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ABSTRACT: Backdraft is a limited-ventilation fire phenomenon closely linked
to the unburnt gases accumulated in the fire compartment just before creating
an opening that allows a new supply of oxygen to enter the compartment. The
aim of this article is to help understanding the influence of gas species such as
hydrocarbon C,,H,, water, carbon dioxide, oxygen, and nitrogen on backdraft
probability. The influence of increasing the number of moles of the above gas
species as well as the number of atoms of carbon, hydrogen, and oxygen in the
fuel composition is analyzed. For this purpose, a diffusion flame limit criterion
based on Le Chatelier’s rule is used. In order to verify the obtained results,
validation with 41 backdraft experiments is carried out.
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INTRODUCTION

BACKDRAFT CAN DEVELOP from fires of either ordinary combustibles
or ignitable liquids that become oxygen starved yet continue to generate
a fuel-rich environment in a building with limited ventilation. If fresh air
is allowed to flow into the vitiated space, such as by opening a door or
breaking a window, a gravity current of air will flow into the com-
partment while the hot fuel-rich gases flow out through the top of the
opening. Once a localized flammable mixture is formed and is in contact
with an ignition source, the fuel-rich gases will combust acutely, the
temperature will rise rapidly and the fire will develop into a deflagration.
The deflagration will cause the gases to heat and expand within the
compartment, thus forcing unburnt gases out of the opening ahead of
the flame front. These gases will mix with additional air outside the fire
compartment. As the flame crosses through the building and penetrates
the doorway, it ignites the gases outside the space resulting in a fireball
and a blast wave.

Several authors have studied this fire phenomenon [1-4]. One of the
main conclusions obtained from these studies shows that backdraft is
closely linked to the mass concentration of hydrocarbon C,H, accu-
mulated just before the opening time. For that reason, in the following
sections the influence of gas species as well as the number of atoms
of carbon, hydrogen, and oxygen in the fuel composition is analyzed
using a diffusion flame limit criterion.

DIFFUSION FLAME LIMITS CRITERION

Flammability limits for diffusion flames were first examined by
Simmons and Wolfhard [5]. In their experiments, they determined the
minimum level of dilution of the oxidant stream necessary to prevent
the stabilization of a diffusion flame for a variety of gas and liquid fuels.
The oxygen mole fraction, xo,, of the oxidant stream at the flammability
limit is known as the limiting oxygen index. They observed that the
limiting oxygen index of their diffusion flames equaled to the ratio,
X0,/(X0, + Xdilent), found in a premixed stoichiometric limit mixture
involving the same fuel. This implies that the adiabatic flame
temperature for the limit diffusion flame, calculated on the basis of
stoichiometric combustion of the fuel and oxidant stream, is equal to the
adiabatic flame temperature at the stoichiometric limit of a premixed
system involving the same fuel, oxidant, and diluent.

Ishizuka and Tsuji [6], verified Simmons and Wolfhard’s results
for methane and hydrogen, and showed that the adiabatic flame
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temperature at the flammability limit is small whether the dilution is of
the fuel or oxidant stream. This conclusion forms the basis of a method
for the evaluation of diffusion flame limits for fuel mixtures. In essence,
the ability of a fuel and oxidant pair to react in a diffusion flame is
evaluated by examining the flammability of a premixed stoichiometric
mixture of the fuel and oxidant [7].

To do this, it is assumed that Le Chatelier’s rule holds at the
stoichiometric limit, Equation (1), and that the adiabatic flame temp-
erature at the stoichiometric limit for each fuel is a constant. These lead
to Equation (2).
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where

e C; is the percent volume of fuel species i, when the fuel stream is
mixed stoichiometrically with the oxidant mixture.

e SL,is the percent volume of the fuel species i in its flammability limit.

e Tpgr,; is the adiabatic temperature of the stoichiometric limit mixture
for fuel species i, expressed in K.

e T, is the temperature of the stoichiometric mixture prior to reaction,
also expressed in K.

e AH_. is the heat of combustion of the fuel species i.

e 1,is the number of moles of combustion products per mole of reactant
(stoichiometric mixture of the fuel and oxidant streams).

e C, is the specific heat of the combustion products; for convenience,
constant average specific heats will be used in the calculations.

