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ABSTRACT

The scale effects on fire properties have been examined for materials in
pool-like, box-like, and crib-like configurations.

For turbulent fires of a material, with varying sizes and geometrical
arrangements, a chemical similarity was found for each specified value of
ventilation and decomposition mode. The decomposition mode in the combustion
of the material was found to be important for the production of CO and par-
ticulates.

I INTRODUCTION

Mathematical fire models are now available to evaluate the fire per=-
formance of materials in buildings and to estimate the hazards presented by
such fires and required protection. Fire models require numerous input para-
meters, some related to materials and others related to environment., The
input parameters are generally quantified in small-scale experiments; it is
thus necessary that fire scale effects (if any) on the parameters be known and
corrected accordingly.

Input parameters related to materials are needed by the models to
describe: 1) fire initiation and growth; 2) mass flow of fuel vapors from the
surface of the material; 3) generation of heat and chemical compounds; 4)
light attenuation by particulates; 5) biological and corrosive effects of
chemical compounds; and 6) efficiency of fire detection, suppression, and
extinguishment.

In this paper, parameters describing the generation rates of heat and

chemical compounds, and light attenuation by particulates have been con-
sidered.

I1 CONCEPTS

The concepts have been described in detail elsewhere!™7, As the fire
scale changes, the mass flow rate of fuel vapors from the surface of the
material and generation rates of heat and chemical compounds change. The

parameters describing these rates, however, should be independent of the fire
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scale, if fires are turbulent and the decomposition chemistry of the material
remains invariant.

The total mass flow rate of the mixture of fire products and air, ﬁt, can
be expressed as:

m, = m, -+ e N (1)
where m, = mass flow rate of air (g/8); and n mass flow rate of fuel vapors

ﬁB’ il

(g/s). If we express the ratio between me an as X¢, then the following
relationships can be derived for the generation rates of heat and chemical
compounds :

G =X m =Y X_m

AR T S 2

Q, = By /) X, n, = (/) Y % n (3)

and, QC =% p % ILt -aTe rllt , (4)
where, G. = mass generation of a chemical compound (g/s); X. = mass fraction
of the cgmpound (g/g); Y. = mass of the compound generated %er unit mass of

the fuel vapors defined as the yield of the chemical compound (g/g); Qu

= generation rate of heat associated with chemical reactions in the fire,
defined as the actual heat release rate (kW); in Eq (3), compound j is associ-
ated with complete combustion; = net theoretical heat of complete com—
bustion per unit mass of the fuel vapors (kJ/g); k., = maximum possible
theoretical yield of the compound (g/g); QC = conv%ctive heat release rate
(kW); x; = convective component of combustion efficiency; and ¢, = average
specific heat of the mixture of fire products and air at the gas temperature
(kJ/g K).

The theoretical heat release rate, QT’ and the theoretical generation
rate of a chemical, GTj’ can be expressed as

6T=HTxfﬁ1t. (5)

GTj = kj Xf m . (6)

The combustion efficiency, Xa is defined as the ratio between Q /QT, and
the generation gfficiency of a chemical compound, fj, is defined as the ratio
between Gj and GTj‘ Thus

=f, =Y, /k, . 7
Xy 5 174 N

Equation (7) implies that the ratios between various molecules of chemical
compounds generated in the fire are conserved for various degrees of complete-
ness of combustion. From Egqs (3) and (7):
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Q =8y %y Xeomp =Hp £ Xem (8)

In Eqs (4) and (8) % Hy and x4 Hp can be defined as convective and actual
heat of combustion ( and HA respectively)., In a similar fashion, xR HT can
be defined as the radiative heat of combustion, HR’ where XR is the radiative
component of the combustion efficiency.

The fraction of light attenuated by particulate, I/Io, can be expressed
as

D=0, =8, X pp =& Y5 X 07 (9

where D = (1/2) 1n (IO/I), defined as the optical density per unit path length
2; o, = extinction coefficient of particulates (m™*/; EA = gpecific extinction
coef@icient of particulates (m“/g); = density of fire products and air
(g/m”); and A = wave length of light ().

In order to examine the scale effects on the parameters, experiments can
be performed at varlous fire scales and measurements made for Mg, G,, QC, and
D. The accuracy of such an examination can be enhanced if the fire products
and alr, downstream of the reaction zone of the fire, are captured and are
well mixed before the analytical measurements.

