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The rate of energy release in fire i{s discussed. The significance of
calorizmetric wessuremnents of energy release for materisls is related to thermo-
dynauic parameters, namely heat of reaction and stoichiometric coefficients.

It {8 showvn that & common set of parameters is necessary to express ignition,
flawe spread and mass loss due to combustion and heat transfer in fires. The
relationship of fgnition and flame spread to rate of energy release in fires is
presented &long vith a presentation on upward spread.
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INTRODUCYION

PURPOSE.

S———————

Tha purpose of this report is to illustrate theoratically the various factors
that govern rate of eaergy relruss in fires. These factors can be expressed in
terus of various parsmsters and depend on five chencmena. In 3 heuristic and
qualitative fashion £t will be shown that there is 8 sot of parameters or “propsrties”
comnon to the various phenosens vhich comprisc rate of caergy relcsse. The
neasutement of these parsmstars would provide the informatice needed to predict
. energy relesss rate vith msthematical models. Ounly through this process vill
rational scientific correlation emerge between laboratory test date and full-
scale fire tescs.

BACKGROUND .

The rate of enirgy release (Q) in a fire is tha most sign“ficent para-
metec governing fice growth. YThis can be f{llustrated by an experimental
cotrelatfion for predicting the temperature rise (4Y) ia compartment fives
given by MNcCaffrey et oil. [1):

. o s e e et

o) 2/3 (D b A, -1/3 -~

4T = 1.6 (
peT 8A

to epo o

ocp
The othor parsseters {a Eq. (!) relate to property and gmtr”)nricm« and

are glven in Ref. [1]. The maie point is that AT depends on §°'°. Texperature

fs the principle i{ndicatur of hazard in terms of human discomfort, bura injury,
i{gnition of other objects and the potential for fleshover. Temperature

d3fference 18 also the promoter of air fiow into the fire and § is & wenifes-
tatfoa of the rate of fuel consumed snd products relessed from the firz source.
Although the quantity of particular products formed depends )n the material buruiang
aod other factors, the rate of evelutice of products and oxygen consumptica will ba
proporticnal to Q. Hemce Q gives rise to temparature directly awd other fire
products indirectly, sll of which combine to i{mpose a threat to people and property.

The need to measure the energy relesse rate {rom combusting materials has
led to the development of several apparatuses. Saith {2}, Tewvarson [3], and
Parker [4] are amoog those who have developed devices to seasure the trzosient
rate of energy and other products of combustion from burning materials. These
devices are flow—through systems in vhich =measurements in the gas stream {lowing
from a burning specimen are used to infer the energy and product releases of
the material. To put this process in perspective and to demonstrate the
reiaiionship of the weasurad quantities with physical properties will require
some anslysis. Two iszues must be resclved for test metlod data to have
seaning in full-scale fire analyses and correlations. The first issue is the
wmeaning and limitstiicas of the test data collected. Spesifically the meaning
of energy release rate and its dependence on heat flux, tesperature, oxygen,
couf{guration, orientation and scale must be understood. The second issve
{s to understand the nature of energy release in full-scale fire scenarios
and to understand the coatributions of ignitioca and [lawe spread to that overall
process.
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DISCUSSIN®

IDEALIZED CALORIVETRY.

The meaning of the expression “rate of energy relesse” in a transient
cslorinetry apparatus will be considered. An snalyeis for an idealized soltd
fuel will show the relationship of energy release rate to thermodynsmic properties.
Although more realistic fuels may change the details of this analysis, “he general
form of the results should not vary. The 1deal cystem to be analyzed {s typical
of devices being used tO maasure energy relesse rate. A schemstic is showe
fa Figure 1. The following assumptionr are sade:
(1) gas phase transisnte are negligidle, dt - 0,
(2) all gas specier have identicsl amu.i: bests, ¢_,
(3) the combus:ing fuel is a vaporiziog solid wich 28 cher yield.