This number calculated on the left hand side of Equation (2) is
referred in this article as Le Chatelier’s number. If, for a given mixture,
Le Chatelier’s number is higher than 1.0 the mixture might become
flammable and therefore, backdraft can occur if a hot element comes
into contact with the flammable region along the gravity current
interface; on the contrary, if this number is lower than 1.0 the mixture
cannot become flammable and backdraft cannot occur even with a new
supply of fresh air.

In Table 1 [8], the adiabatic flame temperature of the stoichiometric
limit mixture and the heat of combustion for some common fuel species

is given. Table 2 shows the specific heat at 1000 K of typical combustion
products [8].
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Table 1. Adiabatic flame temperature and heat of
combustion for selected fuels.

Fuel species Tisei (K} AHc (kKJ/mol)
Carbon monoxide CO 1450 283
Methane CHa 1720 800
Hydrogen Ha 1080 242
Ethane CoHg 1620 1423
Propane CaHg 1730 2044
n-Butane n-CsHio 1830 2650
n-Pentane n-CgsHqz 1810 3259
Methanol CH;0H 1690 635
Ethanol CoHsOH 1700 1232

Table 2. Specific heat of typical combustion
products at T000K.

Gas species Cpi (1000 K}
Carbon dioxide CO, 54.3
Water (gas) H0 41.2
Oxygen 0, 349
Nitrogen No 32.7

VALIDATION OF THE DIFFUSION CRITERION

The validity of the diffusion flame limit criterion is checked with the
backdraft experiments carried out by Weng et al. [3] and Fleischmann
et al. [1]. A brief description of the experiments is given below.

The dimensions of the experimental apparatus used by Weng
and Fleischmann are, respectively, 1.2m x 0.6m x 0.6 m, and 2.4m x
1.2m x 1.2m (length, height, depth). A methane burner was placed
against the wall opposite to the wall with the opening. Figure 1 shows
a schematic view of the apparatus with the side panel removed to show
the gas burner and the thermocouple tree in the compartment. To ignite
the combustible mixture in the compartment, an electrical heated
metal wire provided an ignition source.

Three different positions of the opening were studied in Weng’s
experiments: upper slot opening, middle slot opening, and lower slot
opening (Figure 2), and only one position in Fleischmann’s experiments:
middle slot opening. All of these openings were placed against the wall
opposite the gas burner.
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Figure 1. Schematic backdraft apparatus used in Fleischmann and Weng's
experiments.
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Figure 2. Different openings used in Weng's backdraft experiments.

In their experiments, they recorded the species concentration of
hydrocarbon (HC), carbon dioxide (COs), carbon monoxide (CO), and
oxygen (O,) just before opening the window that would create the
gravity current of fresh air. The concentration of nitrogen (Np) and
water (HoO) were calculated based on the equation for oxidation of
methane. The upper and lower temperatures were also recorded.

Tables 3 [11] and 4 [11] summarize Fleischmann and Weng’s back-
draft experiments. Columns 1 and 2 give the experimental case number
and ambient temperature, T,. Columns 3 and 4 describe the burner
characteristics, i.e., the burner flow rate and the amount of time during
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Table 3. Summary of backdraft experiments in the reduced-scale compartment:
Weng's experiments.

Compart. temp.  Backdraft

Species concentration (K} occurrence
T, Flow Burner HC CO Fuel CO; Oy Tu T Equation
Case (K) (107%kg/s) time (8) (%) (%) (%) (%) (%) (K K Test (2
Upper-siot opening
1 297 0.2549 260 112 05 117 03 140 39 357 Yes 111
2 297 0.2549 240 10.4 055 10.99 0.2 150 381 343 Yes 112
3 296 0.1609 300 8.40 0.18 8.65 04 145 381 353 Yes 1.04
4 297 0.2529 180 7.80 0.48 836 0.3 160 396 352 Yes 1.09
5 294  0.1603 280 7.60 0.23 7.89 10 148 373 332 Yes 1.01
6 297 0.2549 160 7.10 051 7.65 0.1 168 399 352 Yes 1.10
7 295  0.1543 260 7.10 0.32 742 02 146 388 348 No 099
8 294  0.1589 240 680 020 7.03 02 146 384 343 No 097

