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Fire ruppression in non-acecssible cargs compartment on-board commeseial aieplane iz provided by o eemolely artsated baili-
it fealen [201 Bce suppresgsion systenl. The systemn provides an initial 3% volubslric {rinisury) concentration of halon at ztl
operaliog coodiions, Subsgguent discharee (dump or metered} inaintdns 3% velumetde (minimum) epneentration for contin-
wed zafe flight to the nearest laoding ficld, Empty curgo compaiment volume and maximumn cabin-to-atabicnc differepdial
pressues leakage i used for systaro desigo. This paper cxamiancs the offects of operationat paramsders (i, leakage, corgo

Tpart) an system's G suppression offectivencss.
Momenclature
# = Cargo compartment sffective leakage area fin’.

C = Average volumeoic coneantraticon of halon in air by
volume (5],

D = Crosage [Homin.)

g = Acesleration due vo gravity (itsect).

H = Alftade {10,

L = Infiltration or teakage {cfim).

%] = Flow Mach Murmber (-

F = Prassume (paiah

R = Gus Coostaor (i-Ihb-"8 3,

§ = Speaific volome of baton (RSl

t =T {min)

T = Temperatae {75 e TR,

V= Valtane (1%,

W= Wairht {Lb)

Subseript

amb Outside Ambicot

c Cargo compartoctt

des design

H] hadon 134+

1 Carpt or load

It [RL

3] Foa-learc]

I firme

Grek symbols

ﬁ Compariment leakage cormection factor
) Ratio of Specific heas

& Compartment pressore matea (Fof Byd
t Fumation of indicatmi wirinbles

A Laviad facclor = S,

[ Trensity (eI

* Puncipal Engineer, Envirattoane] Control Systens
Fellow, Atmericsin Sociaty of Machasien] Bngitrears,
Prescnted at Intermetionsl Halon Beplacemsanl Weocking
Group [THRWG), Zurich, Switersnd, Junc 1998, The
author gratefully ackoowledges the conoibutions of hiz
eplleagues and managess. The author thanks The Baocing
Caripany for pacnissisn to prosent thiz papor.

Tntraducton

Five glasses of cargn cnpariments, A through B, are
described o Beclion 25857 of Fart 25 of the Code of
[ederat Repulations Title 14 {14CFR 25), referonce 1. &
compartmene that is  inacecssible in flight and iz geeater
than 100 cabic feet it volutne and or incorpormtes veott-
larioo 13 ¢lassified Class C. A Class C cargo companimesnt
1s requirest 1o bave

{1} A separate approved smoke detector or fine detcetor
Syslem: b mive weming at the pilot or flight cngincer
station;

(2} An approved buill-in fire axtinguishing system Son-
trollalibe froit the pdlol o Mightl enpineer station;

(3 Means o exclute heamdous guantities of smoke,
flamnes, or extinguishiog agent, from any compartment
cecupled by crow or passengers;

(4} Means to contral ventlation and dralls wathin the
compartrent 5o that (e axtinguishing apent wsed cn
coftral any fiee that may sian within the comport-
menl.

Firc deoction  systemt  roquirements  ace  defined in
F2IETR, Section 25,8510 identifies e regulacions ap-
plicable w e design of built-in fire extinguisher system.
Each e extinguisher system is required 1o be installed =o
ki«

() Mo cainguithing agent likely to eoter personnel
compartmeniz will be hazardous o the omoupants;

i) Mo discharps of the exlingaisher can causs souctural
damage;

{£} The capacity of cach tequired built-in exiinguishing
syatern 33 adequate for any fire Likely 1o ocour in e
comprarlinent,

Federal Aviation Authoriey {FAA) has detormined chat a
systomn that provides che following, in an emply cargo
comparment, 3 adequate for any fire Likely de ovcur in
(b compartinenl.



() Twital averape volumettic halon sonrentcarion
equal o or greater than 5% at all apemting con-
dattons (10 knock fown Naming cowbustion), and

i) A minimum everaps volemetric balon concentra-
tion of 3% ducng contintcd @ight ot nearear
[anding fiedd (o maistain D e suppressed)

Design Methodolopy

Aviation industry vilizes Mational Fine Prateclion Asse-
ciglion (MFTA) Standard [2A — Standard o Halon 130E -
« eleeence 2, 25 o guide  For systens design, The Balon
1301 weipht 10 achieve the desired initial design ¢oncen-
tratian, in the hazard volume, ic calculated usiog he fol-
loawing formula.

v[
W':E[{IGD—CJ

The abowe fommwela assucnes homopeasous tpixing and
ingludes an allowance for Jeakage (rom a “oght’’ eocle-
surs Jue to agent expansion. It assumcs ikat the haloo
130 and e roixare lost in this manner containg the final
dasimn concentracon of Balom 1301, Thiz represents the
worst case from a theorsticdl standpaint, and provides 3
built io zafoty factar to compensate for non-ideo] dis-
charge.

