SECTION TWO

CHAPTER 13

Smoke Production
and Properties

Introduction

The term smoke is defined in this chapter as the smoke
aerosol or condensed phase component of the products of
combustion. This differs from the American Society for
Testing and Materials (ASTM)definition of smoke, which
includes the evolved gases as well. Smoke aerosols vary
widely in appearance and structure,from light colored, for
droplets produced during smoldering combustion and
fuel pyrolysis, to black, for solid, carbonaceous particulate
or sootproduced during flaming combustion. A large frac-
tion of the radiant energy emitted from a fire results from
the blackbody emission from the soot in the flame. The
subjectof radiantheat transfer is of such importancethat it
is treated in a separate chapter. This chapter focuses on
smoke aerosols outside the combustion zone.

The effects of the smoke produced by a fire depend
on the amount of smoke produced and on the properties
of the smoke. The following section presents experimen-
tal results on smoke emission for a variety of materials.
The smoke emission, together with the flow pattern, de-
termines the smoke concentration as smoke moves
throughout a building.

The most basic physical property of smoke is the size
distribution of its particles. Results on size distribution for
various types of smoke and techniques used for measur-
ing particle size are presented in the section "'Size Distrib-
ution." The section ""Smoke Properties' focuses on those
properties of greatest concern to the fire protection com-
munity: light extinction coefficient of smoke, visibility
through smoke, and detectability of smoke. These proper-
ties are primarily determined by the smoke concentration
and the particle size distribution. References for other
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smoke aerosol properties, such as diffusion coefficientand
sedimentationvelocity, are also provided.

Smoke Production

Smoke emission is one of the basic elements for char-
acterizing a fire environment. The combustion conditions
under which smoke is produced —flaming, pyrolysis, and
smoldering—affect the amount and character of the
smoke. The smoke emission from a flame representsa bal-
ance between growth processes in the fuel-rich portion of
the flame and burnout with oxygen. While it is not possi-
ble at the present time to predict the smoke emission as a
functionof fuel chemistryand combustion conditions, itis
known that an aromatic polymer, such as polystyrene,
produces more smoke than hydrocarbonswith single car-
bon-carbon bonds, such as polypropylene. The smoke
produced in flaming combustion tends to have a large
content of elemental (graphitic)carbon.

Pyrolysis occurs at a fuel surface as a result of an ele-
vated temperature. This may be due to a radiant flux
heating the surface. The temperatureof a pyrolyzing sam-
ple, 600 to 900 K, is much less than the gas phase flame
temperature, 1200 to 1700 K. The vapor evolving from the
surface may include fuel monomer, partially oxidized
products, and polymer chains. As the vapor rises, the
low vapor pressure constituents can condense, forming
smoke droplets appearing as light-colored smoke.

Smoldering combustion also produces smoke drop-
lets, but in this case the combustion is self-sustaining,
whereas pyrolysis requires an external heat source. While
most materials can be pyrolyzed, only a few materials, in-
cluding cellulosic materials (wood, paper, cardboard, etc.)
and flexible polyurethane foam, are able to smolder. The
temperature during smoldering is typically 600 to 1100 K.

In Table 2-13.1 the smoke conversion factor, E, is
givenforavariety of materials commonly found in build-
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Table 2-13.1 Smoke Production for Wood and Plastics

