7.1.2

POST-CRASH-FIRE

It has yet to be substantiated that an on-bourd cebin

fire suppression system using Halon 1301 can be effective

in improving the probobility of successful evecuation

under post-crash fire conditions. If it is shown to be, then
the Fire Management System would probably make & substantial
contribution to cabin fire safety in the 50 to 60% of the
survivable crashes where the fuselage is largely intact.
Because of the large amount of uncontrolled combustibles
brought aboard by the passengers, the increase in cabin fire
safety which can be achieved using new improved cabin interior
materials is limited. Also, the severity of potential ignition
sources under post-crash fire conditions may cause even the
best new materials to burn. In direct performance comparison,
the development of a safe, effective on-board fire suppression
system appears to offer greater fire protection potential than
improved materials. If such a system cannot be developed, the
incorporation of advanced fire retardant materials, which
prolong the safe evacuation time, becomes the most promising

approach to post-crash safety.

Because of the rapidity of the crash events, the detection
portion of the Fire Management System probably would not play
an important role in the post-crash fire. Its contribution to
improved fire protection would be largely for the in-flight
and RAMP cases.

IN-FLIGHT FIRE

The primary threat in this case 1s the undetected fire in un-
occupied zones. The early warning fire detection system offers
an excellent response to this problem. For inaccessible areas,
on-board fire suppression capability would be a benefit. In

occupied zones, hand-held portable extinguishers appear to be

r’/_'2



7.1.3

7.2

adequate. Fire retardant materials throughout the cabin
currently provide in-flight protection against small ignition
sources. Cabin fires have been shown to be quickly detected
and extinguished by the crew and passengers. Improved mater-
ials and barriers in areas such as the attic, the lavatory, and
certain equipment bays could provide additional protection.
Material changes which confine and contain the fire and com-
bustible gases within the zone would allow more time for
successful extinguishment. While improved materials would

not provide protection against flammable fluid leakage in the
equipment bays, the Fire Management System should be effective
in such cases. In summary, in overall performance, the Fire
Management System appears to offer greater protection against

the in-flight fire than improved materials.

RAMP FIRE

The Fire Management System would offer good protection for this
case. Whether or not it is the most economical way to deal with
RAMP fires is considered later. Improved materials, while
offering some additional protection, could not be depended on

to provide complete protection. The resistance of these new
materials to large ignition sources, such as a large bundle

of trash, has yet to be confirmed in full-scale tests.

ECONOMIC COMPARISON

As mentioned previously, the costs developed in this report
are recurring costs in 1975 dollars. Non-recurring costs
depend upon many indeterminate factors, such as the production
tooling, degree of development of the component or materials
at the time of go-ahead, etc. These non-recurring costs would
include design, development, and qualification testing. For
the improved materials this would include not only testing

for fire-related properties but also production methods,

development tests, and serviceability evaluations. New bonding,
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forming, and fabrication techniques would undoubtedly have to

be developed. Depending upon the specific circumstances, the
non-recurring costs for either improved materials or a Fire
Management System could range from a small fraction to several
times the recurring costs. Therefore, for the comparison pur-
poses, the non-recurring costs for the two approaches will be
assumed to be equivalent. Thus, on the basis of the estimated
recurring costs, the Fire Management System at approximately
$80,000 per aircraft has a lower cost than the improved materials
at $296,000 per aircraft. The imbalance in recurring costs could
be modified by variations in maintenance costs for the two ap-
proaches. Maintenance and delay costs for the Fire Management
System are projected to be about $110,000 over an assumed air-
craft life of 20 years with a utilization rate of 3000 hours per
year and 2.5 hours per flight. Presumably, maintenance costs on
improved materials would be less than on the Fire Management System,
but more than current materials because replacement and/or repair
materials would be more expensive. As a rough estimate, maintenance
of improved materials might be about 50% of the Fire Management
System (approximately $50,000 over the aircraft life). Increased
aircraft weight is also an economic consideration. Both approaches
have weight penalties, (905 pounds for the Fire Management System
and 781 pounds for the improved materials). The aircraft fuel
consumption cost-equivalent of this weight is estimated as follows:

Using the value of .094 1bs fuel (Reference 50) for an aircraft
1bs. equipment
of this size and assuming fuel costs of 36 cents per gallon, the

781 pounds carried over the 60,000 hour life of the aircraft

would incur additional fuel costs of $237,000 for the improved
meterials. For the FMS, the additional fuel cost would be $274,000.
The on-board Fire Management System provides RAMP protection also.