If the five products and air are distributed nonuniformly and if heat
losses and m_ values are unknown, such as in enclosure fires, then inter-
relationships between Mg, Gi’ QC, and D are needed for examining the scale
effects. ’

2.1 Interrelationships Between Mass Flow Rate of Fuel Vapors, Generation
Rates of Heat and Chemical Compounds, and Light Attenuation by Particulates

From Egqs (2), (4), and (7)

]

/%y = (Ue) (yle) Gglf)

#

(l/cP) (HT/kj) (><Cfo) ; ) (10)

where j is a compound produced (or consumed) in those reactions where heat is
also produced. TFor example, for oxygen fo is defined as the depletion effi-
ciency of oxygen.
From Eqs (2) and (9):

D/Xj = EA P (YS/Yj) . (1)

From Eqs (4) and (9):

AT/D = (l/ék <p op) (xc/fs) (HT/RS) . (12)
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In turbulent fires, AT/Xj, D/Xj, and AT/D would be expected to be con-
served from one location to another, because various ratios between HT, X
k., fj, Yj, Y., and £, are conserved. For turbulent fires, the radiative
c%mponent of the combustion efficiency, XR is also expected to be conserved.

In enclosure fires, AT, X., and D can be measured at various locations
and the scale effects can be examined using Eqs (10) to (12), irrespective of
mixing and dilution of the chemical compounds. However, in the analyses, it
is necessary to differentiate between effects related to fire scale, to fire
chemistry, and to heat losses.

2.2 Factors Affecting the Mass Flow Rate of Fuel Vapors, Generation of Heat
and Chemical Compounds, and Light Attenuation by Particulates

2.2.1 Fire Scale, Fire scale affects the mass flow rate of fuel vapors
from the surface of the material, due to variations in the flame radiative
heat flux, q¢,.. As fire scale increases, qg, and the corresponding value of
the mass flow rate of fuel vapors per unit surface area of the material, mg,
increase and finally approach their asymptotic values; m% also increases with
the external heat flux, q;. Variations in the oxygen concentration of the
environment also affect q r and m;E When the oxygen concentration in the
environment is decreased gelow the ambient value, mg and qfr decrease until
the flame extinction limit is reached. When the oxygen concentration in the
environment is increased above the ambient value, my and qf, increase until
they reach their respective asymptotic values (oxygen concentration greater
than about 30 percent with a material surface area of about 0.008 m%).3

2.2.2 Fire chemistry. Fire chemistry is affected by fire ventilation.
We define a ventilation parameter, ¢, as

b = ma/mf ka ) (13)

where k_ = theoretical mass of air consumed per unit mass of fuel vapors, also
defined as the stoichiometric mass air-to-fuel ratio (g/g).

When ¢ > 1, fires are defined as well ventilated and when ¢ < 1, fires
are defined as underventilated. From Eqs (1) and (13):

Xo= U+ . (14)

The parameters, Hi, Xis Yis fj, and £, are strong functions of the chemical
structure of the material, as well as the decomposition processes followed by
the material at various fire stages. In turbulent fires, these parameters are
expected to be conserved for noncharring materials but vary with the extent of
char formation, at various fire stages, for the char-forming materials.

2.2.3 Heat Losses. Values of AT are affected by heat losses.
Laboratory-scale experiments can be designed such that heat losses are
negligibly small. In enclosure fires, the heat losses could be quite
significant, and, if the losses are not accounted for, then AT values would be
in error.
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Furthermore, in laboratory-scale experiments the distribution of QA into
Qg and Qg can be quantified quite accurately, whereas in enclosure fires this
distribution is not well defined. The distribution, however, can be defined
in terms of the heat flow out of the enclosure, Q, , and heat lost within the
gnclosure, Q. The relationship developed for and ¥ will still apply to
Q, and (combustion efficiency component associated with the temperature of
tﬁe gas X%lowing out of the enclosure).

III EXPERIMENTS

Experiments were performed in three combustibility apparatuses: a
10-kw1™7 scale, a 500-kW scale®, and a 5000-kW scale apparatusg.

In the apparatuses, the mass flow rate of the fuel vapors is monitored.
The fire products are diluted and well mixed with ambient air as they are
captured in the sampling ducts of each apparatus. The maximum flow rates of
the mixture of fire products and air used in the 10-, 500-, and 5000-kW scale
apparatuses are about 0.03, 2.0, and 28 m’/s respectively. The measurements
made in the sampling ducts include: total mass and volumetric flow rate of
the mixture gf fire products and air; gas temperature; light attenuation by
particulates”; and concentration of COZ, €O, hydrocarbons, and water . The
output from all the instruments is stored and analyzed by a computer.