The stoichiometry of the combustioa process s given in terws of mses by

1g fuel +r g aire (1+¢)g of gaseous products (2)

Enthalpy relatfonshipe for each constituent are givem below:

fuel

By = b ¢ C (T-T)) » T < T, (s0l1d phase) (6))

hy : +e (T -T) + 88 + ¢, (T-T) , 1‘_>_i' (sas phose)  (4)

vhere ¢_ ia the specific heat of the gas,
cBis the specific heat of the solid,
is the eathslpy difference due to the change from the solid
to the vapor phase,
sod 1" is the vaperisaticn temparature.

[ 384 °
hy =By +el (T-T) (5
= uf:"- n + ¢ (T-T) 6)
P P 3 °

The heat of combustion, defined as positive for aa exothermic reaction, is
given by o o °
&R = -~ (1+1) hp +he +th, (¢))

for the eolid fuel at the reference state Toe The 4R 1s exsctly the quantity
that would be eeasvred in an oxygen bosb calorimeter assuming & negligibie
change in molecular weight of the initial gas state and the final mixture state
atr T . 1t is also the heat transferred {a a flowing system per unit mass of
50113 burned when the exitincg gases have cooled to To. This is the intrinsic

o
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property that underlies the energy releasa rate. For 8 complex combustion
process involving charring and transiemt comducticm losses, the LB will very
with ti{me. Hevertheless, & go00d measurement techn!gue slwuld be capable of
vecording & transient AH consistent with thersodynamic principles. Aa
extension of the f(ollowing asslyeis should be able to cousider these
teansient factors.

Coaservatior. lawve sre applied to the gas enclosed by the d_shed boundarics
in Pigure 1. The folet and exit states aro sssused to be wsil-nixed end
therofore uniform. As assumod, the time rate of chasge of the gas properties
vithin the volume sre negligible.

Hass _conservation

de= i' + i. ®)
Puel specie coaservation
Tk b, - *
vhera i' is the gaseous fuel pfoductiaa rate and ib {s the burning rate.

Product specie conservation

Ypi-(r*n“ ) ._ (10)

Air specie coneervatica
T hod -k (1)

or

w gpecie conservation

Y“ & - 0.203 i. - ~0.233 rib (12)
Energy conservstion v
() - i‘h‘(‘l‘a) - ivh (Tv) s -é. -‘iv {13)
f,gas

vhere h(T) = tht('i') + thp(l') + Y.h‘(f).

4 {7 the net heat transfer rate to the solid fgel,
sod é: is the rat» of heat transfer lost to the apparatus walils.

[ 94




By utilizing the eathalpy relatiouships (2-7) and solving for the specie
concentrations at the exit in Eqos. (9-11) the energy equation (13) can bde
written as '

(b, +8) c (T-T) =i [AB+e(T - T) + 28]
thp g (T, -T) -4, -4, (14)

Rere T was taken as To.'and unburned fuel is allowad to occur at the éxit if
tasuffictent air is supplied or Lf the pyrolysis rate is too great;

ipy- & - ib (15)
ia the excess fuel.

A final form of the gas-phase energy equation is developed by considering
an energy balance on the solid fuel. For a coordinate syatem fixed to the
regressing solid-gas {aterface with x taken positive into the solid,

2
3T _ ..3T _ 9T .
Pe 3t ~ ™ ax - Fax? (16)

holds within the 80l1id with T = Tv at x*0and T = TD 89 x + %, At the
vaporizing interface

: AT -. -
ek g -y oom, . an

holds for selid and gas flowing across the interface with flow rate per unit

area & and at the temperature T _. The restriction that steady state holds in
the solid, 1.e. T=T(x) only, leaxu to . :

)

)
X ox
T= (Tv-‘ro) e + To (18)
aud
és - év [Aﬂv +c (Tv'Tb)]° (19)

If transient conduction were considered it 1s apparent that time-dependent
terms would occur in Eqns (18) and (19). The effective heat of
gasification, L, is a useful fire parameter defined as

1, : 0
LXz= ) (20)

v




and for this example,
Ledi +c (T -T). (21)
In general L would depend on time due to any transient effects in the solid.