Middle-slot opening

9 300 0.1603 780 19.0 0.08 19.11 21 125 374 338 VYes 1.19
10 299 0.1609 540 13.4 0.13 1359 3.1 130 374 339 Yes 112
11 298 0.3210 210 105 0751133 21 120 377 337 Yes 1.03
12 300 0.1587 360 9.0 025 931 28 13.0 391 347 Yes 101
13 298 0.3156 180 87 09 969 22 11.0 399 344  Yes 0.96
14 299 0.3196 t60 82 11 93 1.0 125 382 335 No 097
15 297 0.3206 120 57 10 675 21 125 407 343 No 0.87
16 298 0.1583 210 53 018 549 21 135 388 338 No 084

Lower-slot opening

17 298 0.3146 260 1267 021 12.88 3.1 12 378 341 Yes 1.08
18 298 0.3226 240 1213 0.7012.83 2.1 119 380 337 Yes 1.07
19 300 0.2399 300 11.45 063 12.08 1.8 145 381 345 Yes 1.13
20 300 0.2389 240 931 058 989 15 138 382 344 Yes 1.05
21 296 0.3208 180 9.14 0.80 994 18 120 369 327 Yes 098
22 299 0.2310 210 B8.22 050 872 0.7 146 384 342 No 104
23 297 0.3246 160 806 1.0 9.06 19 11.0 380 333 No 082
24 298 0.2560 180 7.36 0.6 816 05 146 400 335 No 099

which the burner gas flowed. Columns 5-9 give the compartment species
concentration at the opening for hydrocarbon, HC, carbon monoxide,
CO, carbon dioxide, COy, and oxygen, Os. Column 7 is the sum of
Columns 5 and 6. Columns 10 and 11 are the results calculated from the
thermocouple tree data for the upper layer temperature, Ty, and lower
layer temperature, T1. Column 12 indicates whether backdraft occurred
or not during the test. Column 13 shows Le Chatelier’s number,
Equation (2), for each case.
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Table 4. Summary of backdraft experiments in the reduced-scale compartment:
Fleischmann's experiments.

Compart.  Backdraft

Species concentration  temp. (K) occurrence
Ta Flow Burnertime HC CO Fuel CO, O, Ty Ty Equation

Case  (K) (107°kg/s) (s) (%) (%) (%) (%) (%) (K (K) Test (2

Middle-slot opening (70kW)

P3EXP38 297 72 295 10 05 105 7 9 417 378 No 108
P3EXP36 297 72 355 12 04 124 6 11 390 361 Yes 115
P3EXP35 207 72 415 14 04 144 6 11 379 353 Yes 1.19
P3EXP34 297 72 475 16 03 163 5 11 362 338 Yes 1.19
P3EXP33 297 69 535 16 03 183 5 11 377 356 Yes 120
P3EXP45 297 77 535 20 03 203 5 11 363 344 Yes 1.24
P3EXP32 297 69 555 19 0.3 183 5 11 359 340 Yes 122
P3EXP42 297 69 585 19 03 193 4 12 363 346 Yes 124
P3EXP38 297 73 655 21 03 213 4 12 350 331 Yes 1.24
P3EXP40 297 71 715 20 03 203 4 11 348 332 Yes 1.21
P3EXP43 297 68 715 22 03 223 4 12 347 332 Yes 125
P3EXP41 297 70 775 22 02 222 4 12 344 330 Yes 125

Middle-siot opening (200 kW)

P3EXP26 297 200 115 13 12 142 8 4 517 445 No 113
P3EXP30 297 200 145 10 1.2 112 10 4 570 475 Yes 110
PREXP27 297 200 175 24 08 249 7 5 474 427 Yes 127
P3EXP28 297 200 205 29 08 208 6 6 447 408 No 1.30
PIEXP29 297 200 235 23 07 297 6 6 433 400 Yes 1.29

The results of the last column have been obtained by assuming a heat
of combustion for methane of 800 kJ/mol and an efficiency of 0.8.

When applying Equation (2) to these experiments, the mole fraction
of each gas species is needed. However, the data given in Tables 3 and 4
are expressed in mass fraction and, in addition, the concentration of
water Hy0 and nitrogen N, are not given. Therefore, the mole fraction
cannot be obtained directly. Consequently, the methodology described
below is used.

The following overall reaction for the methane is assumed to occur in
the compartment:

a'CH4+b~(Oz—|—3.76-N2)—>C-COz+d-CO+Q-N2+f-H20
+g 0z +h-CHy 3)

where a, b, ¢, d, e, f, g, and h represent the moles of each gas species.



