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PAn 2: RATE OF DrDCY RELEASE 111 rIU
 

by 

J .... G. Qulatlere 

The rate of eDnl}' rel••e in Un 18 discussed. The dplUcaace of 
ralorleetrlc ~reueat. of energy release for ..teriel. I. related to t~~ 

dynawic paraaeters. ~17 beat of reactIon and stolchla.etric coefficient•• 
It 14 shovD that a caa.on set of par.-eter. 18 aece..ary to express Ignition. 
fl~ spread and ...~ 10•• due to cOBbustion aDd heat transfer In {ires. The 
relationship of ignition and flase spr~ad to rate of energy r~leas. In fire. la 
presented a10Dg vith a presentation on upward apread. 

Keywords: caloriaetry. correlations. energy rele4se. fl.-e spread. test 
'eethods 
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PUUOSi. 

". pa'pOH of tbl. repoTt U to Ulu..tnte cbe..~etlc.ll, the vulo98 f5cton 
tllec ..,..... I'ate of nftl7 ul..... to Ura. no.. [acton c.. be nptraMd 1a 
c__ of ftdooa par_ten ueI d~ 00 Ura ,*-Xtra. lD. _rluic ad 
...Heatt.. t ....l00 it ,,111 be ataowa tMt ZMU t. • ht of par_te,.. or "prope-nl..­
c-. to tbe varf.OCd pbeaguaa uta1cb c~l'1H raca of oaftU I'd..... ne 
.........t of tbaM pu...un would prO¥Ua tbe lDfonat1oc oeeded to pndlct 
--0 rei... ret. vlth IUt~Ucal eodela. oat)' tMovah th1e ,roc... vUl 
r.tlaoal aclentlfte corre1atl00 ...rle be~ labor.tor, t ••tdaca aed fa11­
~1. fire te.t•• 

1ACIClQOIID. 

fte rate of. .,~ relilue (~) b•• tir... tbe 8Ht etp·.flcaat ..ra­ i 
_tn 109fl"Dtol ~·~te IrO'Wth. Tble e.. be 11l..-trated by .. apet'a-at.a1
 
corralatloo for precUcUna the t~r~tur. ri•• (taT) to c~rtMllt Ur_ i,
 
al.- b1l'tcCaffr." at d. [ll: !
 

I 

~ • 1.6 I~) 2/3 (1) 
To V'oCpTo~""o~lf~ 

!be otbor par...cere Sa Eq. (1) rolat@ to property aad l~tr!73..ri.bl.. aDd 
an IIy~ 10 bf. (1). The !Min polite 18 that At' d~. OQ 0 • Tespuatur. 
Ie tbe prladple lDdlcatur of huard 112 ter-a of huua dlecoafort. bur-G lajury. 
lp1Uaa of other objects bel tM poteAt ..l tOT' f:..ho'vu. !'apttratore 
4Hfernce 1a also tbe proeote1' of air flow lato tho Hre a4 0 1a a Kl:\:lf.. ­
taUoo of tIM rate of fuel cOUUMd and product. !:tl...... froe tbe fir. ltOUTce. 
AltboQp tbe qQ&Dtlt)' of parUcul.?: produc:ta forMd depeada ~ t.he _tertal bantaa 
... other f.ctOt's. the ute of nolutioe of produeta and OZ'fItD cOft.S\aPUoo rill bo 
propo?:tioaal to ~. Beace Q&IYee rl.. tot~ature directl,. aDd other fire 
produc:ts !DcUrKtlYe aU of vbleb c:oeb1ne to bpoe. a tht-Mt to people u.d propeny. 

nw need to ..allUre the eacr~ rele••e rate frGa c:ClGbustiQI ..ttrW. baa 
hd to the de..lOpee1lt of ..ural apparatu.see. Salt" (2). Teval'SOQ [l). and 
Parker (41 are UIOog thoee vbo have devdoped devtcee to ..sure the tr&ns1nt 
rate of ftlergy aDd uther proc!ucta of eoabuatioa frc. buru1D& ..terLale. n,eae 
dedcu are flov-tbroutth s,.at~ 112 vblcb I'l4!aaUreDalta In the pa 5tre~ flov1oa 
he. • humia. 8~1~ are used t6 infer tbe eoerlY aDd pt'oduct reteaaN of 
the _terlal. To put tbSs procesa In perspective aDd to desoo.atrate tbe 
relatloftShlp of the ReAwured quantltl~a vlth pbysical propertlt8 viII require 
sa.e 8041.,.15. 1\10 t.~es auat be ruolved for test ~n~ data to have 
aean1ftl ~ full-scale fire analyses and corr.1&tl0118. The Hrat issue is tbe 
ae.a:AID3 aGeS lla1tatlo~ of the teet data coUKted. Sper:lflc:ally tbe De&Jl1ng 
of energy release rate and Its dependmce OQ heat flux. t~ratuTe. oxygen. 
cOliUpratloa. orient.Hen aDd ltc.llt aust be understood. The HCODd issue 
Is to uDderstaDd the oature of energy release io full-scble f1r~ scf!n&rioa 
and to UDder.tand tbe cODtrlbutlooB of Ignition aDd fl.ue .pred to t.batover.U 
procu•• 

1 
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DISCUSSI",..
 

11M M4I1l1... of the avr...loa -rate of aerO' rei...• fD a tnufeat 
eator't.,.tf'J ..,parat... vtll be coutd..... AA lnla for .. 14..11... eoltcl 
fuel ,,111 ehow the relattoubt, ot eouU I'd rare to t~yuatc 1W0perct... 
Althou;b IIOfe " ..llatle '.-b _y chap the cleu.U. of tbta aulJtlla. ~be ...ral 
fora of tile ruulta .~14 aot 9'8'"1. lbe td..l eyat. to M aaJ,...... t"teal 
of 4eYSCH beIDa Q" to 8lII&IJUre ••1'17 I'Cl ...e rate. It ac~tlc 18 ~ 
fa rflDn 1. na. follov1D& ••-..pUou u • ...sel 

(1) ,.a ,ba.. tnAal_ta are Daall&lbh. ~ • o. 
(2) aU &U apedee ha.,. ld_Ueal apeclUe beeu. e •
 
() tbe coebua:ID, fuel 1a a vaporl&!o. 80114 virh d char yfe1cl.
 