Eq (19) is substituted in Eq. (14) to yield
B 49 ¢ Ty amm-i [ v -cn -] -4, (@

As stated earlier if the exit gases are cooled to T , and {f & = 0, the rate
of heat lost is ’ ° Py

d' ' - ib AR ; (23)

T=T :

(.}
a_=0
Py

Hence all of the energy released by the chemical reaction is msnifested as & heat
logs. This clearly shows the significance of éb AH as the energy release rate for
the combustion process. Although this analysis assumed lack of transients in
the gas and solid phases, the equations apply at sny instant of time and
changes in the nature of the gas-phase reaction are still allowable. For exasmple,
the chemical composition of the gaseous fuel can change as the burning process
proceeds in time. This would reflect changes in the valves of the stoichiometric
ratio, r, and the enthalpies of formation, hg and h;. Hence AH could chznge with
time.

The utility of Al i8 clear but its measurement needs some discussion. The
measured "rate of energy release” (Q) must be shown to be @ AH. A thermal
method to measure energy release must not only measure the éxit temperatur: or
energy flcw rate through the apparatus but it wmust also eliminate or account
for the heat losses to the walls. For ép’ = 0, f.e. sufficient air for combustion,

QR - G, FE) o (1T H Y ' (24)

The terms on the right-side of Eq. (24) must all be known to give =n accurate
measurement for ) or AH. The difficulty to account for the heat losses to the
surroundings under transient conditions is a disadvantage of the thermal
method.

An alternative method to determine § 1s to utilize the empirical result
that the heat of combustion per unit mass of oxygen reacted (AH .} is unearly a
constant for most materials. This has been demonstrated by Huggett [5}. In
terms of the present example it follows for Eq. (12) that

AH = 0.233r Aﬂox (25)

The stoichiometric ratio, r, can be determined from Eq. (12) Sy measurements
of mass flow rates, mass loss rate of the fuel and oxygen concentration at the
exit provided sufficient air is supplied for combustion. Hence both All and r
are found without any thermal measurements. A nominally constant value for
Auox is 13 kJ/gO?.




THE ROLE OF FIRE PARAMETERS.

The paraneters AH, r and L are of fundamental importance im arriving
at the overall energy release rate in full-scale fires. The dependence of
these parameters on environmental conditions 2nd effects of size, orientation
and coanfiguration must be known. The data of Tewarson [3) suggest that
variations in ambient oxygen concentration and external radiant heat flux
lead to little variation in AH for a given material. Ultimately, these
parameters must be clearly demonstrated to represent material properties
in the main, and weakly dependent on the fire conditions and processes.
If that can be shown, they will have great utility.

More data and snalysis are required to fully establish whether these
parameters are complete and sufficiently fundamental. If they depend stromgly
on many factors, then their utility is diminished. Since most predictive
analytical relationships in fire require a knowledge of these and other similar
property parameters, a theoretical basis for understanding the performance of
real materials in fire may not then be pogsible. Relisnce of material evaluation
would be purely empirical. Alternatively the establishment of & general property
basis, consistent with current theoreticsl wmethods, offers the means of
predicting and correlating results in full-scale scenarios.

FLAME SPREAD EXAMPLE. The steps necessary to understand the release of
energy in fire will be illustrated. This process will demonstrate the role
of the parameters introduced above and the various influencing factors. A
one-dimensional flame spread process will be considered for a material of
width, W. An external radiant flux 4istribution will be imposed on the
material at a sufficient initial value to cause piloted ignition. The
examplie 18 illustrated in Figure 2. The material will be assumed to be thick
80 that burn-out will not be considered. In general, the prediction of
extinction and its dependence on other variables must be considered to fully
describe the process.

The eoérgy release rate is given by

£ )
Q-Uf l'!; AH dx ' (26)
0

vhere depends on time and position. The material will ignite in time t1
corresponding to Q"(o) and spread to the minimum flux required for piloted 8
ignition, 4 sg* shortly thereafter. That transit time will be considered
negligible. {aae vill now spread (at a relatively slow rate provided this
occurs on a “floor" or laterelly on a "wall") between x, and xo. AL x_ the
minimum flux for spread, 4 " , will be encountered and the spread will cease.
The position of the flame P25nt 1s given by

xex, = f Vg de @n
where : t1 '
*2n X 1] 2
) c/ [0 1g ~ qe(”] (28)




at most. The flsme spread parameter C can be found from theory or experiment
aleag with the limiting heat fluzes [6). The pyrolysis rate 1s given by

Lo Gra-4
A . it (29)

vhere Qz 18 the flama heat flux,

and d. is the surface radistive loss.