Smoke Conversion Combustion Fuel
Type Factor, E Conditions Area, m2 Reference
Douglas fir 0.03-0.17 Pyrolysis 0.005 1
Douglas fir < 0.01-0.025 Flaming 0.005 1
Hardboard 0.0004-0.001 Flaminga 0.0005 2
Fiberboard 0.005-0.01 Flaminga 0.0005 2
Polyvinylchloride 0.03-0.12 Pyrolysis 0.005 3
Polyvinylchloride 0.12 Flaming 0.005 1
Polyurethane (flexible) 0.07-0.15 Pyrolysis 0.005 3
Polyurethane (flexible) < 0.01-0.035 Flaming 0.005 1
Polyurethane (rigid) 0.06-0.19 Pyrolysis 0.005 1
Polyurethane (rigid) 0.09 Flaming 0.005 1
Polystyrene 017, =0.30)F Flaming 0.0005 4
Polystyrene 0.15 (mg, = 0.23) Flaming 0.07 5
Polypropylene 0.12 Pyrolysis 0.005 1
Polypropylene 0.016 Flaming 0.005 1
Polypropylene 0.08 {mg, = 0.23) Flaming 0.007 5
Polypropylene 0.10 (mg, = 0.23) Flaming 0.07 5
Polymethylmethacrylate 0.02 (mg, = 0.23) Flaming 0.07 5
Polyoxymethylene -0 Flaming 0.007 5
Cellulosicinsulation 0.01-0.12 Smoldering 0.02 6
aSample smoldered for a periodof time alter the pilot flame was extinguished.
bm, refers to molfraction of Q
ings. The quantity e is defined as the mass of smoke
produced/mass of fuel burned.
The references cited in Table 2-13.1 should be con-
sulted regarding the detailed description of the combus- 107
tion conditions. In many instances,!3 E was measured for
a range of radiant fluxes, oxygen concentrations, sample 7
orientations, and ambient temperatures. It is seen in 3x 106
Table 2-13.1 that e has a greater range for flaming com- Z
bustion, with values in the range 0.001 to 0.17, compared
to pyrolysis and smoldering,with values inthe range 0.01 108 4
to 0.17. The following factors should be taken into ac- ,
countwhen using this table for smoke emission estimates: | *
— 5
1. Most of the measurements reported in Table 2-13.1 1 3x10 &l
were made on small-scale samples. 8
2. Most experiments were for free burning at ambient o 105
conditions; reduced ventilation can strongly affect the 2
smoke production. 3
3. Intransport,the smoke may coagulate, partially evapo- < a0t
rate, and deposit on surfacesthrough diffusion and sed-
imentation. Also, additional smoke may be formed
through condensation. 104 x
Size Distribution 3x 103
Smoke particle size distribution, together with the
amount of smoke produced, primarily determines the 103
properties of the smoke. A widely used representation of 1x10% 3x103 1x102 3x102 0.1 03 1.0
the size distribution is the geometric number distribution, d (um)
AN/Alogd, versus logd, where d represents the particle
diameter. The quantity AN represents the number of par- Figure 2-13.1. Size distribution of incense smoke as

ticles per cm3, with diameter between logd and logd
+Alog 4. As an example, the particle size distribution of

measured by an electrical aerosol analyzer. Thereis a
large uncertainty in the dashed portion of the curve.
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smoke produced by a smoldering incense stick is plotted
in Figure 2-13.1, where Alog d for each discrete size range
equals 0.25. In this case, the total number concentration
for a given size range equals 0.25(AN/Alogd). It is seen
that the logarithmic scale is necessitated by the wide
range in particle size and concentration.

For many applications, the most important character-
istics of a size distribution are the average particle size
and the width of the distribution. Awidely used measure
of the average size is the geometric mean number diame-
ter, d.,,, defined by

oge, = Nged ®
i=1

where

N = total number concentration

N; =number concentration in the ith interval
log is to the base 10

For the size distribution plotted in Figure 2-13.1,
dg, = 0.072pm.

The corresponding measure of the width of the size
distribution is the geometric standard deviation, o,

2)

n (logd; — log dg,,)zNi 12
log g, = [ N ]

For the size distribution plotted in Figure 2-13.1,
o, = 1.75. A perfectly monodisperse distribution would
correspond to o, = 1. The parameters dg, and o, are use-
ful because actual size distributions are observed to be
approximately log-normal, which is the same as a normal
or Gaussian distribution, except that log d is normally dis-
tributed instead of 4. An important characteristic of the
log-normal distribution is that 68.3 percent of the total
particles are in the size range logd, = logs,; for
d,, =0.072um and o, = 1.75, this correspondsto the size
range of 0.041 to 0.126 pm.

EXAMPLE 1:
Computed,, and o, for the data given below:

N;

Interval, .im d; N,,cm-3 log d; log d;, cm-3
0.0056-0.01 0.0078 6 X 104 -2.11 —1.27X 105
0.010-0.018 0.014 2x 105 —1.85 —3.7 x 105
0.018-0.032 0.025 4x 105 —1.60 —6.40 X 105
0.032-0.056 0.044 9Xx 14 —1.36 —1.22x 105
0.056-0.10 0.078 3x 104 —111 —3.33X 104
0.10-0.18 0.14 1 X103 —0.85 —0.85 X 103

7.81 x 105 —1.30 X 108
SOLUTION:

— 10X(~1.30X106/7 81 X105) —
g, = 10(-130X106/781X10%) = 0,022 pm

Compute the geometric standard deviation:

N, log d; log d~log dz,  Nj(log di—log d,)?
6x 104 —211 -0.45 1.22 X 104
2x105 —1.85 -0.19 7.2 x 103
4%x105  —1.60 0.06 1.4 x 103
9x 104 —1.36 0.30 8.1 X 103
3x104 111 0.55 9.1 x 103
1X103 —085 0.81 65 x 102