1 I fuel + I' 1& all' • (1 + 1') • of ..nOd pt'OfteU (2) 

(3) 

h f • bOI + e (T -T ) + 68 + e (T-T). T > T (IU ph''''') (4)
YO ., I "it -" 

where c I. tbe speelflc beat O~ the , ... 
c'ta tbe apeclfle boat of tM eoUcl. 
6IIy h the enthalpy d.1ffereDC. ct.. to tbe c~ frca the eol1d 
to tbe vapor pba.e. 
aDd T 1a tbe "apodutloa telllPll:l'ature. 

" 
atr
 
- h • h0 

... e (T-T) (S)

a • I 0 

produce. 0 

b • h + e (T-T) (6)
P P I 0 

T'be heat of Ca.lRutlOD. dd'1Ded .a poeltlYe for u esothera1c reactioD. u 
ItYeA by 

AS • - (l+T) hO
p 

... bOf ... rhO
• 

(7) 

for the $011c! fuel Ilt the reference aUte To. The tJI 1.& uact1y the quatlty 
that would bQ lH'a~zed 1D an a.xygeD bosh calorimeter .~cg • Degl1g1ble 
~han&e 1n DOl~ular vt!lg.bt of the inittal gao stllte aDd ~he fiDal a1~ure atate 
at T. It 1. also the hut transferred b • flovilla .,stee ~r Ullit _.a of 
so118 ~.rD«'d vbea the el1t1.o& pS.8 have cooled to T. This 1& tbe iDtrins1c: o 

.......
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.. 
" -, .".... -., . . '" ,'~ ~;,---------_._---------­

lWopeI'ty e....e ....01'11.. the etMrD r.l.... uee. '01'. coepla cOlltbuetJoa 
proc... lnolYlq charta traut_c c..sucU_ 1~. tbe ~ .Ul wry 
vltb t t.e. IIftfttbel pod ..·....r-_t techet.,. .bou14 be upahle of . . I'ecordtaa. craaalecat t.8 cClIUIhteat tt1tb tbcrood~ pclDd,l... Ail 
at...laa of tbe foUawtq aNlr.t. __14 be .ble to eould., tbc4e 
cr.-I.t factore. 

~tloe ...... ere ."Ued (0 tM 1M ..eloeed b1 ttM d....... bouoduf=­
tA 'llVr. 1. The Solal nit .c.-t............... to be wll-elxed aDd 
c"'nfor••UOnl tbe tl.. flit. of c~ of tbe ... properUeo 
withl. tbe YOl~ .1'. aeallalbl•• 

..... + i 
(I)" . 

',a - '" • - ... (9) 

whero ' .. b the ....eoue fuel pr04uctloe rate aad '\ 1a tb. buntoa rat.~ 

Product .))!Cle cOft..natlc. 

Y, • • (I' + 1) ... (10) 

All' _peel. coourYaUoa 

T 
• 

a-a 
.. 

__ fit. 
-"D 

(U) 

01' 

T ,- 0.2)) i - -0.233 nL (12)
ox .. D
 

Eo-.ru eoo••rT. t 100
 

"'(T) - • It (T ) - Ii h (T \ • ..q -a {Il) 
..... "f yI • ~ .aa.­

¥here beT) - T (1) + T b (I) + Y b {Il.fb f p p • .. 

q 1, the Det hut trans:'er raU to tbe lIlOl1cS hel. 
aDd ~ is t.he rat ~ of hUl uansfer lost to tM apparatWi ¥alb. 



By uti11:1ng the eath&~P7 relatlonabiP8 (2-7) and solving for the specie 
concentraUOft8 at the exit in !qna. (9-11) the eDerl7 equatloa (13) can be 
written as 

(' + it ) e (T - T ) • iL. [68 + e(T - T ) + ~ 1a v & 0 D V 0 V 

+ itp)' eS (Tv - To) - 4. - \, (14) 

Rere T vas taken as T , and unburned fuel 18 aUoved to occur at the mnt if 
insuffIcient air 18 8U~plied or if the pyrolysis rate 1. too sr.-t; 

'-il-a. (15)
py v D 

ia the excess fuel. 

A final fOnl of the gas-phase energy equation h developed b)' condder1ns 
an energy balance 00 the solid fuel. For a coordinate Byetea ftxed to the 
regresslngsolid-g8s ioterface with x taken poaitlve into the solid. 

2ar 'n CIT ~ 
oe at - avc_~x • ·ox· (16) 

hold_ vith1n thl:' &ol1d vttb T • T at x • 0 and T • T as x + cu. At the 
vaporizing interface v 0 

4" + k ~T • Ii" (1" ) 
8 ax zao v 

holds for solid and gas flowing acrOS8 the interface vith flow rate per unit 
area ~ aod at the temperature T. The restriction that steady state holds in 
the solid, 1.41. t-T(x) OBly, lea~8 to 

cia" v
"'--x 

T • (T -T ) e k + T (18)
v 0 0 

and 

q • m [68 + c (T -T )]. (19)
8 v V v 0 

If transient conduction were considered It 18 apparent that time-dependent 
terms would occur io Eqns (la) and (19). The effectlvehPAt of 
gasification, L, Is a useful fire parameter defined as 

q 
L X ~ (20)

lD 
v 

i 

4 
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L • 6H + e (T -'1' ). (21).. .. 0 

10 seneI'd L tIOuld depead OD U.. due to any trandetd: effect. 1ft the 80114. 