{Equation 1}

The volumelde concenimiivn produwced by a given waight
of halon 1201 is affacted by the enclosure termperziure.
The airplans cargo cprapartroent  §s reaintained abowe
freeving nperaluce, by degagn, 0 allew transpoct of
animals znd perichable pocds, The wviation ioduskoy wess
2 destgn temperatune, Ty, of 52VF (™ C) It selects initial
holon dischiorge based on seaelewel conditfons Clonvest
speeific volume of supsrbeated balon, 840 amd emply
cargo compartmeot volume, V.. The weight of hadon for
initial dump, Wy, is calenlated froo equation (1} wsing
desigh concenieation, Cpy, oqual go 5%, This yiedds

V.
W.m - 195}r

Aviatton industry wses e Jeakage rade, Log. determiyed
by flight test 2t maximum cebin-to ambisat differental
pressure, U cstimate the instantancsus  hadon concenir-
o0 [Clee wsing  the following mathematical rolatéon.

(] ,-[c], &%

The system Lksorpocates Teansms (o auigmatically (o
minuilly releass) supplanenlal baloo in Ui congpear bnent
after a fixed Gme delay, ty,. The time delay is determined-
Frgen equation (33, Iois the time for balon to decay o 3%

[Equedion 2)

(Equation 3)

concentralisn, This enstres adequate suppressioe capabidl-
iy during comtitned fight to the nearest landing field,

The awtomatic or manis] releass of supplemental  halon
miay b a Balen dump (iostintansous pelease) or a me-

wered cobtiouous supply (pressure and letmperature com-
pensated), Figure 1 show the chacacteristics of the

dumgddump system. Such a system @5 (ypically wsed for
smatl eirge eampartmeant of 3 shok range airplang,

Fig. 1~ Pump/Duonp Fira
Suppression System
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Figure 2 shows the characienstice of a dumpfinetensd-
supply systenl. The dumpfd metercd-supply system is pro-
ferted lor lorge volume carmo sompariments and or air-



planes that need to {ly for long time perfods {for cxampls
over watery Lo reach e nearest landing Field, It wees foss
Balon to maintain he design 3% covceatration, Ajrplancs
that fly long routes over water have syslens designed to
provide up to- 195 minetez of firs suppeession capability.

Fig, 2 -~ Dump/Metersd Supply
Fira Supprezsion Systen
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Effcets of Opematons! Pacametars
Effectz of (ypical cpaedicnal pasameters on fAre suppres-
sion sysem ffooiveness are discussed balow,

{2) Effect of ¢arga Jood and gorpaniment precsuns ratid,
{or aliude) on initiaf ergeentEion, [Clq

Assumplioms:
(17 Dizcharged halon =Wy, =constant
(2) Compacttbedat Temperairs = T, =constant

The efiect of cargo load on indtial eppcentration iz deter-
mined usiog the follawing relations,

] Carro compartmoent ned veluns, Yo,

Vn = V:'_Vr=Ve{1_E}=V;{I "-;L}

V.
(Eqnation 4}

{0 Specific volume of superhested balon 1301 at
cornpiriment pressuea, Ty, and femperdhite, To
i given by Bauation of State as:

S = S + Psr = Saf
£ L P; E
Frony equation ¢ 1} inddal halen coneentration, [Chy

* WJ{: *S.;
[Clﬂ - IUD Wnt-!-Wst * S.;]

Substinsce for Wy, W, and 3. froie (2, (4] and {3 G
ablain

(Bquasion 5)
{E-qumiun a)

1

{C]F“ {1+198*(1- A3}
Figuse 3 shows the solution of equation 7. Mo e rapid
inceesse o initizl halon comdéntidicn with increass in
Lesad Faetor =& all comportmend predsars tatios, &, (o -
tudes, B, Thiz gecurs due to reduced air volums in the
presence of ege, Tnitial heloo concenwation in excess of
20% {5 cvident For fead Erctors equal or grealed than S09,

{Equation 7]