150 C. P. JIMENEZ ET AL.

The sum of the mass fractions of the combustion products must fulfill
Equation (4):

1~ Yo, + Yco + Yeu, + Yo, = Y0 + Y, 4)

Considering that the total mass of the mixture is 1 kg, Equation (4) can be
expressed as Equation (5) where m; represents the mass of gas species i.

1 —meo, +mco + mcy, + Mo, = My,0 + My, )

The moles of each gas species such as carbon dioxide, carbon monoxide,
methane, and oxygen can be obtained easily by dividing with their
molecular weight, MW;, respectively. Thus, it remains to calculate the
moles of nitrogen, water and, consequently, the total quantity of moles
in the mixture.

The moles of nitrogen can be obtained approximately using Equation (7).
This Equation is obtained by simple oxygen balance Fleischmann [9]
using the stoichiometric reaction defined by combustion to CQ,, see
Equation (6)

CHy+2- (03 +3.76 - Ng) — CO3 + 2 - HoO + 2 x 3.76Ny (6)

It can be observed in Equation (6) that one mole of oxygen must be
accompanied with 3.76 moles of nitrogen and one mole of CO; is formed
when 2 moles of oxygen reacts with methane; therefore one mole of CO,
must be accompanied with 3.76 x 2 moles of nitrogen.

That is, knowing the number of moles of oxygen accumulated in the
container at the moment of opening, the number of moles of nitrogen
that accompany it is obtained. In a similar manner, the number of moles

of nitrogen that accompany the number of moles of CO; can be obtained,
see Equation (7).

moly, = 3.76 - (molg, + 2 - molco,) )

Then, moly,q can be obtained by Equation (4) and MWy, 0. Once molNz,
and molg,o have been obtained, the molar fraction of each gas species in
the mixture can be obtained and Equation (2) can be used to predict the
occurrence of backdraft.

Comparing on Figure 3 the experimental results against those of
Equation (2), one may observe a rather good correspondence, especially
for the tests of Weng (cases 1-24). It is clearly seen that for Le
Chaterlier’s numbers higher than 1.0, the risk of backdraft is possible
but it does not mean that backdraft is going to occur (e.g., PSEXP38).
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Figure 3. Critical value for a safety Le Chatelier's number criterion.

There are a few cases (e.g., case 13 and 21) which have a
Le Chatelier’s number less than 1.0 backdraft nevertheless occurred.
The lowest value of Le Chatelier’'s number in which this phenomenon
occurred is 0.96. A variation from 1.0 to 0.96 corresponds to a decrease
in the volume concentration of the hydrocarbon (methane) of only 8%.

One may also note that PSEXP28 and P3EXP29 show two similar
backdraft conditions with two different outcomes. The first one does not
reach backdraft, whereas the second one does. Similar cases have been
found in the literature. That indicates that backdraft may be a
stochastic phenomenon, assuming that the experimental measurements
and results are reasonably accurate.

The average value of the Le Chatelier’s number for the cases when

backdraft occurred is 1.14, whereas it is 1.01 when no backdraft
occurred.

PARAMETRIC STUDY: INFLUENCE OF GAS SPECIES ON
BACKDRAFT PROBABILITY

In this section the risk of backdraft is established according to the type
of gas species accumulated in the compartment. For that purpose,
a general mixture is considered which consists of C-H-O constituent
fuel, carbon dioxide, oxygen, nitrogen, and water, Equation (8), at
opening is evaluated using Le Chatelier’s rule, Equation (2).

a-CXHyOZ-{—b-COz+C-02+d-N2+€-H20 (8)
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Table 5. Reference mixture inside the compartment just
before ignition.

Molecular W Molar fraction

Fuel (g/mol) Moles in mixture (%)

CiH,0;; 16.0 1.7 0.146

x: 1, y:4,2:0)

CO, 44.0 1.0 0.086
O, 32.0 0.4 0.034
N2 28.0 8.0 0.689
H,0 18.0 05 0.043

The studied parameters examine the influence of varying:

The moles of fuel.

The number of atoms of carbon (C) of fuel.
The number of atoms of hydrogen (H) of fuel.
The number of atoms of oxygen (O) of fuel.
The moles of HyO of the mixture.

The moles of Ny of the mixture.