Bq (19) Is substituted in !q. (14) to yield 

('a + it..) c1 (T-To) - 'a,AII - '"[Allv + (c - eli (Tv - To)j - " (22) 

As stated earlier if the exi~ gase. are cooled to T • and if. • O. the rate 
of beat lost is 0 py 

(23)\'1 
t-1'o 

" py-0 

lIence. all of the energy rele43ed by the chea1cal reaction 18 _nUested a. a heat 
10... This clearly ahove tbe significance of Ii;, ~ .s tbe energy release rate for 
the coabustion process. Although this analysis assuaed lack of transients 1:1 
the gas and solid phases. the equation. apply at any instant of t1ae and 
changes io the nature of the gas-phase reaction are still allowable. ior example. 
the chemical composition of the gaseous fuel can change as the burning process 
p~oceeds in time. Th!a would reflect changes in the val~es of the stoichioaetr1c 
ratio, r , and the enthalpiee of formation. h~ and hO 

• Hence All could cbange with 
t1Jle. P 

The utility of Ali is clear but its aeasureaent oeeds some discussion. The 
measured "rate of energy release" (4) !lUst be shown to be ~6H. A thf'noal 
IIethod to .usure energy release suat not only measure the hit tE:llperatur'! or 
energy flev rate through the apparatus but it must also eliminate or account 
for the heat 108sea to the valls. For Ii • 0, 1.e. sufficient air for coabustion. py.. 

Q - Ii. hH • (Ii + Ii ) e (T-T) + It (24)
D a v g 0 'v 

The terms on the right-side of Eq. (24) must all be known to give sn accurate 
measurement for Qor 6H. The difficulty to account for the heat losses to the 
surroundings under transient conditions 1s • disadvantage of the thermal 
aethod. 

An alt~rnative method to determine Qis to utilize the empirical result 
that the heat of ccnab'-Astion per unjt mass of oxygen reacted (~ox) 18 llearly a 
CODatant for most materials. This has been demonstrated by 8yggett [5). In 
terms of the present example it follows for Eq. (12) that 

68 • O.233r 6H (25)ox 

The stoichiometric ratio, r, can be determined from Eq. (12) ~y measurements 
of maas flov rates. mass loss rate of the fuel and oxygen concentration at the 
exit provided sufficient air is supplied for combustion. Hence both 611 and r 
are found without any thermal u.easurements. A nOlllinally constant value for 
68 is 13 kJ/gO~. ox • 

5
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I . THE ROLE OP tIRE PAllA.'iETnS. 
I 

The para_ten 6R, r and L are of fundallntal 1JBportaoce 10 arr1viq I 
at the overall energy release rate 10 full-scale fire.. The dependence of 
tbea. paraaetera on euvironaental conditions aDd effects of aue. or1cmtation Iaad coofiguratiOQ ."flt be known. The data of Tevanon (3) Rue*t that
 
variation. in Utbient oxygen concentration and external radiant be.a.t flux I ·
 
lead to little variation in Aft for a given ..terial. Ultlaately. these !
 

I 
para.eters ~ot be clearly demonstrated to repreaeat material properti.. 
in the main, .nd weakly dependent on the fire condit1oM and proc...... !If that can be .hown. they will have great utility. i 

I 
i 

More data and &oaly818 are required to fully estabU.b whether tb..e 1 
para.eters are co-plete and sufficiently fuDdaaeutal. If tbey depend strongly 
on ..ny factors. then their utility ~8 d1a1nisbed. Sioee .c).t predictive 
analytical relationship. in fire require a knowledge of theee and other sia1lar 
property pU8IIeter.. a theoretical bub for understanding the pedonaaoce of 
real .aterials in fire _y not then be possible. ReU.ance of _terial ..,aluatiou 
would be purely empirical. Alternatively tbe e.tabl1s~t of • general property 
basis. cooBi.teot vitb current theoretical lIethod•• offers the aun. of 
predicting and correlating results in fuU-seale 8cenarios. 

FT..AME SPREAD EXAMPLE. 'nle step. nece.sary to tmdeT8tan4 tbe relea.a of 
energy in fire will be illustrated. This proc:ess rill demon.trate the role 
of the parameters introduced above and the variou8 influencing factor.. A 
one-d1aenslonal flalle sPTud proc:es8 will be considered for a ..terial of 
width. w. An external radiant flux distribution will be 1lIposed on thfl 
uterial at a sufficient initial value to cause piloted ignition. The 
example is illustrated in Figure 2. The aaterial will be uauud to be thick 
.0 that burn-out wll1 not be considered. In general. the predietion of 
extlDCtio~ and its dependence on other variable. llIUst be cousidered to fully 
describe the process. 

The energy release rate i8 given by 

(26)~.v f "b bHdx 

wbere "- de.pend. CD. tille and position. 111e ruterial vill ignite in time t i
cOTre8~nd1.n& to 4"(0) and spread to the: m1n1.xlum flux required for piloted g 
ignition •. ~~.i • s~rtly thereafter. That transit time vilibe coosidered 
negligible. Ffaae vill now spread (at a relatively slow rate provided this 
occurs 00 a "floor" or lateri~lly 00 a "wall") between x and lee- At x the . o e
.1n1muJa flux for spread. 4 " • will be encountered and the spread will cease. 
The p~sition of the flame Pt&nt is given by 

xexo· dt (27)t Vf 

where ~i 
g 

C/' [q'" - q'''Cx)] 2Vf • o.ig e (28) 

6
 



at -at. The f1.ale .pruel paraaetu C call be fouM fraa theory or uper1Mnt 
aloq witb the lWtlna boat flwce. (6;. Tha pyroly.1e rat. 111 Ibn by 

ft ft ft4 + 4 - 4,... f .. • (29)
y L 

.mara 1\" ·18 the flaM beat flux, 
ad 4~ 18 the hrtace rad1.aU". 10••• 

The tz.. flux 18 not luually precUctabla for real1at1e fire eoacUdcma 
alaee it depead. oa scal., Orle1lUtiOll. abint eoudit1cma snd .1a1lar 
varubl... In pr!Ddple it eau b. precUcted; howvu, proare.. ~a beea 
lta1ted to .1JIp1e ut.rta1.a aad eoaflguraUou. 