7.81 x 105 3.87 x 104

SOLUTION:

o = 10(387x104/7.81X10505 = 1 .67

The size distributionplotted in Figure 2-13.1 is based
on electrical mobility analysis of the smoke aerosol. Fig-
ures 2-13.2 and 2-13.3 show size distributions of droplet
smoke produced by smoldering cellulosic insulation, as
measured by an optical particle counter and by two cas-
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Figure 2-13.2. The number size distribution of smoke
generated by smoldering cellulosic insulation as mea-
sured by an optical particle counter. The symbols corre-
spond to the particle size range settings of the
instrument, and the smooth curve is an exponentially
truncated power law distributionfit to the data.
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Figure 2-13.3. The volume size distribution of smoke
obtained from the optical particle counter,quartz crystal
microbalance cascade impactor (dashed histogram),
and Andersen impactor (solid histogram). The smooth
curve represents the exponentially truncated power law
distribution.

cade impactors.6 The smoke volume distribution plotted
in Figure 2-13.3for the optical particle counter is obtained
from the number distribution, using the following rela-
tion:

V=N, nd? )

For particles sized above 1 pm, impactors provide more
reliable information on the smoke volume distribution
than optical particle counters. An optical particle counter
is the preferred instrument for the number distribution
measurement.

To correlate the smoke volume/ particle size distribu-
tion, the geometric mean volume diameter, gy is a con-
venient measure of average particle size:

> Vilogd;
i=I|
logd,, = v 4)
where V; is the total volume concentration of the smoke
aerosol. For a log-normal distribution, there is the follow-

ing relationship between the geometric mean volume di-
ameter, dgv, and the geometric mean number diameter,

dgn:

logdg, = logd,, +6.9(log o,)? )

In the case of smolder smoke, o, is above 2.4. This large
value of o, results in a large difference between d_, and
dg,, 0.2 pm versus 2 pm, respectively. Some devices, such
as an ionization-type smoke detector, have an output
depending primarily on 4,,, while others, such as light-
scattering-typedetectors, have an output depending more
ond_,. More than one instrument is necessary for a com-
plete characterization of the smoke size distribution, be-
cause it is typically quite wide.

A list of commercially available instruments for mea-
suring smoke aerosol concentration and particle size dis-
tribution is given in Table 2-13.2. Smoke measurements
pose special problems because of the high concentration,
wide particle size range, and sometimes high tempera-
ture. In selectingan instrument it is important to make the
following considerations:

1. Will the instrument respond to the smoke of interest?
For example, the piezoelectric mass monitor does not
respond well to soot.

. Will dilution of the smoke be required?

. Is the measurement size range of the instrument ade-

quate?

Is a mass or number distribution measurement appro-

priate?

. What is the particle size resolution needed?

. Is real-time measurement capability needed?

. Will the instrument perform at the temperature of the
smoke environment?

~N~Noolr A~ wiN

In Table 2-13.3, average particle size and the width of
the size distribution are presented for smoke generated
by avariety of materials. The results are most meaningful
for smoke droplets produced during pyrolyzing and
smoldering combustion. In the case of flaming combus-
tion, complex soot agglomerates are formed as shown in
Figure 2-13.4. For soot agglomerates, unlike for spherical
smoke droplets, the apparent particle size depends on the
measurement technique.

Smoke aerosols are dynamic with respect to their
particle size distribution function. Smoke particles or
droplets undergoing Brownian motion collide and stick
together. The result of this behavior is that, in a fixed vol-
ume of smoke-laden gas, the number of particles de-
creases while the total mass of the aerosol remains
unchanged. This process is known as coagulation. The
fundamental parameter for describing coagulation is the
coagulation coefficient, T, the rate constant for the coagu-
lation equation

dN _
e 'N2 (6)
I" was found to be about 4 X 1010 em3/s for smoke pro-
duced from incense sticks and about 1 X 10-9 cm3/s for
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Table 2-13.2 Operational Characteristicsof Commercially Available Instruments for Smoke Characterization

Advantage/Limitation
Instrument Type Function/Range for Smoke Measurements
Filter-collection Mass conc. Accurate, slow
Piezoelectricmass Mass conc. Real-time output, but dilution required if
monitor 0.0l<d<5um >20 mg/m?; does not respond well to soot
Tapered element Mass conc. Realtime, 0.1-1000 mg/m3; replacefilter
oscillating microbalance <5 um after 3-100 mg deposit
Condensation nuclei Number conc. <3 X 105particles/cm?
counter 0.005< d< 2um
Photometer Scattered light 1.1-1000 mg/m?3
0.1-10 pym
Nephelometer Total light scattered <5 mg/m3
Electrical aerosol Size distribution <5 X 105 particles/cm3; 2 min/scan
analyzer 001 < d< 0.3um

Cascade impactor
05<d< 10um
Optical particle

counter 05<d<10pum

Mass size distribution2

Number distributionb

No dilution needed, can be used at high
temp., large sample required

Highest resolution, <103 particles/cm?3,
large dilution

aLow-pressure impactor extends size range down to 0.05 pm.