The moles of Oy of the mixture.

The moles of CO4 of the mixture.

The reference case in which methane is used as fuel is defined in
Table 5. A single parameter is modified at a time, whereas the other
parameters remain unchanged.

Figure 4 shows the results obtained concerning the influence on the
risk of backdraft of increasing the moles of fuel, carbon dioxide, oxygen,
nitrogen, and water. The horizontal axis represents the moles of gas
species and the vertical axis represents the Le Chatelier’s number.
The four X marked on the figure at the level 0.90 represent the reference
case. According to the proposed model, the mixtures with a Le Chatelier’s
number above 1 could be flammable and lead to backdraft, whereas
a mixture below this value is not flammable and backdraft can not occur.

It can be observed that increasing the amount of moles of oxygen
and/or fuel increases the risk of having a flammable mixture (more heat
is available for reaching the temperature that ignites the mixture).
The opposite effect is observed for water, nitrogen, and carbon dioxide.
With these gases, a higher amount means a lower risk of having
a flammable mixture since a great part of the available heat is used to
heat these inert species.

According to this figure, to become inert a flammable mixture should
use CO, or HyO as the inert species since a lower quantity of moles
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Figure 4. Effect of increasing the gas species on flammabilfty.

is needed than in the case when N, is used. The reason lies in the specific
heat, see Table 2.

Cpco, > Cpu,0>Cpy, ©

The same kind of study is carried out about the number of atoms of
C, H and O in the fuel. Note that changing the number of C, H, or
O also entails a change in the combustion heat of the fuel examined
(Equation (10)).

Figure 5 shows the obtained results. The horizontal axis represents
the number of atoms and the vertical axis represents the Le Chatelier’s
number.

Increasing the number of C and H increase the Le Chatelier’s number
and therefore, the risk of having a flammable mixture. The opposite
effect is obtained with atoms of O.

The effect of oxygen contained in the fuel on Le Chatelier’s number
is justified as follows; since in the parametric study Equation (11) has
been used for obtaining the combustion heat of the fuel, when increasing
oxygen content in the fuel, the amount of oxygen needed for the

stoichiometric combustion decreases until the moment it becomes zero
or less than zero.

C.H,0, + (W) 03 — 2C0; + (3)Hz0 (10)
: 2 2
AH, oo = (wz/ﬂif) MWo, - 12.5 (1)
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Figure 5. Effect of the number of atoms of C, H, and O on the possibility of having
backdraft.

Note that Equation (11) is obtained by assuming that the heat released
per gram of O, consumed is independent of the fuel that reacts and has
an approximate value of 12.5kJ/g(Oy) [10].

The physical representation of this idea could be explained by one of
the following:

e The fuel does not exist in reality.
e The fuel is not combustible.

According to Figure 5, having a fuel with higher number of atoms of
C is more dangerous than having a fuel with a higher number of atoms

of H. In terms of risk, nine atoms of H (hydrogen) are equivalent to
two atoms of C (carbon).

CONCLUSIONS

A diffusion flame criterion is used to evaluate the risk of having
backdraft in a compartment. This criterion has been validated with
41 backdraft tests, which have provided good predictions.

Among these backdraft tests, several cases have been found with
similar conditions just before the opening time but resulting in different
outcomes: occurrence of backdraft or not. If the experimental measure-
ments can be assumed to be reasonably accurate, this indicates that
backdraft may be a stochastic phenomenon.

A parametric study for establishing the influence of the composition
of the flammable mixture on the risk of backdraft has been carried out.
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It reveals that an increase in the quantity of gas species that participate
in the combustion such as hydrocarbon or oxygen increases the risk of
backdraft. The same conclusion is obtained when increasing the number
of atoms of carbon and hydrogen of the fuel. On the contrary, an
increase in the quantity of gas species such as nitrogen, carbon dioxide,
and water which do not participate in combustion as well as in the
number of atoms of oxygen of the fuel reduces the risk of backdraft.

The results provide us with knowledge on the backdraft phenomenon
that can be used for fire fighting. The knowledge can also be useful for
building design; for example, knowing that fuels with a higher number
of carbons increase the risk of backdraft, the materials of the partitions
can be taken into consideration in view of this effect.

It would be of interest to carry out experiments with gases other than
methane in order to further investigate the criterion for backdraft
occurrence proposed in this work.
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