Increased  halon  conceneation  suppresses Clang A
teombustible s0lids} fire with prester effectivencss, This
resnliz froc the follewing sxnergotic effects,

([} Taereased halem molecoles i the combustion zons
(Law of Mass Action - (e inslaotencous rats of
chemical reasiion is poopoertionad o the conezniration
of peacdanols ot any moment),

{ii) Increased cooling effest fwlon absocbs heat and re-
duces fwe] pyrolyeis], and

{fii} Feduoed oxygen partial pregsure due to the high con-
centration of haton {Dallon’s Law of Partizl Ppege
sures}. The caygen partiol pressure inan SO0 Tool
altitsde cormpaniment (Fe=1092 psia) iz 218 s
1,53 psii when the halon concantarion is 5 and 205



zespectively. The appurent alitudss (based on oxygen
pertia] préssursy are approgimately 9350 sod 15,750
feet respectively.
Fig, 3 - Fnitial Halcm
Concentration
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Tn addition, oxygen eonsumplion by fire and dilution of
compartreent ahnosphere by the products of combuostian
occies fasler, in 2 compartment of given fxed characler-
istic lewkuame, Ly, wher the load facios it Bigh. ihis
autcmaticakly promates fine suppeession,

Ts, il is measenable to conclude the faltgwing,

() The installsd fre suppression system will BUppPress
Clags A fire with  increased effectiveness when the
Lo factor iz high. Also, 1he five suppression offes-
tiveness will iveredse a8 (e Compdrtment pressure
Tatfo decteises (or companiment allitods increagesh,
‘Tt 33 probable that e insialled system may extingpish
some  Clagz A fiees {2z, surfacs fires) and tender
others (doop seeted) non-hazardoos for 2 longer Woe.

{0 The instalted firs suppression systers wdll extinguish
Class & fives with an increased facioe of safery when
the Joad factor is high and or Yle: companment prag-
ture matio @5 dow (increnssd compartrment altiode).
Extinguishment of 8 Class B fire requires (ke haloo
conconiralion above ;1 minimum threshald coneentrs-
tioo {fusd dependent). For common solvents the con-
contrstion it in the range of 34 % based on cup

buemesr 1ests.
(b} Blfect of garmo Toad, comparinent preesnee ratio and
rc coniral sysien alpog on insfantansons hal
soncznieation, [,
Assuinplions:

{11 Comparthienl effective lesakage areq, A, iz 1 constant.

{Z) Compartment maximam nermal altimds = B feo
(F. = 1092 peda), FAR 25 84 1a), referenes 1.

¢3) Compariment pressure control algorithm - finear with
reapoet o AMENL preesons.

From equation (3% 4 a0 opesuting allituode whers e com-
prrment Jeakage is L,

[C]=[C]_ et

Az the comparlsnent effective leakage avea and empora-
are  reniin constant, the eompatlinent jeakars, L. de-
pends on the comparemient and outstde ambicnt pressures,

L.= ¢1[P;=Pm]

Figure 4 shows the pressure contrel system opemating on-
velape far am airplane of £5 O} fesl cetling altide. The
ceanpariment prassoce spiteol Syslem, io the automadic
meds, operates within the snvelops ABCTY, The actual
algorithm depends on parameters such as dake-off aod
landing Leld altinsdes, sclected compariment sscent snd
destent rakss, 1imat asecnt and descent mate, sirplanc limb
and descont rate, ¢fc. Herein, to simplify analysis, o lnear
alpocithn i asstaned.

(Equation 3a)

(Efuaton &)

P; =030z .Pm +I1027 {Equatian 9}
P 1027

== =050+ ——— (Bquation 9i5)
P Py



Fig. 4 - Compartment Fressuve Coninl
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The comparionent Iam.'lw.ga eorrection Feton, = Lola
can be delermived using isentropic Oow e.qu.mnns and
fhe equation of state

[1’—"1

P
T
4 ) Pamb
REFT
=5_gx=[P"‘ -1}
anh
Po/Pamb- 1,895 {Equation 1)
M=10 forPePn =or=[8%%  (Bquaboo 10a)
Y|«
Nﬂ Y AP

W_

iz I

(Eguation 11}

M AP,
=05106* ¥
[+02 M2 +T.
{Byuationl 14)
p, HM*RFT (Equation 12)
Lm0 = f* [, Baation 1213

P.