Laser model extends size range down to 0.1 rm and concentrationup to 104 particles/cms.

smoke produced from flaming a-cellulose.” The coagula-

tion process has a more pronounced effect on the number
distribution than the mass distribution as small particles

collide to form larger particles.

EXAMPLE 2

Calculate the change in the number concentration
over a 5-min time interval for a uniformly distributed
smoke, generated from flaming a-cellulose given an ini-
tial concentrationof 1 X 107 particles/cm?3.

Integrating Equation 6 yields

__No 1 X107 __107
1+TNt  1+(10-9)(107)(300) 1+3
N =2.5x 10¢ particles/cm3

N

So in this example, there is a fourfold reduction in num-
ber concentrationdue to coagulation.

The effect of the decrease in number concentrationon
the size distribution is treated by Mulholland et al.25 A

Table 2-13.3 Particle Size of Smoke from Burning Wood and Plastics

Combustion

Type Gy M3 dyp, umb Og Conditions Reference
Douglas fir 0.5~0.9 0.75-0.8 2.0 Pyrolysis 1,3
Douglas fir 0.43 0.47~0.52 2.4 Flaming 1,3
Polyvinylchloride 0.9-14 0.8-1.1 1.8 Pyrolysis 3
Polyvinylchloride 0.4 0.3-0.6 2.2 Flaming 3
Polyurethane (flexible) 0.8-1.8 08-1.0 1.8 Pyrolysis 3
Polyurethane (flexible) 0.5~0.7 Flaming 3
Polyurethane (rigid) 0.3-1.2 10 2.3 Pyrolysis 3
Polyurethane (rigid) 0.5 0.6 1.9 Flaming 3
Polystyrene 14 Pyrolysis 1
Polystyrene 1.3 Flaming 1
Polypropylene 1.6 1.9 Pyrolysis 1
Polypropylene 1.2 1.9 Flaming 1
Polymethylmethacrylate 0.6 Pyrolysis 1
Polymethylmethacrylate 1.2 Flaming 1
Cellulosicinsulation 2-3 24 Srnolderina 6

ad_, is analogousto dg, butwith mass replacingvolume in Equation 4. Values of d,,, lessthan about0.5 um are probar
bly overestimates arising fromthe minimum size resolutionof the impactor at about 0.4 pm.

bThe quantity ds, is obtained by optical measurements

d32

_ 7y NS
3Pt Nid?
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Figure 2-134. Transmission electron micrograph of a
soot particle. The overall size of the agglomerateis about
6 pm, and the diameter of the individual spherules is
about 0.03 um.

general discussion of coagulation phenomena in aerosols
is given by Friedlander.8 In addition to coagulation, other
smoke-aging processes, including condensation of vapor
onto existing particles and evaporation of the volatile
component of the smoke, can also take place. There s rel-
atively little information on these processes. Also, smoke
particles can be lost to the walls, ceiling, and floor of an
enclosure through a variety of processes, including diffu-
sion, sedimentation, and thermophoresis.

Smoke Properties

The smoke properties of primary interest to the fire
community are light extinction, visibility, and detection.
For completeness,a list of other smoke aerosol properties
and referencesis given in Table 2-13.4.

Table 2-13.4 Smoke Aerosol Properties

Property Reference

Diffusion coefficient
Sedimentation velocity
Thermophoretic velocity 1
Aerodynamic diameter
Electrical mobility
Thermal charging
Scattering coefficient
Extinction coefficient
Condensation/evaporation

00 00 00 W WWO OO

The most widely measured smoke property is the
light extinction coefficient. The physical basis for light ex-
tinction measurements is Bouguer's law, which relates
the intensity, I*, of the incident monochromatic light of
wavelength A and the intensity of the light, I, transmitted
through the pathlength, L, of the smoke:

b

L

where K is the light extinction coefficient. When Equation
7 is expressed in terms of base 10,

= ¢~KL 4]

b ~DL

710 8
7\. f—

The quantity D is defined as the optical density per meter,

and D =K/23.

The extinction coefficient,K, is an extensive property
and can be expressed as the product of an extinction coef-
ficient per unit mass, K, and mass concentration of the
smoke aerosol,

K=K,m )

The specific extinction coefficient, K, depends on the
size distribution and optical properties of the smoke
through the relation

maX1 Am

T Qu(fn) st (o)

In Equation 10 the symbol Am/Ad represents the mass
size distribution. The single particle extinction efficiency,
Q.. ISafunction of the ratio of particle diameter to wave-
Iength of light, d /A, and of the complex refractive index of
the particle, n,.8 The quantity p represents the particle
density.