However, the value of this protection should be assessed on the



SECTION 8

CONCLUSIONS

Based on the reported survey of aircraft accidents and

incidents from 1963 and continuing into 1974, the

following conclusions were derived:

e}

The passengers and crew have generally functioned
effectively to detect and extinguish in-flight
fires in the occupied zones. The one exception
has been the lavatories, which because of
infrequent use, should be considered unoccupied.
Zones having a high incidence of fire and over-
heat problems were the galley, main and nose
wheel wells, and the flight station. Zones
having an unusuvally low incidence were the

attic and the cargo compartments.

The tradeoff study compared two approaches to increased fire

safety for a hypothetical wide-bodied transport aircraft:

(1) an integrated Fire Management System, incorporating fire

detection, monitoring, and suppression, and (2) improved non-

metallic materials having greater fire retardancy and lower

emission of hazardous pyrolysis products. Both approaches

were conceived to provide fire protection for all three rire

modes; post-crash, in-flight, and RAMP. The study revealed:

O

Performance and cost factors favor a Fire Management
System over improved materials. Some unresolved

technical problems exist with both approaches.
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Both approaches involve weight increases, with the
Fire Management System being about 16% hiéher than
improved materials.

The Fire Management System appears to offer an ad-
vantage over the materials approach in terms of
timely availability, considering the time required
for standardizing tests (particularly for toxicity)
needed to evaluate a material for total hazard.

The technology currently exists to provide an
effective early warning fire detection and
monitoring system.

An on-board fire suppression system is technically
feasible if the potential toxicity hazards associated
with decomposition of the extinguishing agent by
pyrolysis can be demonstrated to be minimal. No
agent was found having a performance superior to
Halon 1301, but its suitability for use in post-
crash fires should be demonstrated.

Numerous non-metallic materials with improved fire
protection properties are becoming available. Current
cost and weight forecasts indicate a sizable cost and
weight increase over presently used materials.

All the test techniques and qualifying standards
needed to judge material improvements are not yet
available.

A combined approach involving a Fire Management
System in conjunction with selective material im-
provements may offer the most potential for pro-

viding timely fire protection.
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APPENDIX

OPTIMIZATION OF SUPPRESSANT STORAGE CONFIGURATION

INTRODUCTION

The initial aim of this investigation was to compare the stored weights of =
variety of extinguishing agents, such as Halon 1301, CFh’ C2F6’ ete. A
computer program was developed which will handle any of these agents when
stored as a liquid. However, for reasons explained in Section L, none of the
agents except Halon 1301 appeared to warrant an optimization analysis of
bottle configuration. Also, for most of the perfluroalkanes, insufficient
thermophysical properties data were available to perform the analysis. There-

fore, the optimization studies that follow were confined to Halon 1301.

A method was devised for determining the initial pressure and volume of the
bottle storing the fire extinguishing agent at the minimum weight condition

for a given agent, discharge system configuration, discharge time, and cabin
‘volume. The method has been programmed for the CPS (Conversational Programming
System) terminal and involves an iteration of various initial bottle pressure
and volume combipations until the minimum weight is achieved. ITach iteration
involves the calculation of the complete discharge of the agent in order to
insure that the specified discharge time is maintained and that the pressure

in the discharge system remains sufficiently high to keep the agent as a
liquid. Maintaining the agent as a liquid until it is discharged into the

cabin. atmosphere permits a more rapid and uniform distribution of the agent

than if discharged as a gas.

The discharge configuration was assumed to consist of a tube 10 feet in
length having a 1.0-inch diameter. Although the configuration of the actual

discharge system has a strong influence on the analytical results, comparisons



and effects of variables other than the discharge system for a preliminary design
design study were believed to be most clearly understood by maintaining a

fixed discharge system. An orifice was assumed at the tube exit plane in the
analytic model in order to provide a means for maintaining a sufficiently

high pressure in the tube to keep the agent in a liquid form throughout the
discharge. Weight optimizations of orifice size for various discharge

times (constant cabin volume) and of orifice size for various cabin volumes

(constant discharge time) are presented.