Figure 3 shows (he relatfonship bobsesn compadment
pressure Tatin, &, and ihe leakages commection fagtor, fi, for
e Bssurmed pressure control algorifim,

Fig. 5 - Leakage Correcticn
factar
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Tl chararteristic Jecay squation is obtaited by suls-
tuting kaown relatione in equatien {3a).

=
{C],.— - l_teun.l} %—'_4:”‘
=t [I+198(1 - A1
{BEqguetitn 13)



Tigures 6(x) #nd 6(b) <how the solution of equation (15}
Far saveral valoes of A, B, Sand LoV,
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Eefer to Figure 6{e), Note the bigh imitial FUNTS———

bigh foad factors, A At a Joad factor of 0.5 the inldal con-
tentrating s 26.15% znd concetiations sbove 5% persist
in the cargn compartmwsit for 1 >15 mimites. High con-
centralion and sozk time promuots increaced fins suppes-
slon effectivensss agalngt Class A fires,

Figues (b} show daea similar 4 fizrs 6{a) Jat <xcept it
iz for a characteristic leakupe factor, Le V., 0.04 min
Hate the fosier decay. Thic leads fo the cooclusion that
low characteristic leakage fagtor it impoctant for e sup-
pression effectivensgs.

Figures 7 and £ show data for condifens of Figure 62
but il compartmenl, alfimdes of 6000 and 2,000 fer 1
speatively.
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Fig. 8 - Dacay Characteristic
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() Effent of operadion)] porameters on soak time

The soak vime or duraton for which the halon eoneentre-
tion iz above a desired concentmton can Be detormined
from equations (7 and (13)

1

[l =t sva—ay (Bqation 7
1 £ L,
1= s €™ V-
(Equation 13}

Figures % amd L0 show the =oak time for cotipariment
altitwdes of £000 and 2,000 fear (3 =0.7429 and 0.9208)
for 4 chararteristic leakage factor, La SV, sgual Lo 002
i,

Fig. 9 - Soak Tima
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Befer do figurs 9. More, loog scak porfods at Righ  haloo
cooceatration cesulu et high load fagtors, For example, sta
coraparioesnd altitede of 5000 feet and toad factor af 0.8,
the baloo coneentraiind is squil be or greater than

@) 5% for5.56 minutes;
(i) 0% for %62 miooes
G} 3% for 16.54 minwes, and
) 3% for 21,56 minutes.

[AL & lead factor of zoro, the fuodmum halon oonoemtni
tion is 662 parcant and Uk ctnecniraton above 5% Lasts
for omly 14, minudes).

Similar  characteristios are observed at lower compap
mend alttudes, Figues 100

The fize suppression capahitity of 8 Dalon system, when
challenged by & Class & fies, depeods on halon copcen-
tration and sosk tine, Baferences 3 and 4. Thus, it 15 1ei-
sonable to concluds the installed fivs suppression syslem
wild be mose effective when the Load factar is high.



" Flg. 10 - Scak Time
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Aviation Fipe EUppression syslems ncorporate anbomatis
(ot manwaly features 1o release supplemental haloo in the
compartment after & fived time dolay, Gy, The reless of
the rupplemental balon tay be a dumnp or mettzed supply,
Figiees 1 and 2, The time delay for the supplemental sup-
ply iz &sdmated using characteristic feakage, Ly, and
carpo compartment valume, V., This is deteromaned oo
equation {33 by selling [Tl enual to 3%,

Fipur: 11 shows the effect of load factors on the (e 1o
3% haton concentration for Ly V. =002 min”’ a0 foor
comparment allitudes. Note, the follswdng

{13 The halgn decays faster (o 39 concenteation st lower
compariment aliledes dwn ar higher companment ald-
hedas. The figure doss not showr data for compartment
aleinedes Less than 2,000 feot. At dower altitndes, 2 pevessal
in behevior wonld goear (fir the assumed pressune Contral
algorithnn) a< the leafage cormeetion Gactor, [, approaches

merd, figuee 5. The lime tg 3% kalon conceniration is theo-
ceteilly infinite al ea-lowvel 25 the compurtment differcn-
tinl pressues and  leakape approsche zero. [Thaoredically,
it wiil alzo approach infinity for an unpressudsd crpo
compartment af 1] operating alidides,]

(X} The time to 3% halon concehimation first incrcases
shighily with increiee in load factor and then startz o de-
creosing with further increase io load facuor, TThere i3 no
appreciahle affect oo time o 3% halop concentration for
Toad faciors up 13 0,35, approdimately . Thos, it is reason-
able to conclude thiat load Faclors up to 0.35 will provids
eobanced e suppression capabiliey. Fhis would vesult -
from bagher initial halon comcspicauions that oocur at
higher toad factors, figuoe 3.