III order to aiJapl1fy the reeulu for tbla aaple auUM that 4l 18 a 
con.tant and that 4e 1 and 4: 2 repreee1lt ...ll valuea 1D the ignition aDd 
.pread zoae •• Abo a.8UM ,; ~ lib or IJUffle1ent alr 1.8 available. 

Q• V (qr-4: + 4"e'l) f~\ Xo + V 4£-4; + 4;,2 (~\ ~q~t-tl:~ )2\ X1 .J o,ig- .,2 
(30) 

for til ~ t ~ t e when xf-xe' 

If the procea. vere to becoae air liaited then 
i 

cl • (....!.) All (31)r 

where i is the rate of air flow to the fire. a 

This relati"ely B18ple result .bows the various factors controlling the 
evolution of enerc 1n a fire. There rill be ignition after sometime over a 
region defined by qo.tg' a characteristic of the material for the -est part [6]. 
Sub_equently, flame viII apread dependi1ll 00 time and ot~er factors (eg. C). 
The roles of the "property" parameters: 69., L and r are clearly shovo. Finally 
the extent of spread viII be l1mjted by the ainimua external flux needed to 
BUstaio spread 40 , ; ' The significant effects of all the other variables bave 
be. contained 10 qf' QuestioDs of the lnvariance of paraaeters 11ke 6R still 
re.ain, but the 8tructure of the example i8 Btill valid. The variation of Q 
in ti.e 1s also ahovo in Figure 2. Of course, in a more realistic case, • 
burn-out will occur, and the resulting curve would give S1lWlller values for Q 
with decay to zero eventually. 

The aax111UJ1 value for Q froa Eq. (30) CaD be vritte1l as fol~0V8: 

Q• V ~q"-q" + q" ) (tut\c: + W (Oll-qll + q" ) ~6H9~ Jf. s e,l t} 0 of s e,2 -L x -x (32)
e 0 

The first terM result~ after ignition. and the second term repres~'ts the 
flame spread process up to the extinction position se. !or a given material 
and external heat flux distribution, these dlsunces (x x) can be determined 

o. e 
IIprovided the parameter 4 'i' lind q are known. Figure 3 displays lnitial 

0, g o,s 
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clletrlbutiou 1.tIpoee4 Oft • apec1lta 1a the AS'Df 1-84 Steber tunnel tnt ancf 2 
OIl a spec111etl 1D tb. Bun.. Burner teet ..tbod. If. value of 40, is • 2 VIe. 
U considered, tben 19n1t1oa would occur over 1.5 .. iD tbe tunnel and oy.r 
S CJIl in th. luDaen Bunu tut. Eq. (32) voulcl huen that the MUIY relea.e 
rete p.r unit width <0/V) would therefore be 30 tiMe Ireater 1D the ture! 
ten. If the aater1e1 h.. e 51ntaua n ... ~read heat flux of 0.5 vIe. , n ... 
propagation v111 occur for coaaidorabl. d18tanc. iQ botb tesu. Tbb dbcu..loa 
only servee ae a 1lluatratloa ~ undereuodlna tb. effect of 1.Ditial beat fla 
condItione. It appl1u to tut ..thode and full-ecale firo aillu1.tion8. ror 
the testa b thi. diacue.1ml, the vertial odeat&t1oa 18 • BuD••o Buran teat 
or the vind-drtve\1 ceUlDl spread 1n the tUDD.el would add cOllPledUe. not 
couidered. The forward beat trao.fer in botb c.••• would re.wt fr~ fl.... 
extendInl far beyoad the 1Dittal ipiUoa zoee (so) and 10 fact would coatdbute 
additional hutiaa to 4;. the reaultiDl .pread velocity would depend OIl s and 
tbh naae be.at1n& diatance. A leDeral solution to thia pt'obl_ do•• not 1et 
exist, aDd the difference. 10 acal. iD tbe two te.t. clo Dot a100e coeetit-.Jte 
• baet. tor dlfference. in flaae spread that dabt be observed. Never-thela.. a 
.imple BOdel viII be deacribed for upMard f1... spread 1D order to illustrate 
tbe variables on which this type of fta-e .pread depends. 

P'LAHE SPREAD OK A vnTtCAL SURPAC!. The.add conddered 1. based em cOftcepU 
involving a predictioa of flaae beiabt (Sf) 10 te~ of pyrolysis lenath (s ) 
baaed on eutrainment. Spalding's trea~t for p~edlct1ng huminl rate, P 
and a flaae spread lIl():ie! based on conduction 10 an inert aoltd. The 
analy.ta foll~: 

Plaae beight 18 dete~ned by equat1n& air required for coabustioo vitb air 
supplied. Por r, the effec~lve sa.. atolchlO118trlc: a1r-fuel ratio, the alr 
supplied 1a .t .r .t (33)

• f 

where if is the fuel produced per unlt t1lle per unit width. The mec:han1s1l for 
air flov into the boundary layer 1a cona1derecl to be by entra1mlent with the 
entrained velocity 

(34)u • Cl ue 

where Cl 1s the entrainment coostant and u i. a characteristic velocity 10 the 
boundary Laye~. The characteristic velocity follovs fr~ a .aaentua balance 
neglecting the vall shear stress and treating the fl... %ooe at a un1fo~ !laDe 
temperature Tf" 

8 

./ 



(36) 

