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ABSTRACT

In the present paper, the effect of ventilation and buming area on the mass burning rate in compartment
fires was studied through the reduce scale model experiments. It was found that they both determine the
compartment fire behavior and their common effect could be expressed by the ratio of pog”AH”/Av, on the
basis of which the regions of various fire characteristics were divided. Based on experimental results,
according to steady-state energy balance on fuel surface, a new simple model was proposed in which the
mass burning rate can be calculated as a function of ventilation parameter and fuel surface area, and the
critical conditions for the transition between various fire-.characteristics were obtained. The calculated re-
sults were in good agreement with the experimental data and the previous researches.
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INTRODUCTION

A large number of experiments has been conducted for fully developed compartment fires ventilated
through a single rectangular opening centrally located in one wall. It was indicated that the main factors
affecting burning behavior in a compartment were opening condition, fuel bed area, compartment size and
shape, thermal conductivity of walls, properties of bumning materials, position of fire source and so on, and
the effect of ventilation opening size and shape can be expressed by the ventilation parameter AR* 1
where A and H are the area and height of the ventilation opening respectively. In addidon, it was found that
the mass burning rate in compantment depend largely on fuel surface area besides ventilation parameter, and
the effects of ventilation parameter and fuel surface area are not independent, as they change, various fire
characteristics such as extinction, oscillatory combustion, ventilation-controlled and fuel-controlled com-
bustion occurs. Having analyzed data from
a large number of compartment fires,
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tilation and compartment size on fire be-
havior for methanol fires using a series of
cubic chambers made of asbestos board,
and a simple one zone and transient model
of compartment fires was established based
on the quasi-steady energy balance rela-
tionship involving the whole compartment.

In this paper, ethanol fires was studied
in a constant cubic chamber with various
size opening and fuel tray. a new simple
model of compartment fires was presented
according to steady-state energy balance
relationship on the fuel surface, and the
steady mass burning rates of PMMA ‘was
predicted successfully. These experimental
and calculated results were compared with
previous researches in detailed discussion.
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Fig. 2. Experimental results of m"-Av relation
for various AH” values
(m¢"— free burning rate in open environment)

EXPERIMENTAL DESCRIPTION AND RESULTS
As shown in Fig. 1, experiments were conducted in the 0.5 m cube chamber made of 2 mm steel board
with a rectangular opening of variable height and area. Various size circular fuel tray of 5 cm ~ 20 cm in
diameter and 2 cm in depth is installed at the center of the floor, and fuel used is ethanol. The mass bumning
rates and gases temperatures were measured by load cell and thermocouples respectively.

Experiments showed that the fire char-
acteristics in compartment depend strongly
on ventilation parameter AH” and fuel tray
area Av, when AH” is small or Av is large,
extinction occurs, and as AH” increases or
Av decreases, combustion becomes oscil-
latory and then stable. Fig. 2 shows the
experimental results of mass burning rate
per unit fuel surface area (m"=m/ Av) as a
function of Av for various AH" values.
When AH" is certain value, m" value rises
till maximum and then decreases as Av
increases. As m" increases and reaches a
maximum, it is considered that the fire ap-
proaches stoichiometric burning and the
fire characteristics transforms from fuel-
controlled to ventilation- controlled.

Fig. 3 shows the mass buming rate rh as
a function of Av for various AH® values,
and the critical curves under which the os-
cillatory combustion and extinction may be
observed in the experiments respectively.
Assuming & = pog” AH"/Av, the critical
values of &, &, and &, which are corre-
sponding to extinction, oscillatory combus-
tion and maximum m" condition respec-
tively, are listed in Table 1.
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Fig. 3. Relationship between m and Av with various
AH" values and comparison between experi-
mental data and calculated results
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Fig.4. Dependence of m" on § and regions for various fire characteristics

Fig. 4, plotted as m" versus &, shows a clear distinction between the ventilation-controlled fires and
fuel-controlled fires, and the rigions of various fire characteristics. Besides, this figure demonstrates that the
&, which combines AH” and Av, may be considered as a parameter for indicating the common effect of
ventilation and buming area on mass buming rate in compartment fires, and for dividing the regions of
various fire characteristics.