Iv RESULTS

4.1 Physical Similarity in Terms of Mass Flow Rate of Fuel Vapors from the
Surface of the Material

The average steady state values of ﬁ%, including the asymptotic values
obtained by increasing either the surface area of the material or by increas-
ing the oxygen concentration in the environment are listed in Table 1. A
reasonable agreement can be noted between the asymptotic values of mf
obtained by two different types of experiments. The data in Table 1 suggest
that the fire scale effects on my due to flame radiative heat flux can be
compensated in the laboratory-scale fires by using either oxygen concentration
in the environment greater than the ambient value or by using external heat
flux.

4.2 Chemical Similarity in Terms of Hi’ Yj, and EA YS

The data for H;, Y, and &, Y, are listed in Tables 2 and 3. An
examination of the data”indicates that, within the experimental variation of
the data, there is a chemical similarity between various scale fires of each
material under a specified mode of decomposition for well ventilated fires.
For cellulosic material, flaming mode is defined as the initial fire stage,
where flames are relatively taller; flaming/smoldering mode is defined as a
mode which follows the initial flaming mode. In the flaming/smoldering mode,
flames are relatively shorter accompanied by surface glowing; flames are
intermittent and do not cover the entire surface of the material.

* not measured in the 5000-kW scale apparatus
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TABLE 1. Average Steady State Values of the Mass Flow Rate of Fuel Vapors per
Unit Surface Area of the Material®

. 2
Material Surface _ mg (g/m%s) b
Material poen oy %, = 0.283 X, > 0.233

Pool-like Configuration

Polyethylene/42% Chlorine 0.008 - 7

Polyvinyl Chloride 0.008 15 16

Polyoxymethylene 0.008 6 16

Methanol 0.008 16b 20

2.37 20 -

Flexible polyurethane foams 0.008 - 21 to 27

Rigid polyurethane foams 0.008 - 22 to 25

Polypropylene 0.008 7 24

Polyethylene 0.008 8 26

High temp. hydrocarbon fluids 0.008 Ty 27 to 30

2.37 25 to 29 -

Polymethylmethacrylate .008 12 28

2.37 30° -
Polystyrene 0.008 14 38
0.93 340 -
Heptane 0.008 36 63
117 667 -

Three-Dimensional Arrangement

Corrugated paper boxes 0,06¢ 95148 ~

with shredded paper 53d 14

Corrugated paper boxes 0.06¢ 14® -

with a foam 53d 10 -

Pine wood cribs 0.26 to 11 8 to il -

no external heat flux unless specified;
asymptotic value;

total exposed surface area of single box (0.1 x 0.1 x 0.1 m)3

a o oo

total exposed surface area of sixteen boxes (four boxes on one pallet load,
two pallet load wide x two pallet load deep x two tiers high, each box
dimensions 0.53 x 0.53 x 0.53 m);

e 25 wW/m2 of external heat flux on four sides.

For cellulosic materials, chemical similarity in terms of H, and YCO is
maintained for both flaming and flaming/smoldering modes. Chemical similgrity
in terms of Yoo and £y Yg, however, is maintained only if the decomposition
mode does not change. For example, the average value of Yoo = 0.0059 g/g in
the flaming mode (except for cellulose and densely packed paper box) and
0.097 g/g for the flaming/smoldering mode. The average value of £, Yg in the
flaming mode is 0.0075 m“/g for cellulose and paper box and 0.078 mz/g for
oak, fir, agd pine. In the flaming/s?oldering mode, the average value of £,
¥g = 0.67 m /g for paper box, 0.013 m“/g for cellulose, and 0.15 mz/g for
pine—wsod crib. In oxidative-pyrolysis, the average value of gy ¥g =
0.80 m*“/g for oak and pine.
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TABLE 2. Average Yields of C02, CO, and HCN and Heat of Combustion for
Well Ventilated Fires of Materials in Pool-Like Configuration