Seader and Einhorn!! obtained K, values of 7.6m?/g
for smoke produced during flaming combustion of wood
and plastics and a value of 4.4 m2/g for smoke produced
during pyrolysis of these materials. The experiments
were small scale, utilizing samples of about 50 cm?, and
the value of K, represents an integrated result for the en-
tirety of the test. The light source used in the measure-
ments was polychromatic, while Bouguer's law is strictly
valid only for monochromatic light. Foster!? predicted a
22 percent deviation from Bouguer's law over the mass
concentration range from 0.06 to 2.8 g/m?3 as a result of
using a polychromatic light source with wood smoke.
Still, it is useful to use the Seaderand Einhorn resultas a
rough guide if more detailed optical data on the smoke of
interest is not available.

Mulholland?® has described the general design of a
light extinction instrument that satisfies Bouguer's law.
Two key features are the use of monochromaticlight and
the elimination of forward scattered light at the detector.

The specificoptical density, D, is measured in a stan-
dard laboratory smoke test!4 for assessing the amount of
visible smoke produced in a fire. The dimensionless
quantity D, is defined by

K= 2pm

V.
D= 7= an
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where V, isthe volume of the chamber, and A is the area
of the sample. D, IS a convenient quantity to measure if
the decomposed areaiswell defined. Since D, depends on
the sample thickness, the same thickness should be used
for relative rating of materials tested. Table 2-135 in-

cludes results for D, based 0N small-scale experiments
with wood and plastics by Gross et al.,}* Seader and
Chien,’> and Breden and Meisters.1é Lopez!” demon-
strated acorrelationfor D, betweensmall- and large-scale
fires with aircraftinterior construction materials.

Table 2-13.5 Specific Optical Density and Mass Optical Density for Wood and Plastics

Combustion Sample?
Type (Sample #) Maximum Dg D, (m#/g)a Conditions Thickness (cm) Reference
Hardboard 6.7 X 101 Flaming 06 14
Hardboard 6.0 X 102 Pyrolysis 0.6 14
Plywood 1.1x 102 Flaming 0.6 14
Plywood 2.9 x 102 Pyrolysis 0.6 14
Polystyrene >6.6 X 102 Flaming 0.6 14
Polystyrene 3.7 X 102 Pyrolysis 0.6 14
Polyvinylchloride >6.6 X 102 Flaming 0.6 14
Polyvinylchloride 3.0 x 102 Pyrolysis 0.6 14
Polyurethane foam 2.0 X 107 Flaming 13 14
Polyurethane foam 1.6 x 101 Pyrolysis 13 14
Nylon carpet 2.7 X 102 Flaming 0.8 14
Nylon carpet 3.2 X 102 Pyrolysis 0.8 14
Acrylic 1.1 X 102 Flaming 0.6 14
Acrylic 1.6x 102 Pyrolysis 0.6 14
Plywood 53X 102 0.29 Pyrolysis 0.6 15
Polymethylmethacrylate 7.2 X102 0.15 Pyrolysis 0.6 15
Polyvinylchloride 1.8 X 102 0.12 Pyrolysis 0.6 15
Polyvinylchloride (with plasticizer) 35X 102 0.64 Pyrolysis 0.6 15
Neoprene 8.8 X 102 0.55 Pyrolysis 0.6 15
Douglas fir 6.2 X 102 0.28 Pyrolysis 0.6 15
Polypropylene 4.0 X 102 0.53 Flaminge 0.4 16
Polyethylene 29 x 102 0.29 Flaminge 0.4 16
Paraffin wax 2.3 x 102 0.23 Flaminge 0.4 16
Polystyrene 14 Flaminge 0.4 16
Styrene 0.96 Flamingc 0.4 16
Polyvinylchloride 0.34 Flaminge 0.4 16
Polyoxymethylene -0 Flaminge 04 16
Polyurethane (7A) 2.1 x 102 Flaming 13 17
Polyurethane (7A) 15% 102 Flaming? 13 17
Wool (8A} >5.5 X 102 Flaming 0.9 17
Wool (8A) 2.2 X 102 Flamingd 0.9 17
Acrylic (9B) 5.8 X 101 Flaming 0.14 17
Acrylic (9B) 1.2 X 102 Filamingd 0.14 17
Polyurethane (MO1) 0.33 Flaming¢ 18
Polyurethane (MO1) 0.22 Flaminge 18
Cotton (MO3) 0.17 Flaminge 18
Cotton (MO3) 0.12 Flaminge 18
Latex (MO4) 0.65 Flaminge 18
Latex (MO4) 0.44 Flaminge 18
Neoprene (MO8) 0.40 Flaming® 18
Neoprene (MO8) 0.20 Flaminge 18
Polystyrene (7) 0.79 Flaminge 19
Polystyrene (7) 10 Flaming’ 19
Polystyrene foam (16) 0.79 Flaminge 19
Polystyrenefoam (16) 0.82 Flamingf 19
ABS (18) 0.52 Flaminge 19
ABS (18) 0.54 Flaming’ 19

aThe value of D, is computed by Quintiere,20 based on data in Babrauskas.18
bSample areais 0.005m? invertical configuration, unless stated otherwise.