The flame flux is not generally predictsble for realistic fire conditions
since it depends on scale, orientation, ambient conditicns and similar
varisbles. In prineiple it can be predicted; however, progress has been
limited to simple materials and configurations.

In order to sizplify the resulte for this example ascume that 47 is a
constant and that §, ; and §3 2 Tepresent mean values in the ignitfon and
spread zones. Also assume i; ) i; or sufficient air is available.

C (t-t )
* ® e " .A.ll " é_n_ ig
Q "(f"‘.”‘,,l) (1.) x, + ¥ §e-40 + 47 , (x.) @ 2 (30)
» 8‘!.2
for tigf-tite vhen Xe"Xg -
If the process were to become air limited then
]
¢~ (;'i) AR (31)

vhere i‘ i3 the rate of air flow to the fire.

This relatively simple result shows the various factors controlling the
evolution of energy 19 a fire. There will be ignition after sometine over a
region defined by éo’{ + a characteristic of the materizl for the most part [6].
Subsequently, flame w1§1 spread depending on time and other factors (eg. C).
The roles of the "property" parameters: A8, L and r are clearly showm. PFinally
the extent of spread will be limited by the minimm external flux needed to
sustafn spread 4, %, The significant effects of all the other variables have
beea contained 13'32- Questions of the invariance of parameters like AH still
remain, but the stricture of the example is still valid. The variation of Q

in time is also shown in Figure 2. Of course, in a more realistic case, .
burn-out will occur, and the resulting curve would give smaller values for Q
wvith decay to zero eventually.

The maximum value for Q from Eq. (30) can be written as follows:

M "_on ] AR Y "
Q=W (éf.,és + qe.l) (T)xo +V (‘?f‘qg + Qe,Z) (A%)(xe —xo) (32)

The first term results after ignitfon, and the second term represeats the
flave spread process up to the extinction position x,. For a given material
and external heat flux distribution, these distences (x_ x ) can be determined

. o
provided the parameter do 'i'g and q, ; are known. Figure'j displays {nitial
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distridbuticns imposed on & specimen in the ASTH E-84 Steiner tunnel test and 2
on a specisen in the Bunsen Burner test method. If a value of &5 1, = 2 W/em
is congidered, then ignition would occur over 1.5 m in the tunnel and over

S en {2 the Bunsen Burner test. Eq. (32) would suggest that the eaergy release
rate per unit width (4/¥) would therefore be 30 times greater in the tugncl
test. If the material has a sinimum flawe spread hest flux of 0.5 W/ em®, flame
propagation will occur for considerable distance in both tests. This discussion
only serves as a {llustratfon .2 understanding the effect of initial heat flux
conditions. It applies to test methods and full-scale fire simulstions. For
the tests in this discuesion, the vertical orientsticn in g Bunsen Burner test
or the wind-driven ceiling spread in the tunnel would add complexities not
considered. The forwsrd heat transfer in both cases would result from flames
extending far beyond the initial ignition zome (x,) and in fact would contribute
edditional heating to §,. The resulting spread velocity would depend on x_ and
this fleme heating distence. A general solution to this problem does not ?et
exist, and the differences i{n scale in the two tests do not alone constitute

@ basis for differences in flame spread that might be observed. Hevertheless &
sizple model will be described for upward flame spread in order to illuastrate
the variables on which this type of flame spread depends.

FLAME SFREAD ON A VERTICAL SURFACE. The model considered is based om concepts
involving a prediction of flame height (x,) in terms of pyrolysis length (x )
based on entrainment, Spalding's treatncng for predicting burning rate, P
and a flave spread mojel based on counduction in an inert solid. The
analysis follows:

Plame height 18 determined by equating air required for coabustion with air
supplied. For r, the effective mass stoichiometric air-fuel ratio, the air
supplied is

R (33)

vhere &} is the fuel produced per unit time per unit width. The mechanism for
air flow into the boundary layer is considered tc be by entraimmert with the
entrained velocity

u, = aun . (34)
vhere a is the entrainment constant and u is a characteristic velocity in the
boundary layer. The characteristic velocity follows from a womentum balauce
neglecting the wall shear stress and treating the flame zone at a uniform flanme
temperature T..