Surface Area Yj (5/%) R, (k3/g)
Material (=% o, 53} wen?  Mactual Conv. RadJ
Methanol 4,68 1.29 < 0,001 - 18,7 15.6 3.1
2.32 1.30 < 0.001 - 18,8 15.7 3.1
0.008 1.32 < 0.001 - 19.4 17.1 2.3
Rigid Polyurethane Foam 7 1.50 0.027 0.010 16.4 10.8 5.6
0,008 1.51 0,036 0.012 15.8 6.5 9.3
Polymethylmethacrylate 2.37 2.11 0,008 - 24,2 15.8 8.4
0,073 2.10 0.010 - 23.8 14.9 8.9
0,008 2.15 0.011 - 24,4 17.9 6.5
High Temperature
Hydrocarbon Fluids 2.37 - - - 35.6 23.8 11.8
0,008 - - - 38.2 25.1 13.1
Heptane 0.92 2.83 0,015 - 41,2 26.8 14,4
0,059 2.92 43,0090 - 42,5 26,2 16.3
0.041 2.82 0,0081 - 40.9 26.9 14.0
0,008 2,84 0.0091 - 40,8 24.8 16.0

4.3 Chemical Similarity in Terms of the Ratios of Generation Rates of Heat
and Chemical Compounds, Light Attenuation by Particulates, and Depletion
Rate of Oxygen

The generation of CO, and depletion of O, are associated with the genera-
tion of heat; an interrelationship between AT, XCOZ’ and X, is thus expected:

(AT/Ta)/(XCOZ - XCOZ,a)

- = (k. /kny ) (E,/E,. ) (15)
(AT/Ta)/(XOa XO) 0 CO2 0 CO2
where X.4 and X; = measured mass fractions of CO, and 0, respectively, XCO ,a
and XOa =measured ambient mass fractions of CO, and 02 respectively; k and
k can be calculated from the measured elemental compositions of the mate~

ria®s. Chemical similarity in terms of £,/f o, thus can be established for
various fire scales, irrespective of mixing and dilution of the compounds.

Our laboratory-scale data indicate that £ /f is conserved for numerous
materials that we have examined, under a varlety og experimental conditions,
where f5 = 0.98 f£;55_ . The data shown in Figure 1, for the enclosure fires of
wood crlbs under a 3ariety of ventilation condltions, enclosure sizes, and
crib sizes support our conclusion.

The data for fo/fco indicate a strong dependency on the chemical struc~
ture of the material, decomposition chemistry, and fire ventilation; the
effect of ventilation on this ratio is shown in Figure 2 for pine wood crib
fires in enclosures and in our 10-kW scale apparatus. Data for cellulose and
red oak have also been included in the figure. The data in Figure 2 indicate
that fO/fCO is conserved for each value of Xf for various fire scales. With
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TABLE 3,

Material

Corrugated Paper

Corrugated Paper

Corrugated Paper

Cellulose Powder

Cellulose Filter
Papers

Red Dak

Douglas Fir
Pine

by =0.63
< 0.001

Average Yields of CO,, CO, and Gaseous Hydrocarbons, Heat of Combustion, and Specific Extinction

Coefficient for Well Ventilated Fires of Cellulosic Materials

Total Exposed
Surface Area

Configuration (mz)

Box with sheets of paper

(25% by weight) 0.06
Box with shredded paper

(62% by weight) 0.06
Boxes with shredded paper (19%

by weight) on wood pallets

(3827 by weight)d 53
Pool 0.007
Pool 0.007
Pool 0.007
Pool 0.007
Wood-crib 0.062

Total gaseous hydrocarbons

de

(kW /m2)

10
21

31

50
50

31 to 71

31 to 60
0 to 60

Combustion Mode P tqal

Flaming

Flaming
Flaming/Smold.
Flaming
Flaming/Smold.
Flaming
Flaming/Smold.
Flaming
Flaming/Smold.

Flaming

Flaning

Flaming/Smold.
Flaming

Oxid. Pyrolysis
Pyrolysis
Flaming

Flaming
Flaming/Smold.
Oxid. Pyrolysis

Hy (k3/g)

11.1

12.4
10.8
11.6
11.2

9.9
11.4
11.4
11.8

12.3
12.8

10.2
13.3
NA
NA
13.0
12.2
10.7
NA

16 boxes, four boxes on one pallet load; 2 pallets wide x 2 pallet loads deep x 2 tiers high

Conv.,

9.0
6.8
8.7
6.8
7.9
7.2
8.0
7.8

ND uot determined

Rad. !