CALCULATION METHOD

The various phases of the calculation procedure are shown in Figure A-1. The
length and diameter of the discharge tube and the orifice diameter must be
specified along with some physical properties of the agent (quantity, density,
vapor pressure, viscosity, specific heat, molecular weight, and nitrogen
solubility). The surrounding atmosphere was considered tc be at sea level
static pressure and TOOF for all studies presented in this appendix, although
these are inputs to the computer program and could have been varied. The
bottle is assumed to be spherical and made of steel. Nitrogen is assumed to
be the pressurizing gas. The program has a built-in technique for initiali-

zing the pressure and volume prior to each iteration step.

The first phase of the calculation (tube fill-up) involves the numerical
integration of the general differential equation describing a nonsteady,

viscid flow of an incompressible fluid, (Ref. 55).

2 2
% (QE) ds + (QX) ds + g%.(X;.> ds + bf v ds =0

Js ot 2 D 2
where P = density
p = pressure
s = axial distance
= time
= velocity

friction factor

g = g
1l

= diameter.



Since the fluid is assumed to be incompressible, the acceleration term,
dv/dt, and the density, P, are independent of the distance s. Integrating

the equation between limits of s = 0 and s = XL’ the equation becomes:

P - Py Qv v Lf X v°
—_—  — + — 4 + — ] =0
b x Ltz D Kenr 2 0
where PO = atmospheric pressure, i.e., the pressure at s = XL
. = pressure of Nitrogen, i.e., the pressure at s = 0
XL = distance that the liquid has travelled down the tube

entry loss factor between bottle and tube.

e

Initially, XL and v are zero.

The pressure of the nitrogen is calculated in steps, using small time
intervals, assuming an isentropic expansion from initial conditions. The
friction factor is calculated as a function of Reynolds number for a smooth
pipe. This method is used until the tube is full of liguid agent. The time
increments used during the numerical integration are summed to give the time

necessary for filling the tube.

The second phase of the discharge (bottle emptying, tube full) involves a
balancing between the bottle driving pressure and the pressure losses
associated with flow through the discharge duct. These losses include bottle
discharge loss, friction loss, and orifice loss. The driving pressure varies
as the nitrogen expands isentropically within the bottle. The flow rate is
considered constant for very small time increments. Hence, the guantity of
liquid being discharged is calculated assuming steady state conditions during

these increments until the bottle is empty.

The third phase of the discharge (tube emptying) is done exactly as the second
phase except that the friction effects are only considered for the length of
the tube filled with liquid agent. The calculation ends as the last elemental
volume of liquid agent passes through the orifice. The total time for the

complete discharge is found by summing the incremental times involved in
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Phases I through III. The pressure ahead of the orifice is monitored through-

out the discharge in order to determine the minimum value at any time.

Calculations of this type are repeated using various combinations of initial
bottle pressure and volume until 1) the required discharge time is attained,
and 2) the minimum pressure just ahead of the orifice during the discharge is
equal to the vapor pressure of the liquid agent. This pressure-volume combina-
tion represents the minimum bottle volume for which the agent can be maintained
as a liquid throughout the discharge. The bottle is assumed to be a spherical
steel container and its weight is calculated as a function of the volume and

initial pressure assuming a stress safety factor of L.

The minimum volume bottle may not, however, be the minimum weight bvottle.
Larger volumes, which increase bottle weight, offer the advantage of lower
initial pressures, which decrease the weight. Initial bottle pressure-volume
combinations for larger volumes, maintaining the same discharge time, are
therefore determined until the minimum weight combination of agent, gas and
bottle is eventually found. An out-of-scale sketch showing the general
results of the pressure-volume relationship and the influence of discharge

time is shown in Figure A-2.