Table 1. Critical values of &, &, and &,

Fire Characteristics  Critical § Experimental Data Average Calculated
(kg/m’s) (Av increasing — ) Value Value
Extinction E 073 0.70 0.67 050 046 0.61 0.55
Oscillatory comb. & 125 139 123 121 142 130 1.33
Maximum m" & 497 486 577 478 5.18 5.11 5.28

THEORETICAL ANALYSIS AND DISCUSSION
1. Establishment of The Simple Model of Compartment Fires
In open environment, the free burning rate is dependent on the heat transfer to the fuel surface from
flame, it can be expressd as follows at steady-state conditions:
"=t/ Av = ( Q" - Qu )/ Lv 1
where m¢" is the free buming rate per unit fuel surface area; QF; is the heat flux per unit surface area from
flame to fuel surface; Q" is the fuel surface heat loss rate per unit surface area, Lv is the heat of gasifica-
tion of the fuel. If the flame temperature was assumed to be uniform, the Qg can thus be approximately
writtten as: .
Qir" = o F(Tr' = T\ ) + he (T = T)) - 2
where o is the Stefen-Boltzmann constant, € is the flame emissivity, Fy is the relevant geometric configu-
ration factor, hy is the fuel heat transfer coefficient, T is the temperature, and the subscript f and | represent
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flame and fuel surface respectively.
For compartment fires, the mass burning rate per unit fuel surface area can be expressed as follows at

steady-state conditions:

m"=m/Av=(Q¢" + Q" - Q" )/ Lv 3
where Q: is the flame heat flux per unit fuel surface area, Q;_ is the heat loss rate per unit surface area, QE
is the external heat flux per unit surface area from the hot environment to fuel surface, mainly including the
radiant heat flux from walls and layer of hot smoky gases, it may be approximately expressed as:

Qe"= OgFy(T,* —=T\') + ceuFu(Tu! - Ti*) 4
where € , F, and T are relevant emissivity, geometric configuration factor and temperature, subscript g , w,
and | represent gas, wall, and fuel surface, respectively. The gas emissivity can be expressed as:

€ = 1-exp (- KL) 5 I Extinction region

where K is the absorption coefficient. The wall 11 Oscillatory combustion region
temperature T, was assumed empirically as the Loy Ventilation- | 25
following expression according to reference [2], 08} ° conwolled | Fuel-controlied .
Tu=U(Tg-To)+To 6 % 06 \ —~ 1> 120 4
and the coefficient T 0.4 :
U= (T¢ = Tp = To)/ (T =To) oalt 11 1S
where Tp is the temperature difference between e g,
gas and wall at the maximum burning condition, 05 5.0 700,
and Ty is the ambient temperature. ' & (kg/m’s)
Further, the following relationship mainly for Fig. 5. Dependence of fex and aon §

preflashover fires was introduced for the inflow
rate of air by ventilation,!")
M = B pog*AH" : 7
where B is the empirical constant containing the discharge coefficient and density term.
(1) Mass buming rate
For ventilation-controlled fires (pog” AH” < pog” (AH"").,.1 ). as the mass burning rate is strongly den-
pendent on the air supply rate, the heat release rate and flame heat flux to the fuel surface will increase with
the mass flow rate of inflow air increasing, so that the proportional relationship between the Qf" and i
was assumed as QF"=<p' Mgir =<ppogV‘AHV‘, furthermore (Qg"— QL")/ Lv = ¢ =constant.
For fuel-controlled fires (pogv‘AHV‘ > pogv' (AHV'),, ), with the mass flow rate of inflow air increasing,
the excessive air supply and the heat loss through the ventilation opening will increase, and the average gas
temperature in compartment will decrease, as a result the external heat flux from the hot environment to the
fuel surface will reduce. Therefore the inverse proportional relationship between the Qg" and rhg, was
assumed as: Qg" =/ My =y / pog” " AH", furthermore (Qg"— Q")/Lv=m(".
. When m" has a maximum (pogv"Al-lVi = pog"" (AHV’)t,q ), it was assumed that QI._ =Q"Em,_ furthermore
(Qr" — QL")/Lv =mq". where Q;M is the heat flux from hot environment to the fuel surface at the maxi-
mum burning condition, which may be obtained from Eq. 4.
Based on these assumptions above, and using m"=m"p,;, at pogV‘AHV' = pogv‘ (AH”),‘ , the coefficient
@, ¢ and y can be obtained. So that the mass burning rate is given by
[ m"=rm/Av=m"+ Q"Emu/LV - (Q:f"/Lv)( 1-8/&) (E<E,) Ventilation-controlled
\ 8
| M =m/Av=rng"+ (Q"Ema/LV)EJE) (E2E,) Fuel-controlled

(2) Excess fuel factor and excess air factor

Bullen and Thomas!"! defined an excess fuel factor as fex =1— thy; /Y, whigh is zero for stoichiometric
burning and positive if there are unburnt volatiles leaving the compartment, where ¥ is the stoichiometric
air to fuel mass ratio. Using Eqs. 7 and 8, for ventilation-controlled fires, fex can be calculated from Eq. 9.