3.4
4.0
2.9
4.4
2.0
4.2
3.4
4.0

3.1
3.7

4.3
5.5
NA
NA
4.9
3.5
2.7
NA

b
By Y

Hed ' (n2/g)

¥ (ki/g)
co co,
0.0082  1.12 e
0.019 1.25 0.001
0.12 .11 0.002
0.021 1.17 0.001
0.091 1.16 0.002
0.030 1.00 c
0.091 1.18 0.004
0.018 1.16 0.001
0.110 1.27 0.021
0.0085 1.25 c
0.0021  1.29 c
0.095 1.05 0.001
0.0039  1.34 c
0.096 0.14 0.041
0.054 0.12 0.029
0.0036 1.31 c
0.0054 1.31 ¢
0.092 1.18 0.019
0.18 0.23 0.060

0.0053

0.0067
0.062
0.0067
0.065
0.0062
0.058
0.012
0.082

0.0057

0.013
0.086
0.85
0.91
0.084
0.064
0.15
0.68
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FIGURE 1. Chemical similarity in terms of the ratio of generation efficiency
of €0, and depletion efficiency of O,. Solid line is theoretical relation-
ship, Experimental data taken from Refs. 10-12. Enclosure sizes from 0.21 to
22 m3; exposed surface areas of cribs from 0.062 to 11 m*%.
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FIGURE 2. Dependency of the ratio of depletion efficiency of 0, and gene-
ration efficiency of CO on fuel richness of the fire (Pyrolysis XO = 0.11).,
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increasing values of X: (fire conditions changing from well ventilated to
underventilated), fo/fCO approaches an asymptotic value (about 2.3 for combus-—
tion and about 1.2 for oxidative pyrolysis, for X > 0.3). If we assume X5 =
0, then the values of fn, and YC would be about 0.4 and 0.5 g/g in combustion
and about 0.8 and 1.0 g/g in oxlgative pyrolysis respectively. The maximum
possible theoretical yield of CO for wood is 1.23 g/g.

The relationship between £, Yg, and X¢ is shown in Figure 3, where data
for pine wood cribs from enclosure fires and from our 10-kW scale apparatus,
together with cellulose and paper, have been included. The &, Yg values for
paper products are lower than the value for pine wood crib under natural air
flow. With increasing value of X;, &, Yg values for red oak and pine wood
crib increase, reaching a maximum value of about 0.12 m*/g for 0.13 g/g < Xe >
0.20 g/g, indicating a maximum generation efficiency of particulates at this
slightly fuel rich condition (for stoichiometric combustion of pine wood crib,
X = 0.13 g/g.) For X > 0.20 g/g. in the enclosure fires of pine wood cribs,
EA Yg decreases with increase in Xg, indicating a decrease in particulate
formation. This suggests that the major fraction of the carbon in the fuel
vapors is converted into the oxygenated species as X increases in the enclo-
sure fires, which is in agreement with the conclusion derived previously6 on
the basis of the carbon atom balance.

Naturcl Air Flow ! T ! I I ! l !
A ¢
.10 | X Wood Crib —
[— O Lob.(Tewarson) -
= [J Encisure {Croca) -1
o A\ Red Oak Siab -1
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| r\‘/, -
g 9 7]
-~
£
>\V
< 0.0l pb— J—
w — -
00! l I R | | | i 1 L
000 I\l o] 0.50

Xy

FIGURE 3. Dependency of the specific extinction coefficient of particulates
on fuel richness of the fire,
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v CONCLUSIONS

1. Experimental results obtained from the 10-, 500-, and 5000-kW scale
apparatuses and enclosure fires of various sizes, for materials in pool-
like, box~-like and crib-like configurations, suggest that in turbulent
fires of each material, under a specified value of the ventilation
parameter and mode of decomposition, chemical similarity is maintained in
terms of combustion efficiency and generation efficiency of chemical
compounds and specific extinction coefficient of particulates.

2. The generation efficiency of CO and extinction coefficient of
particulates was found to be very sensitive to the decomposition mode of
cellulosic materials. The combustion efficiency and the generation
efficiency of C02 was found to be less sensitive to the decomposition
mode.

3. In the laboratory-scale experiments, it was possible to compensate the
fire scale effects due to flame radiation by increasing the oxygen
concentration in the environment above the ambient value. -

4, The specific extinction coefficient of particulates for wood was found to
reach a maximum value of about 0.12 m“/g under slightly fuel-rich
‘conditions.

5. The maximum possible yield of CO from wood fires was estimated to be
about 0.5 g/g in combustion and about 1.0 g/g in oxidative pyrolysis.
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