cSample is in horizontalconfiguration(0.005 m2).
%0.09 m2 sample size.

¢The sampleis a mattress.

The sample is a plastic utility table.
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If the mass loss of the sample is measured, then the
mass optical density, D, is the appropriate measure of
visible smoke.

D= x3f (12)

This technique requires an accurate measurement of the
mass loss of the sample, AM, in addition to a light extinc-
tion measurement. Table 2-13.5 includes results for D, for
avariety of materials studied by Seader and Chien,!5 Bre-
den and Meisters,16 Babrauskas,!8 and Evans.?® The re-
sults of Babrauskas’ study were expressed in terms of D,,,
by Quintiere.20

In two of the studies,181% a comparison was made be-
tween D,, measured in small-scale tests and D,, measured
in large-scale tests. The large-scale tests involved mat-
tresses!® in one caseand plastic utility tables19 in the other.
In these two cases, there appeared to be a qualitative cor-
relation between D,, measured for small- and large-scale
tests. Quintiere?® has made an extensive investigation of
the correlation between small- and large-scale studies in
terms of D,, and D, and finds that the correlation breaks
down as fires become more complex. From his review of
the literature, Quintiere?° suggests that heat flux and ven-
tilation conditionscan have a major effect on smoke pro-
duction.

In most cases of practical interest, an important goal
is to be able to predict the extinction coefficientbased on
information regarding D, or D,,. The extinction coeffi-
cient, in turn, is related to visibility through the smoke, as
discussedbelow.

Visibility

Visibility of exit signs, doors, and windows can be of
great importanceto an individual attempting to survive a
fire. To see an object requires a certain level of contrast be-
tween the object and its background. For an isolated ob-
ject surrounded by a uniform, extended background,
contrast, C, can be defined as2

B

C-——FO"-

(13)
where B is the brightness or luminance of the object, and
B, is the luminance of the background. For daylight con-
ditions, with a black object being viewed against a white
background, a value of C = —0.02 is often used as the con-
trast threshold at which an object can be discerned against
the background. The visibility of the object, S, is the dis-
tance at which the contrast is reduced to —0.02. Most vis-
ibility measurements through smoke have relied on test
subjectsto determine the distance at which the object was
no longer visible rather than the actual measurementof C
with a photometer.

Visibility depends on many factors, including the
scatteringand the absorption coefficient of the smoke, the
illumination in the room, whether the sign is light emit-
ting or light reflecting, and the wavelength of the light.
Visibility also depends on the individual‘s visual acuity
and on whether the eyes are “dark-" or "’light-adapted.”
Nevertheless, a fair correlation between visibility of test

10 -~

Visibility, S (m)
~
1

L 1 !
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Extinction coefficient, K (m~1)

Figure 2-13.5. Visibility versus extinction coefficient
for a light-emitting sign (O)and light-reflectingsign (@®).
Therangebars include datafor both flame-and smolder-
generated smoke and sign illumination levels varying by
about a factor of 4.

subjects and the extinction coefficient of the smoke has
been obtained in an extensive study by Jin?? as illustrated
in Figure 2-13.5. The visibility of light-emitting signs was
found to be two to four times greater than light-reflecting
signs. The following expressions were found to correlate
the data:

KS=8
Ks5=3

light-emitting sign (14)
light-reflecting sign (15)

The data is based on subjects viewing smoke through
glass so that the irritant effect of the smoke was elimi-
nated. Jin and Yamada?® have studied the visual acuity
and eyeblink rate for highly irritant white smoke pro-
duced by burning wood cribs. They found that the ratio
of visual acuity without goggles to acuity with goggles
decreases markedly for smoke extinction coefficient, X,
greater than 0.25m~1.

EXAMPLE 3:

Estimate the visibility of a light-reflectingexit sign in
a 6-msquare roomwith a 2.5-mheight, as aresult of flam-
ing combustion of a 200-g polyurethane foam pillow.