fex = 1= (BLvE/ P/ [ Lv+Q imu— Qir'(1- 8/ &) (E<Ey) 9
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If the excess air factor is described as a =rh,, / ym for fuel-controlled fires, which equals unit for
stoichiometric burning and can be obtain from Eq. 7 and 8.
a = (BLvE/ )/ ["Lv + Q"emux(E/E)] (1) 10
The relationship between fex, & and § are shown in Fig. 5.
(3) Determination of the critical values of & for various fire characteristics
A. The transition from ventilation-controlled fires to fuel-controlled fires (&)

It is considered as the critical condition between ventilation-controlled fires and fuel-controlled fires that
combustion becomes stoichiometric combustion. Substitution of fex=0 at £=&; into Eq. 9 or a=1at &= &, into
Eq. 10, gives

&, = pog” (AH®)eq / AV = (¥/ B)(th(" + Q"Emar/ L ) 1
B. The critical extinction behavior (&)

It may be assumed that extinction occurs as the concentration of fuel vapor increases to and beyond its
upper flammability limit (ng) for the oscillatory fires in which the ventilation is very poor. Substitution of
Eq. 7 and 8 into

M | ge = M/ +mgr ) | gte = Mo
gives
Ee = (M"Lv+Q Ema— Q") [NrBLV/ (1= o) — Qe &) 12
C. The critical oscillatory behavior (&)

For ventilation-controlled fires, the fex increases gradually then steeply as § decreases (See Figure 5),
therefore it was assumed that the transitional point is the critical point at which the oscillatory combustion
occurs, that is to say

(dfex/ d&) | g0 = 1/, 13
Substitution of Eq. 9 into Eq. 13 gives

— Calculated curves given by H.Takeda
= Present calculated curves

m (10 kg/'s)
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Fig. 6. Calculated results of m-AH" relation for PMMA compartment fires
and comparison with previous results (L=0.4 m)
Experimental Data -
Q Av=0.0056m® J. Quintiere O Av=00225m® J. Quintiere
V Av=00100m’  J. Quinticre 0 Av=0.0225m? H. Takeda
A Av=0.0156 m® J. Quintiere

-408-




& = ([(BLVEM(M('LY + Q Emax— Qr)]” = (Mr"LV + Q Eme—Qre") ) €/ Qe 14
2. Calculation Results and Discussion

The calculation results have been shown in Fig. 3, Fig. 4, Fig. 5 and Table 1 in comparison with
experimental data respectively. Besides, according to the experimental condluons of H.Takeda and
K Qumncch,[z‘3 the mass burning rate of PMMA was calculated for various AH" and Av values, as shown
in Fig. 6, and the results were in good agreement with their experimental data and theoretical curves given
at the same time for comparison. The data used in calculation are listed in Table 2.

Table 2. Specified parameters for the calculation

Fr 0.75" Ethanol PMMA Ethanol PMMA
F, 056 | he wmcy 17.6™ 707 T 35107 54310
F. 042" K am  037™M 1301 Tox) 298% 2830
g (mYs) 9.81 Lv 0xg) 93275511 15884000 | g - 006" 0.25M
Tp (K) 100 |m kgms) 0.01320* 0010357 | e, 0979 096
o (WmKYy S67x10°% | T, « @ 1123* 153 |y 9.001 825P!
Poagm) 118" | Tpem  773* 13037 |ngp  0.a8M

* Experimental data

In the present model, the critical values of § were related to the Q"E,m and m(", generally, both of them
are dependent on fuel surface area. Howevre, when the fire increases in size to and beyond the point at
which interaction with the compartment boundaries becomes significant, the Q" gmax is nearly independent
of Av. In addition, according to the experimental results of hydrocarbon liquid pool fires given by Blinov
and Khudialov,!"! when pool diameter is around 0.1 m or more than 1.0 m the m¢" is almost independent of
Av. Similarly, the m¢" is almost a constant for various fuel tray diameters from 0.05 m t0 0.2 m in present
experiments (See figure 2). So that it may be approximately considered that the critical values of £ are
dependent only on the fuel type and wall material, and can be used to describe the fire characteristics for
fully developed compartment fires.

CONCLUSION

1. Both opening condition and burning area are important factors affecting compartment fire behavior. The
various fire characteristics was found to be described by the ratio of E=pog*AH"/Av in some specific
situations.

2. A new simple model for compartment fires involving liquid or thermoplastic fuel has been established
using steady-state energy balance relationship on fuel surface, and also has been proven to be reasonable
in comparison with the small-scale experimental data and calculated results given by other model.
However, it ought to be compared further with the full-scale compartment fires.
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