!be fuel procSuct1oD rate fa ....... to H ClWenM by the cOMecUft beat 
trauta' proe....loe8. The .ffect of flaM racU.aUou " aterual radiat100 
_8t be' ....tuall,. added f" ce-pl.t...... PI'OII 81apIe ... traut.1' 
pdAelpl.. (7)	 , 

~t •	 h !a(l + I) (31) 
~. 

where 1 1e the Saa141n& .... tranaler eU8ber aocl b will be bancl OIl turbulent 
~ry u1al' flow witb u (Eq. (3~» .. the cbaractc1et1c veloelty. 

h ..	 0.0292 !. ae 4/s Pr1/3 
z.	 z 

or 
lIs 

z (38) 

z •	 8 z 4/S (40)
f p 

where l	 ) (\1/15 2/3
2111;:.frfl8 • \IO.0292l!6/5l!3/21r 2/3 ~~ 2/15	 lull+ll1 

For	 pol~tbyl.etheerylate(PKKA). n • 1.4 and r • 8; also tak1Dg a • 0.1, P • 
1.2 kg/a. V • 20 x 106 .2/s• Pr • 0.1 and 1 - TaIT f • 0.75 yields • 

8 • 1.67 cullS 
If r veTe taken at four t1mes stoichiometric then 8 • 4.3 Cfl,l/~. The inclusion 
of flane radiation would also incTe&se 8. Orloff. delia and Harkstein (8) 
derive Iraa PHKA flame spread experiments 

x
f

- 5.3 X 
p 
O. 78 (1n cm units) (41) 

The	 results of th1s simple analys1s are 1n remarkable agr~ement. 

The fl~ spread rate is deterafned by Eq. (40) and the results frOD 
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Orloff et al. IaJ that 

dx S
F .:f 1:"~ 1n (Xf/.p) (42.) 

where 0 • 4/S aad the tt'llDalt U .. betveea: aDd x t. p t 

- T • ¥(kpc). (Tp-T.)2/CQi>2 (42b) 

where ItQe is tbe thenu! fnutt.. of the 8011d. T 10 lta 1'11'01,.18 or tp1t1oa 
t~r.tul'e aod lit .. {roa !q. (37) 1. P . 

4\i • '; L. (~ jn(1+1J). bex p) 
(43) 

p 

Substituting loto Eq. (42) yield. 

&Ix"if • f • "p3/S 1nCe!~pllS) (44) 

"here ~ depends on the properties of the lI011d fuel: kpe. All, r. L. T aM 
other le88 variant quantities. In. ea-plete .cde!, radiation par...tir8 
would also appear. Ignoring the dependC!Dce In the 10larittaic Uni. the 
pyrolysis front growe a. 

t S/2a '\0 (45) 
cix 3/2 p

aDd T '" t • Hence the spread rate 1Ilere••e. with tt.e and c:learly depead. 
on scile or t~ extent of grovth of tbe front (1.e. the pyrol,.1. length) 

A stmpler exa.ple viII be used to illustrate the effeet of a fixed fta-e 
Sl)urce 88 an ignition source and conUnuins source of hellt. Thts 18 baaed oa 
an idea by Parker (9) to explain the ASTM E-84 tUDllel test behavior. COnsider 
o - 1 and flame lengths are additive with x the flame length of the igniting 
source. Also assume instant ignition 80 t~t at t-o. x -x. In place of Eq. (42) 
approxiaate p 0 

dx '" xf-x-d- • ..!y-P. (46) 

where T or cit is cODsidered independent of t. The solution i. 

(47) 

dx ]I'; 8 (6 l'
 
aad df- -~ t>.rp ~)t (48)
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n. ruulte clud, depad OD ec:a1. cd OD the !ealtb of the ip1tlq n.-. 
Tbo qunUt, 8 1DCn..... vttb • aCll 1a Icnal "ea be caa.Uered proponloaal 
to the raUo of ••rl1 r.1.... per eoerl1 required for buR1na. ror 1arl. 
8. 21....pread by 14. (47) I. 1ed.fialt.. ror ...11 8 <1. the .,reed r ..cbe8 
• lia1t of x/(1-8). ID ..11 aeal. teau ebe Idoiul .ffeeta of fla. 
raGUlUOIl could reault 10 8 <I, but for the .... _terial teated la a lupr 
eu10, 8 could effecttvel, be lUler thea 1. AAotber rlev of 8 It.. frOli 
CGDI14er1al tb.t IIOlt ..terlala vtll Dot bun ual... aD ot.mal radiant 
8OUt'C. auppU.. aerIY. Rnee the buRial ute apr••atem ..y be r~.._ted by 

4" 
~ • ,. +...!. (49) 

.. 0 L 

where tbe HCood ten repTeaeota the at.mel flux cootdbuUoa to .a. 10.. 
rate, aDd ~ 15 the tJuroilll rate at aero ateroel flux. For..,. ..torula 
, .. 11 oepUv., b:p171D1 bunio. taku piKe above 80M critical beat flux. 
Uilq ai.nar arauaeou to arrive at x .. bafore. but replac1Da 14. (37) 
witb 14. (49), ,101da that f 

x II 8 x 2/3 
f p 4" 

where 8 OOtf 1. proportlooal to (a" + .....!) 2/3.
o L 

For e.~e in fllU8tratloa. coo8idef the 2/3 power to he app~oxi..tely 1. 
Tbin) fra. Eq. (47) It 10 clear that flaae spread rill atop or grow 
ezpoaent1ally depead1D& OIl the value of ia" + q"/L. I.e. flaaes rill DOt 
pt'o?&gate if th18 value 18 ...11 eLougb. °Henel. especially for ..terlale that 
do Dot auataiD burn11l1 without extereal heating. 4" 8Uat be large enougb to 
proaote coat1aued apread. 0 