The smoke yield for flexible polyurethane, according
to Table 2-13.1, is about 0.03 for flaming combustion. This
implies a smoke emission, M, ,givenby

M, =(0.03)(200) =6 g

The correspondingmass concentration in the room, m, is

6
m= —(_6—)_2(—25_) = 0.067 g/m3

Taking K,,, to be 7.6 m2/g for flaming combustion, one ob-
tains K using Equation 9,

K =(7.6)(0.067) =0.51 m~1
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The visibility is next estimated using Equation 15,

3 3

S=K=051

=59m

It is important to point out the approximationsmade
in this analysis.

1. The smoke is confined to the room and is well mixed.
Actually the concentration will be higher near the ceil-
ing and decrease abruptly below the flame.

2. The value of 0.03 for the smoke conversion factor, g, is
an estimated value in the upper part of the range (0.01
to 0.035) for generic flexible polyurethane foams mea-
sured in small-scale experimentsand may not be ap-
propriate for a pillow. In a realistic case, the pillow
would probably smolder before flaming, and e is much
larger in the smolder mode.

3. Thevalue of K,, isbased on a limited number of small-
scale experimentswith a polychromatic light source.

4. The range of validity of Equation 15 has not been
widely studied.

An alternative method for estimating the visibility is
based on using the mass optical density data in
Table 2-135. The quantity D, for the pillow is estimated to
be 0.22 m2/g based on Babrauskas' results!® given in
Table 2-135 for polyurethane (MO1). On rearranging
Equation 12, the following result is obtained:

_ D,AM _ (0.22)(200)

P==v"""r25

=0.49 m!

The smoke extinction coefficient, K, is 1.12m~1 or 2.3times
D. Using Equation 15,we obtain S =2.7 m compared to 5.9
m obtained by the first method. In principle, the second
method is more reliable, because it is more direct.

Detection

In addition to their utility for estimating visibility,
light extinction measurements are also widely used in
characterizing smoke detector performance. Underwrit-
ers Laboratories' (UL) acceptance testing of smoke detec-
tors24 is based in part on a minimum sensitivity based on
optical density per meter, D, of 0.06 (4 percent obscuration
per ft for a 5 ft beam length) for gray (cellulosic)smoke
and 0.14 (10 percent per ft) for black smoke (kerosene).

The electrical output of a detector, P, froma light-scat-
tering or ionization-type smoke detector can be repre-
sented as an integrated product of the size distribution
function and the basic response of the detector, R(d).

drmax SN
P=J R(d) <5 6d 16
L ROY (16)

The response functions for two smoke detectorsare plot-
ted in Figure 2-13.6. It is seen that the ionization-type
smoke detector is more sensitive to smoke particles
smaller than about 0.3 um, and the light-scattering type
more sensitive to particles larger than 0.3 pm.

The basic principle of ionization detectors is the in-
terception of gaseous ions by smoke particles, reducing
the ion current in the detector until a preset alarm point is
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Figure 2-13.6. The detector response function, R(d), is
plotted versus particle size for detectors S-2 (light-scat-
tering)and R-2 (ionization).

reached. The detector response function is approximately
proportional to the product of the number concentration
and particle diameter.2526 For one detector? the response
function is given by

R(d) =cd (17)

where ¢ has a value of 7 in units of pV per particle con-
centrationper um (uV c¢m3/um). Such detectorstend to be
most sensitive to high concentrations of small particles,
such as those produced by flaming paper and wood fires,
and least sensitive to the low concentration of large
smoke droplets produced in smolderingfires.
Light-scattering smoke detectors have a high sensi-
tivity to smoke particles with diameters approximately
equal to &, the wavelength of light, and low sensitivity to
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particles much smaller than A. The response function,
R(d), depends on the wavelength of the light sourcein the
smoke detector, the scattering angle, and the scattering
volume. For smoke particles with diameter greater than
about 0.3um, the output of several light-scatteringsmoke
detectors was found to be approximately proportional to
the mass concentration of the smoke.?® Light-scattering
detectors complement ionization detectors in that they
have high sensitivity to smoldering fires and low sensi-
tivity to low-smoking flaming fires, such as paper and
wood fires.

The purpose of smoke detectors is to give the occu-
pants of a room adequate warning to escape a developing
fire. The final examples of this chapter illustrate how to
utilize all the concepts discussed above to estimate escape
time.

EXAMPLE 4:

Suppose the pillow in the preceding exampleis burn-
ing at a steady rate of 50 g/min. How long would it take
for an ionization detectorwith response functiongivenby
Equation 17 to alarm? Assume an alarm voltage of 25V
above background. How much time would an individual
have before the visibility decreased to an unsafe level?