= 2 1-T
u= N S (35)

x

Then f
@l - P_u_ ax
a > a e

e o s e T k) TRl i a1 o v




2 3/2
i‘-’ a0, qz (1-,‘1‘./‘1’!) 8 . . v(36)

The fuel production rate is sssuned to be governad by the convective hest

transfer process alone. The effect of flame radiation or external radiation

must be eventually added for completensss. Prom simpls mase transfer

principles (7] ' ’
-2 naen , [+ )

0 .
vhere B {s the Spalding mass transfer number and h will be based on turbulent
boundary layer flow with u (EqQ. (35)) as the charactaristic velocity.

b= 00202 X u:” prt/3

or
25 1/3 18
he00292 2 1-7/T, 8 ;‘,5 Pr x (38)
2 ,
Then 4 - f a7 dx (39)
o .
Substituting appropriately into Eq. (33) and solving for zg gives
xg = Bx, &/ _ (40)
vhere
1/15 2/3
g ((o.ozez) (6/5) (3/2):) 23 (2) 215 (23(1"."':)) La(143)
a ) Pr
For polysethyllethacryla:e (PMMA), B = 1.4 and r = 8; also taking c = 0.1, p
1.2 kg/m”, v = 20 x 105 m?/s, Pr = 0.7 and 1 - T /T, = 0.75 yields
B = 1.67 cal/>

If r were taken at four times stoichiowetric thean £ = 4.3 cnlls. The inclusion

of flame radiation would also increase B. Orloff, deRis and Markstein [8]
derive from PMMA flame spread experiments

0.78

= 5.3 x, {in cm units) (41)

X¢
The resultﬁ of this simple anzlysis are in remarkable agreement.

The flame spread rate is determined by Eq. (40) and ihe results from




IR

Orloff et al. [8] that h ‘ :

dx b 3
!.n u
EE = ?2 ta ( f,’p) %2a)

vhere o = 4/5 and the transit time betveen 'zp and x, is
T =3 (o), (1T MG | - @)

o ke e

vhere kpe {s the theml inertia of the solid, T in its pyrolylil or ignition
temperature and q as from Eq. (37) 1s

«i” 1 o (L \o(148). b(x ) : “3)
U (c p)l P '
Substituting into Eq. (42) yields

A o 1 O e e+ T

dx )
P /s 1« 35 :
e " f- X ln(e.xp ) (44) :
vhere £ depends on the properties of the solid fuel: Y¥p¢, 4H, r, L, T_and :
other less variant quantities. In a complete wmodel, radiation parsmetérs
would also appear. Ignoring the dependence in the logarithmic term, the
pyrolysis front grows as

. Y 45)

dx 2 |
and -—-P- ~tT' 7, Hence the spread rate increases with time and clearly depends
on sche or the extent of growth of the front (i.e. the prrolysia length)

A sinpier exsmple will be used to fllustrate the effecct of a fixed flame
ssurce ag an ignition source and continuing source of heat. This is based on
an idea by Parker [9] to explain the ASTM E-84 tunnel test behavior. Consider
o =1 and flame lengths are additive with x the flame length of the igniting
source., Also assume instant ignitiom so that at t=0, x =x . Ia place of Eq. (42)
approximate L
dx X, ~X
S R i
dt T °®

vhere T or &'f' is considered independent of t. The solution is

B-
( Bm(;li:) t -1) %7)

46)

X =X
P o

dx
and 2. -—— exp (8 (48)

10




The resulte clearly depend on scale and on the length of the igniting flase.
The quantity 8 incressee with B and in general can be considered proportional
to the ratio of energy relcass per energy required for burning. Yor large

8, 7lame spresd by Eq. (47) is indefinite. PFor small B <1, the spread reaches
8 limte of xol(l-B). In smsll scale tests che minimal effects of flame
reéistion could rasult in B <1, but for the same material tested in a larger
scrle, B could effectively be larger than 1. Another view of 8 stems from
considering that most materials will not burn unless an external radiant

source supplies energy. Hence the burning rate expression may be represented by

]
t"'-i;-o--% _ 49

vhere the second term represents the axternal flux contribution tc mass loss
rate, and &) is the burning rate at zero externsl flux. For msny materials
&” is negative, implying burning takes place above some critical hest flux.
USia; sinilar argusents to arrive at x, a8 before, but replacing Eq. (37)
wvith Bq. (49), yields that :

2/3

P §"
vhere 8 now is proportionsl to (i: + is) 2/3.