eatCLUSIClfS 

Tbia analysia baa .ntnpted to Uluaiu.ate the proc.ts8u that relate to 
enerlY release in fire _r~b. Reur1at ie -.odela have beeo preseDted for ae-e 
of these proces.es in order to shoW the significant variables that loven thnl. 
Techniquea for IMasuring rate of eDergy release using calor1Jletry devicu only 
uke ..asurelleoU for a fixed sample she. The interpretation of these 
aeasureaeats toto aD effective heat of cosbustioo property has heeD sbow. Also 
the pitfalls of measuring rate of energy release by themal techniques have 
been discussed. The OlCygeD cocsuapt1on technique offers e IIOre accurate 
approach. In Hre g'CovLh the total energy release process vUI depend on more 
than just calorimetry d~ta since the processes of ignition. fta.e spread and 
extinction playa role. Although cOlBPlete ~els for predicting these processes 
have noc been developed. it 18 clear that =~et of par...te~8 1s cosaon to 
current BOdel.. The anAlyses presented bave illU8tra~ed these variables. 
Kore complete solutions involving flaae radiation effects viII add scme additional 
parameteTs. The list of relevant parameters follows: 
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1. Beat of ructtoD. 68. 
2. Stotebfoeetrlc all' to fuel ratio. r. 
3. • ..t of ..por1ut1oD. L. 
4. "cr•.,..." fa- .pread coefUdeot. C. 
5. IUn~ ractlaGt flu fO'l tpitlca. C it. 
6. 1UA1_ radunt flus fot flaM opr.: 40" • 
7. Tber.l 1lMTtta. kPc. •• 

Tber. liTe Ukely to be ad4tttOGal par...tu. related to fire p'owtb .. 
eode1a bee088 *»1'0 co.pbt. aDd .peeiftc. Alao.,. of t~ par_ten 
are depetldent Oft tae aDd nrlroawmtal cODclitlou eo tbat their lIOet 
approprLtte repr••eaut1oG need. to be dec14ed. 1I...rebel..·• they are 
......1t1. for..,. ..t.TLtb .. d-.oaatratecl b, the .-ort of T_r~ U) 
aDd QuiaUer'e [61. It aboutd be .-pba.bed tut the iAteacled appliQUOQ 
of the.. par...tera sa equbaleat to. but hopefull, 1101'••-.ra1 t . 
• 1IIply ...eur11ll nero ...1.... Tat. per ua1t area (2). III bY c say 
attellpt to abort-e:ut correhUoa aDaly... between t ••t ..tbod elata aM lar,o 
Urea by isnor1aa 1JIpoTtaQt feature. of a particular firs ac...r1o will 
GOt be auccessful. For eu..lo. s cQtlParhon of enerl1 1'01••• data 
frOfi a calori_t·ry device with te.IBPeraturu ill full-Kale Urn vtthout 
cOQceroa for flaM .prud could be deUcient. 

l
I 
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	A final fOnl of the gas-phase energy equation h developed b)' condder1ns an energy balance 00 the solid fuel. For a coordinate Byetea ftxed to the regresslngsolid-g8s ioterface with x taken poaitlve into the solid. 
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	lIence. all of the energy rele43ed by the chea1cal reaction 18 _nUested a. a heat 10... This clearly ahove tbe significance of Ii;, ~ .s tbe energy release rate for the coabustion process. Although this analysis assuaed lack of transients 1:1 the gas and solid phases. the equation. apply at any instant of t1ae and changes io the nature of the gas-phase reaction are still allowable. ior example. the chemical composition of the gaseous fuel can change as the burning process p~oceeds in time. Th!a would reflec
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	The utility of Ali is clear but its aeasureaent oeeds some discussion. The measured "rate of energy release" (4) !lUst be shown to be ~6H. A thf'noal IIethod to .usure energy release suat not only measure the hit tE:llperatur'! or energy flev rate through the apparatus but it must also eliminate or account for the heat 108sea to the valls. For Ii • 0, 1.e. sufficient air for coabustion. 
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	The terms on the right-side of Eq. (24) must all be known to give sn accurate measurement for Qor 6H. The difficulty to account for the heat losses to the surroundings under transient conditions 1s • disadvantage of the thermal aethod. 
	An alt~rnative method to determine Qis to utilize the empirical result that the heat of ccnab'-Astion per unjt mass of oxygen reacted (~ox) 18 llearly a CODatant for most materials. This has been demonstrated by 8yggett [5). In terms of the present example it follows for Eq. (12) that 
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	The stoichiometric ratio, r, can be determined from Eq. (12) ~y measurements of maas flov rates. mass loss rate of the fuel and oxygen concentration at the exit provided sufficient air is supplied for combustion. Hence both 611 and r are found without any thermal u.easurements. A nOlllinally constant value for 68 is13 kJ/gO~. 
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	The para_ten 6R, r and L are of fundallntal 1JBportaoce 10 arr1viq at the overall energy release rate 10 full-scale fire.. The dependence of tbea. paraaetera on euvironaental conditions aDd effects of aue. or1cmtation 
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	para.eters ~ot be clearly demonstrated to repreaeat material properti.. in the main, .nd weakly dependent on the fire condit1oM and proc...... 
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	More data and &oaly818 are required to fully estabU.b whether tb..e 1 para.eters are co-plete and sufficiently fuDdaaeutal. If tbey depend strongly on ..ny factors. then their utility ~8 d1a1nisbed. Sioee .c).t predictive analytical relationship. in fire require a knowledge of theee and other sia1lar property pU8IIeter.. a theoretical bub for understanding the pedonaaoce of real .aterials in fire _y not then be possible. ReU.ance of _terial ..,aluatiou would be purely empirical. Alternatively tbe e.tabl1s~t
	FT..AME SPREAD EXAMPLE. 'nle step. nece.sary to tmdeT8tan4 tbe relea.a of energy in fire will be illustrated. This proc:ess rill demon.trate the role of the parameters introduced above and the variou8 influencing factor.. A one-d1aenslonal flalle sPTud proc:es8 will be considered for a ..terial of width. w. An external radiant flux distribution will be 1lIposed on thfl uterial at a sufficient initial value to cause piloted ignition. The example is illustrated in Figure 2. The aaterial will be uauud to be th
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	CD. tille and position. 111e ruterial vill ignite in time t cOTre8~nd1.n& to 4"(0) and spread to the: m1n1.xlum flux required for piloted g ignition•. ~~.i • s~rtly thereafter. That transit time vilibe coosidered negligible. Ffaae vill now spread (at a relatively slow rate provided this occurs 00 a "floor" or lateri~lly 00 a "wall") between xand lee-At x the 
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	.1n1muJa flux for spread. 4 " • will be encountered and the spread will cease. The p~sition of the flame Pt&nt is given by 
	xexo· dt (27)
	Vf 
	Vf 
	t 