RESULTS

The use of the calculation procedure described requires that the orifice
diameter be specified. The program then calculates the optimum weight bottle
for the particular orifice size. By repeating the calculation for various
orifice diameters, the optimum size orifice can be determined. Figure A-3
shows the strong effect of orifice size on the bottle weight, bottle volume,
and initial bottle pressure for a 1.0 second discharge into a cabin volume

of 1000 cubic feet. For the conditions shown, the optimum orifice size is
approximately 0.625 inches. The slope discontinuity in the initial bottle
pressure line can be explained by referring to Figure A-2. If bottle discharge
time is fixed, each orifice diameter will have a unique set of curves re-
sembling Figure A-2. For small diameter orifices, the lightest bottle weight

is at a pressure and volume where the Minimum Weight Bottle line intersects
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the specified Discharge Time line. As the orifice diameter increases, new
sets of curves are developed with the intersections of these two lines
eventually reaching the limiting line, above which the pressure must remain
to keep the agent liquid in transit. This is the point of discontinuity in
Figure A-3. For larger orifices, the specified time line intersects the
limiting liquid agent line before it reaches the Minimum Bottle Weight line
of Figure A-2. It is apparent that the initial bottle pressure for this
condition is lower than would be experienced if the Minimum Bottle Weight

line were extended to meet the specified time line.

The sudden change in slope of the Initial Bottle Pressure line in Figure A-3
has an attendant increase in bottle volume creating a barely discernable dis-
continuity in the Bottle Volume line. However, the effect of reduced pressure
on bottle strength requirements is greater than the effect of increased
bottle volume for slight increases in bottle volume. This causes the minimum
initial bottle weight to occur at a slightly larger orifice diameter than

exists at the point of pressure discontinuity.

To determine the effect of discharge time on bottle weight, orifice sizes
have been optimized for several discharge times. The resulfs are shown in
Figure A-4. Bottle weight does not change substantially for discharge times
greater than about 2 seconds. For shorter required discharge times, the
bottle weight increases due to the higher storage pressures required for the

small discharge times.

In application, the design of a fire-extinguishing system for various cabin
volumes involves the determination of the number of bottles, e.g., whether

one bottle containing all of the required agent or several bottles (and
therefore several discharge systems) each containing a portion of the required
agent results in the lowest weight. For this purpose, orifice sizes were
optimized for appropriate amounts of Halon 1301 in a bottle for a 2-second
discharge into cabin volumes between 300 and 5000 cubic feet. The results

are shown in Figure A-5. It should be noted that the total system weight is
the sum of the discharge system weight, the Halon weight, the bottle weight,
and the weight of brackets to support the bottle. As the volume to be
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protected by a single bottle increases, the fixed discharge system weight
represents a smaller fraction of the total weight. However, the bottle weight
increases more than linearly because of the high pressures required to force
all the Halon out in the specified time. Thus, there is an optimum volume

to be protected, as indicated in Figure A-6.

The minimum weight system appears (for the assumptions made) to result if a
separate bottle is chosen to protect every 3000 cubic feet of volume. In
general, a few large bottles produce a lower weight than many small bottles,
although the determination of the optimum number depends strongly on the
weight of the discharge systems. 1In a real application it may not be
possible to distribute uniformly a large amount of agent from a single bottle
through the discharge system assumed in the calculation. In this case,
either a different discharge system must be used or else a greater number of
bottles must be used and a weight penalty accepted. A curve of total system
weights as a function of cabin volume is presented in body of the report
(Section 5, Figure 5-10).

SUMMARY

Many of the variables involved in a fire extinguishing system can be optimized
in terms of weight by the method described in this report. For a real system,
the discharge system has a strong effect on the results and must be defined
prior to the bottle optimization. For preliminary design analysis, an
approximate configuration for the discharge system enables the effects of
other system variables to be quantitatively determined. The computer
programmed method is general enough to handle any liquid fire extinguishing
agent that is pressurized by nitrogen. Through the use of the method,

welght optimizations of the number of bottles, orifice size, bottle pressure,
and bottle volume are easily determined. A listing of this computer program
1s on file with the author of this report and/or the Federal Aviation

Administration.
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VARIOUS PHASES OF DISCHARGE CALCULATIONS

LIQUID AGENT
INITIAL CONDITIONS: on

/ DISCHARGE TUBE

.
'T D, (ORIFICE)
L >

PHASE | - TUBE FILL-UP:

PHASE Il - BOTTLE EMPTYING:

PHASE IIl - TUBE EMPTYING:

==

FINAL CONDITIONS:

FIGURE A-1.
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