Fig. 11 - Time to 3% Halen
Concentration After Imitiml
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{3} The titve to 3% halon conpeniration i3 approsimatsky
Q¥ of the zoro load Getor time when iz load factor
it 05, Howewer, the inilial kalon concentration at a
load facror af (0.5 is approximate]ly 90% highaer than
the oero loed factor's inilind hdlén condentratiom,
High halon concentrations are gonerally acecpted  bo
be moca elfective in suppressing Class A Hres, they
are mowm to extinguish surface fires and suppress
deap seated Fires boa groater degrae. It 1= difiioolt &0
authorilalively conuneos oo the Hate af a wypical fine



i 3 partially Ipaded (load facier preater than .53,
approximately) cargo eqnpatiment at the time of ga-
lzage ol supplemental halon, The heloo releage oy
after e delay, ty.: csfmawed for zero load factor
eonfigaration, figure 1 and 2. A surfaps fire vl moat
probably be in an extinguished state. The stats of 4
deep seated firo will depend on several vagibles, the
st impartant being the ense with which air and ho-
lon mixture can g ba the Tive and peoducts of com-
Busdion can gy Aamy (rom the firs. J g reasenable o
concluds thil the fire will be besg laeardous when the
Toad fictor is high Because of dee Gollowing:

(i} the comparment is unventilated,

(i} available aic to support combuostion in e com.
panimend 5 b,

(i) the predoets of combustion will rapidly dilute
the ambignt ahassphere (for constant rate of
peaducts of combostion releass) and roduce
oxygen panial prezsures (Tralton's Law of Parlisl
Prossurc), angd

(v) halen Goncentretons will e higher and ok
times Janger,

{4) The Bme to 3% balon coocentration i3 Approximatcly
55% of the despn deliuy time, by, when the bosd factor iz
08 However, the initial halon conosoleadion st = boad
Tactor of 008 iz approcimately 350400% higher than e
zere load factor's initial haloo conecnteation, I i Teason-
abke b conchwde Ear the fine w43 e less hazardows, s¢ the
refease of supplemental balen, wiwn the foad factor it
Bigh. Thiz is coocluded based oo the data of Figum 3
{initial concentration), Fimares 9 and 10 ¢egak fitne) and
Figure 12 (balon dasige),

(=) Effect an Filon deeage

The halon dosage, D, defined as 2 product of halon con-
catitralion (%Y and doe (miny, can be determined by
integrating equaticn (153 betwesn the limjts =8 to 1=t

D= Tcr_jd.r'
4=
1 rag

{T+15801- 1)} .

=g
Bauation 14)

Fligusés 12 shows the estimated dasage (from =0 to actual
tiitw 3% cancenirafion) as a funchon of Inad Factor, Fig-
ure 11 shows fle deeay e o 5% balon conceottation,
Mate, @ ligh Inad Faetor, the fire iz cxposed W a high con-
ceniration znd a high dosame. THis Jeads o the cocluston

2504 Lugf¥, = 1112 min™,
E‘ 200 il
g 2o il =
2 ~ E
% 154 §§
: |
g EE
100- =5
50, = ” |
E
. i _E
NIl Ii
U

thiat incrcased Joad ftors enhance fire SUpptession affto-
fl‘-l'l?n:ss.
Fig. 12 - Halon Dogagm
(Freduct of halon
concentration and time)

Al : S A
NN 02 63 04°0.5 &6"0T 08

ot Ecnd Factor
e J C;-: Fdt whers t is the lime to 3% halon concc-reation,
=l

ConclusTon

Methodalogy nsed by aviation industry (o destgpn EALEG
compartment fire suppresston syetcny 35 safe and sound,
Analysiz 9f haloo concenmatton and residenes tirae lands
ta the sonclesion sicpline cparafonal parameters do not
Compromies five suppression effectivensss, Tn face, it can
be reasanably concluded (hat fire suppression effestiyve-
ness Incrtases with mermuss in cacpo Joading. Compan-
inent leakage is 3 critical factor and must pod be aflowed
o exceed (e sertification characteristie leakages Factor,
Laf Ve,

Cascous agents behave sitilacly in otal flood systems,
Thus, il &an be copcluded that the omrent design toelhod-
ology, wilh average conpentrations characteristic of the
ncws agenl, can Be safely used o deslan noo-halon B
Suppression systems,
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