	where ~i 
	g 
	g 
	[q'" -q'''Cx)] 2
	C/' 


	Vf• o.ig e (28) 
	6. 
	6. 

	at -at. The f1.ale .pruel paraaetu C call be fouM fraa theory or uper1Mnt 
	aloq witb the lWtlna boat flwce. (6;. Tha pyroly.1e rat. 111 Ibn by 
	ftft ft
	ftft ft
	4+ 4-4

	,...f .. • 
	(29)
	yL 
	.mara 1\" ·18 the flaM beat flux, ad 4~ 18 the hrtace rad1.aU". 10••• 
	The tz.. flux 18 not luually precUctabla for real1at1e fire eoacUdcma 
	alaee it depead. oa scal., Orle1lUtiOll. abint eoudit1cma snd .1a1lar 
	varubl... In pr!Ddple it eau b. precUcted; howvu, proare.. ~a beea 
	lta1ted to .1JIp1e ut.rta1.a aad eoaflguraUou. 
	III order to aiJapl1fy the reeulu for tbla aaple auUM that 4l 18 a con.tant and that 41 and 4: 2 repreee1lt ...ll valuea 1D the ignition aDd .pread zoae•• Abo a.8UM ,; ~ lib or IJUffle1ent alr 1.8 available. 
	e 

	Q• V (qr-4: + 4"e'l) f~\ X+ V 4£-4; + 4;,2 (~\ ~q~t-tl:~ )2
	o 

	\ X1 .J o,ig-.,2 for til ~ t ~ t when xf-x
	(30) 
	e 
	e' 

	If the procea. vere to becoae air liaited then i (....!.) All (31)
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	This relati"ely B18ple result .bows the various factors controlling the evolution of enerc 1n a fire. There rill be ignition after sometime over a region defined by qo.tg' a characteristic of the material for the -est part [6]. Sub_equently, flame viII apread dependi1ll 00 time and ot~er factors (eg. C). The roles of the "property" parameters: 69., L and r are clearly shovo. Finally the extent of spread viII be l1mjted by the ainimua external flux needed to BUstaio spread 4, ; ' The significant effects of a
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	The aax111UJ1 value for Qfroa Eq. (30) CaD be vritte1l as fol~0V8: 
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	result~ after ignition. and the second term repres~'ts the flame spread process up to the extinction position se. !or a given material and external heat flux distribution, these dlsunces (x x) can be determined 
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	where if is the fuel produced per unlt t1lle per unit width. The mec:han1s1l for air flov into the boundary layer 1a cona1derecl to be by entra1mlent with the entrained velocity 
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	where Cl 1s the entrainment coostant and u i. a characteristic velocity 10 the boundary Laye~. The characteristic velocity follovs fr~ a .aaentua balance neglecting the vall shear stress and treating the fl... %ooe at a un1fo~ !laDe 
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	For. pol~tbyl.etheerylate(PKKA). n • 1.4 and r • 8; also tak1Dg a • 0.1, P • 
	1.2 kg/a. V • 20 x 10.2/s• Pr • 0.1 and 1 -TaIT • 0.75 yields • 8 • 1.67 cullS If r veTe taken at four t1mes stoichiometric then 8 • 4.3 Cfl,l/~. The inclusion of flane radiation would also incTe&se 8. Orloff. delia and Harkstein (8) derive Iraa PHKA flame spread experiments x-5.3 X O. (1n cm units) (41) 
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	The. results of th1s simple analys1s are 1n remarkable agr~ement. The fl~ spread rate is deterafned by Eq. (40) and the results frOD 
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	For e.~e in fllU8tratloa. coo8idef the 2/3 power to he app~oxi..tely 1. Tbin) fra. Eq. (47) It 10 clear that flaae spread rill atop or grow ezpoaent1ally depead1D& OIl the value of ia" + q"/L. I.e. flaaes rill DOt pt'o?&gate if th18 value 18 ...11 eLougb. °Henel. especially for ..terlale that do Dot auataiD burn11l1 without extereal heating. 4" 8Uat be large enougb to proaote coat1aued apread. 0 
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	Tbia analysia baa .ntnpted to Uluaiu.ate the proc.ts8u that relate to enerlY release in fire _r~b. Reur1at ie -.odela have beeo preseDted for ae-e of these proces.es in order to shoW the significant variables that loven thnl. Techniquea for IMasuring rate of eDergy release using calor1Jletry devicu only uke ..asurelleoU for a fixed sample she. The interpretation of these aeasureaeats toto aD effective heat of cosbustioo property has heeD sbow. Also the pitfalls of measuring rate of energy release by themal 
	~ 
	~ 

	1. 
	1. 
	1. 
	Beat of ructtoD. 68. 

	2. 
	2. 
	Stotebfoeetrlc all' to fuel ratio. r. 

	3. 
	3. 
	•..t of ..por1ut1oD. L. 

	4. 
	4. 
	"cr•.,..." fa-.pread coefUdeot. C. 