'I.BZ

Por ease in 1llustration, consider the 2/3 power to be approximately 1.

Then from Eq. (47) it 1s clear that flame spread will stop or grow
expotientially depending on the value of a" + §4"/L, 1.e. flames will not
propagate if this value is small erough. oﬂencg, especially for materials that
do not sustain burning without external heating, ¢" must be large enough to
promote cootinued spread. e

CONCLUSIONS

This analysis hss attespted to illuminate the processes that relate to

energy release in fire yrowth. Heuristic models have been presented for some

of these processes in order to show the significant variables thst govern thea.
Techniques for measuring rate of energy release using calorimetry devices only
make measurements for a fixed sample size. The interpretation of these
Beasurements into an effective heat of combustion property has been shown. Also
the pitfalls of measuring rate of energy release by thermal techniques have

been discussed. The oxygen cousumption technique offers » more accurate
approach. In fire growch the total energy release process will depend on more
than just calorimetry dzta since the processes of ignition, flame spread and
extinction play & role. Although complete ndels for predicting these processes
have not been developed, it fis clear that ¢ zet of parameters is common to
_current models. The analyses presented have fllustraced these variables.

More complete solutions involving flame rsdiation effects will add scme additionsl
parazeters. The list of relevant parameters follows:

1n




L4

1. Beat of rmtm. AH.

2. Stoichiometric air to fuel ratio, r.

3. Heat of vaporization, L.

& "Creeping” flame spread coefficicat, C.

S. Minimm radiant flux for ignitica, 4" 1g°

6. Minimum radiant flux for {lsme opread, A% s
7. Thermal fnertia, kpc. o8

There are likely to be additiounsl paramsters related to fire growth as
sodels becose wmore complete and specific. Also some of thess parameters
are dependent on time and environmentszl conditions eo that their wmost
appropriaste vrepresentation needs to be decided. Neverthsless they sre
measursble for many wmateriazls as demonstrsted by the work of Tewarsoa [3]
and Quintiere [6). It should be emphasized that the intended application
of these parameters is equivalent to, bdut hopefully more general thaa,
sinply measuring energy relesse rate per vait area [2]. 1Ia auy cas. any
attempt ro short-cut correlation analyses betwveen test method data and large
fires by ignoring important features of a particular firs scenario wiil
not be successful. For example, s comparison of energy release data

from a calorimetry device vith tempearatures in full-scale fires without
coucerns for flame spread could be deficient.
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	aad 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 
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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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	If that can be .hown. they will have great utility. 
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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
	The energy release rate i8 given by 
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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 
	wbere "-de.pend. 
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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)
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	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 
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	.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. 
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	If the procea. vere to becoae air liaited then i (....!.) All (31)
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	where i is the rate of air flow to the fire. 
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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: 
	Q• V ~q"-q" +q" ) (tut\c: + W (Oll-qll + q" ) ~6H9~ J
	f. s e,l t} 0 ofs e,2 -Lx-x (32)
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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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	provided the parameter 4 'i' lind q are known. Figure 3 displays lnitial 
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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 b
	• 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 
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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 
	(34)
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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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	!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). , 
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	where 1 1e the Saa141n& .... tranaler eU8ber aocl b will be bancl OIl turbulent ~ry u1al' flow witb u (Eq. (3~» .. the cbaractc1et1c veloelty. 
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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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	Orloff et al. IaJ that 
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	where 0 • 4/S aad the tt'llDalt U.. betveea: aDd xt. 
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	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 . 
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	Substituting loto Eq. (42) yield. 
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	"if•

	"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. 
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	cix 3/2 paDd 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 
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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 
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	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.
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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 
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	Figure 2 -Flame Spread Exasple 
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