SOLUTION:
First consider a first principle analysis based on the
size distribution of the smoke. From Equations 16and 17,

dmax
P = CJ
dmin
The following three identities9for the log-normal distrib-
ution are needed:

J d= 8d Nod,, exp( In2 o) (I-1)

*© 2 ON 9
J;) d% 57 8d = No dgn exp (5 In2 csg) (I-2)

Here N, refers to the number concentration. Taking
(8N /8d) to be log-normal and using EquationI-1,

1
P =cNod,, exp (—_2 In2 0‘3)

Estimatingog tobe 2.0, 4., tobe 0.1pm for flexiblepolyure-
thane, and c to be 7uV- cm3/ um, the following expression
is obtained for P:

P = cN(d, )exp( In 02) — 7N,(0.10) exp B— (0.69)2]
P =0.89N, pm/cm?

The final task is to estimate N, based on the mass
generationrate of smoke. In one minute, 50 g of the pillow
are consumed and 1.5g of smoke are produced. This cor-
responds to a mass concentration,m, given by

15

"=

0.0167 g/m3 = 1.67 X 10-8 g/cm?

The quantity m is the third moment of the size distribu-
tion,

1
m= J — npd3 Sd
Using Equationi-2,
=%TtpN0d exp( lnzcrg)
Finally, solving for N,
6m
= —=1n2
N, = nd3 exp( In o)

(6)(1.67 X 10-8) 94200
(3.14)(2)(1.0 x 10~ 5) p[ ( )]

Ny =1.8X 106 particles/cm? (assumingp =2 g/cm?3)

Substituting in the expression for P,
P =(0.89)(1.8 X 106) = 1.6 X 106 uV = 1.6volts

Thisrepresentsthe voltage after 1min. The estimated time
to reach the alarm point, 25V, will be 1.6 min. By the time
the entire pillow is consumed in 4 min, the visibility has
deteriorated to the point where escape is becoming less
likely (visibility5.9 m, according to Example 3, for a room
6 m across). So the individual’sescape time is as follows:

escape time = time to unsafe condition minus time
to detector alarm

=4 - 1.6=24min

Example 4 is intended to illustrate the complete
method for estimating the alarm time of smoke detectors.
However, there is not adequate informationat this time to
implement the method in a realistic manner. Information
on the size distribution and on the detector response func-
tions is lacking for smoke agglomerates. The time for the
smoke to reach the detector and the time lag for the
smoke to enter the sensing zone of the detectorare not in-
cluded in this example, but should be included in a full
analysis of the problem.

A simpler method for estimating the alarm time is to
calculate the time at which the optical density per meter
of the smoke exceeds the value of 0.06 (gray smoke) or
0.14 (black smoke), which correspond to the U.L. mini-
mum sensitivity values. The limitation of this procedure
is that a detector set to alarm at a particular optical den-
sity for one type of smoke may not respond in the same
manner to another with a different size distribution and
refractive index.

EXAMPLE 5:
Estimate the alarm time for the conditions given in
Example 4, using the simpler method described above.

SOLUTION:
In Example 3, the optical density was estimated to be
0.49 m~1, based on D,, measured for polyurethane. This
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value corresponds to the burning of the entire pillow. As-
suming a steady smoke generation rate, the alarm time
[thetime at which the minimum detector sensitivity value
is exceeded (0.14 for black smoke)] is estimated to be
givenby

0.14 .
t =m(4) = 1.1minutes

This is comparableto the estimated 1.6 minutes in Exam-
ple 4.

Nomenclature

smoke conversion factor

&€

d particle diameter (pm)

d;  midpoint of the ith particle size channel (pm)
dg,, geometric mean number diameter (pum)

dgy geometric mean volume diameter (um)

ds, volume surfacemean diameter (pm)
o, geometric standard deviation
N number concentration (particles/cm3)
m  mass concentrationof smoke {mg/m? or g/m?3)
Vr  volume concentrationof smoke (cm3/m3
or pm3/cmd)

AN _dN
Ad " dd

AN or dN geometric number size distribution

number size distribution function

Alogd dlogd function(cm=3)
Am L am mass size distribution function
Ad °'ad (mg-pm~1-m-3)

Q. extinction efficiency

wavelength of light (pm)

complex refractive index of smoke particles
extinction coefficient (m—1)

optical density per meter (m~1)
specific extinction coefficient (m2/g)
specific optical density

mass optical density (m2/g)
intensity of lightat wavelength 2
luminance

contrast

visibility range (m)

pathlength

coagulation coefficient {cm?3/s)

time

mass loss of sample (g)

detector output (V)

wgﬂﬂt—ﬂnnm;wsomosng;y

R(d) detector size response function (pvem?
V. volume of chamber (m?3)

A areaof sample (m?)

M, massof smoke (g)
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