	5. 
	5. 
	IUn~ ractlaGt flu fO'l tpitlca. C it. 

	6. 
	6. 
	1UA1_ radunt flus fot flaM opr.: 40" • 

	7. 
	7. 
	Tber.l 1lMTtta. kPc. •• 


	Tber. liTe Ukely to be ad4tttOGal par...tu. related to fire p'owtb .. eode1a bee088 *»1'0 co.pbt. aDd .peeiftc. Alao.,. of t~ par_ten are depetldent Oft tae aDd nrlroawmtal cODclitlou eo tbat their lIOet approprLtte repr••eaut1oG need. to be dec14ed. 1I...rebel..·• they are ......1t1. for..,. ..t.TLtb .. d-.oaatratecl b, the .-ort of T_r~ U) aDd QuiaUer'e [61. It aboutd be .-pba.bed tut the iAteacled appliQUOQ of the.. par...tera sa equbaleat to. but hopefull, 1101'••-.ra1 t . 
	• 1IIply ...eur11ll nero ...1.... Tat. per ua1t area (2). III bY c say attellpt to abort-e:ut correhUoa aDaly... between t ••t ..tbod elata aM lar,o Urea by isnor1aa 1JIpoTtaQt feature. of a particular firs ac...r1o will GOt be auccessful. For eu..lo. s cQtlParhon of enerl1 1'01••• data frOfi a calori_t·ry device with te.IBPeraturu ill full-Kale Urn vtthout cOQceroa for flaM .prud could be deUcient. 
	I 
	I 
	l


	Figure
	Woreac•• 
	Woreac•• 

	1.. IIcCaftrey. I. J•• Quiattere. J. C., &ad Bark.ler0a4, H. P•• "IcItt.Ual ~ TetlPUatw.. u4 the UbUbocd of na.boYer UlDI Plre Data eon.bUoa.... !!!.!. t~dmolov. Vol. 11. 10. %•.Otay 1981) p. 98. 
	2.. Salth. I. I. eoc! SaUJa. S......1.... lata Nodal few Dneloplal Plr..... !be ~rtcao Soclat)' of MechaD1cal Eaalneen, ASlCI papu 110. 81-Bt-4. (1981). 
	3.. 
	3.. 
	3.. 
	"evanoo. A•• "Phydco-Cheelc:al aa4 CCIIbuet10aal Pyt-ol)'d. Proputl.. of Pol,..rtc n.rel'lal.". RaUooal Bur•• of StarMlarda Ieport. lIS-CCR-eo-29S (Dec. 1980). 

	4.. 
	4.. 
	PeruI', V. J •• "Calc:olatloa8 of the Beat lei..... Rate bJ Oxysen eoe..-pc1oo for Various Appl1c:at~". "floul ltal''''' of StaDdarde. HBSIR ho be publfshed). 


	s.. "Uetc. C•• "EaUaatloa of late of lleat a.l.... by Heaas of OsTEn Coa.u.pCloa ~asureaeDt.". Fir. and ~t.rlal.,Vol. 4, 10. %(1980) p. 61. 
	6.. QublUeTe. J., "A S~lif1ed t'beory for ceDeTu.idol lie_Ita fre. a Radiant "aDeI Rate ot flaM! Spread Apparatu..., Fir" and Katerlah. Vol. '. 
	10. 2 (1981) p. 52. 
	7.. 
	7.. 
	7.. 
	SpalcUD1t. D. I. "The eouuaUoo of Liquid Fuels": The Fourth Syaposl_ (·lbt.) 00 eo.buatloa. The eo.buatlQQ laatltate. (19S3) p. 180. 

	8.. 
	8.. 
	Orloff. L•• deats. J. and Kerketein. C. M•• "Upward 'i'urbuleat ?Ire Spread 


	·aDd lumina OD Fael Surface.". Fifteefttb S~a1_ (Irat.) on CoIIbuat1oD. Tbe.eo.busttOD Institute, (1971) p. 1329. 
	9.. 'arker, W. J •• "ConelattOD of ASTK £-84 v1tb Full-Scale Itooa Fire Te.t8~. National Bureau of Staadarde. NBSIa (to be ~ubllsbed). 
	Figure
	r1 I I.,I1 ...... ,,, J I I -'--...... :\ \ \ , J'­-------..._-.-. ------'-' ,-~--_--._--/I I I --".,..;r-' I 
	, 
	, 
	\ 

	II 1.,lIld IIIIt ftII I, ... --.ll-­...... 
	......I 
	1Q,j~~~~-----------'-......1 
	1Q,j~~~~-----------'-......1 
	IpItIaa ICC*S·..0tllo II tit 
	I. If ·1 
	~~..,Q",Q.lII~~~,QII--------....._..1 
	I 
	o 
	t 

	Figure 2 -Flame Spread Exasple 
	IS 
	IS 

	Figure
	Sect
	Figure

	Figure
	Sect
	Figure

	Figure
	1 
	1 
	Figure

	I. i. 
	4 •• 10 IZ 14 •• 2:OU24 
	a 


	Ca) 
	"'··-e. 
	"'··-e. 
	• a 0, 

	'" '_ 
	12J45.J".' -.:l.-,.u.u...I'.' 

	(Il) 
	Sect
	Figure
	DdTu.cz .,... IUItCItCfIOId 
	DdTu.cz .,... IUItCItCfIOId 


	Figure

	(e) Figure 1 -Igniting Flaae Reat Flux for the ASTK E-Q4 StelDer TuDcel Test Ca) 
	4Iod. the Bunsen Bur-ner Teat. (b.c).. 16. 
	Figure
	Figure








Accessibility Report





		Filename: 

		CT82-108_REM.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 0



		Passed manually: 2



		Failed manually: 0



		Skipped: 2



		Passed: 25



		Failed: 3







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Passed manually		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Passed manually		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Skipped		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Failed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Skipped		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Failed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Failed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



