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5.1 242 Combustion of SONds can Occur by two e chanisms:
flaming and smoldering. Flaming combustion takes place in
the gas or vapor phase of a fuel. With solid and liquid fuels,
this combustion is above the surface. Smoldering is a surface-
burning phenomenon with solid fuels and involves a lower
rate of heat release and no visible flame. Smoldering fires fre-
quently make a transition to flaming after sufficient total en-
ergy has been produced, or when airflow is present to speed
up the combustion rate.

5.2 Heat Transfer.

5.2.1 General. Heat transfer is classically defined as the trans-
port of heat energy from one point to another caused by a
temperature difference between those points. The transfer of
heat is a major factor in fires and has an effect on ignition,
growth, spread, decay (reduction in energy output), and ex-
tinction. Heat transfer is also responsible for much of the
physical evidence used by investigators who attempt to estab-
lish a fire’s origin and cause.

5.2.1.1 Itis important to distinguish between heat and tem-
perature. Temperature is a measure that expresses the degree
of molecular activity of a material compared to a reference
point, such as the freezing point of water. Heat is the energy
that is needed to maintain or change the temperature of an
object. When heat energy is transferred to an object, the tem-
perature increases. When heat is transferred away, the tem-
perature decreases.

5.2.1.2 Heat is always transferred from the high-temperature
mass to the low-temperature mass. Heat transfer is measured
in terms of energy flow per unit of time (Btu/sec or kilowatts).
The greater the temperature difference between the objects,
the more energy is transferred per unit of ime and the higher
the heat transfer rate is. Temperature can be compared to the
pressure in a fire hose and heat or energy transfer to the wa-
terflow in gallons per minute.

5.2.1.3 Heat transfer is accomplished by three mechanisms:
conduction, convection, and radiation. All three mechanisms
play a role in the investigation of a fire, and an understanding
of each is necessary.

5.2.2 Conduction. Conduction is the form of heat transfer
that takes place within solids when one portion of an object is
heated. Energy is transferred from the heated area to the un-
heated area at a rate dependent on the difference in tempera-
ture and the physical properties of the material. The proper-
ties are the thermal conductivity (k). the density (p), and the
heat capacity (¢). The thermal conductivity (k) of a material isa
measure of the amount of heat that will flow across a unit area
with a temperature gradient of 1 degree per unit of length
(W/mK, Btu/hrft-'F). The heat capacity (specific heat) of a
material is a measure of the amount of heat necessary to raise
the temperature of a unit mass 1 degree, under specified con-
ditions (J/kgK, Btu/Ib-F).

temperature, then heat energy will bé transferred mto and
through the solid from the higher to the lower temperature
areas. Initially, the heat energy moving through the solid will
raise the temperature at all interior points to some level of
temperature between the extreme high and extreme low.
When the temperatures at all interior points have stopped in-
creasing, the temperature and heat transfer within the solid is
said to be in a steady state thermal condition. During steady
state heat transfer, a condition that is rare in most fire sce-
narios, thermal conductivity (k) is the dominant heat transfer
property. When solids are exposed to temperatures that are
continuously changing, a more common condition, the result
is changing rates of heat transfer. During this period, all three
properties — thermal conductivity (k), density (p), and heat
capacity (c)— play a role. Taken together, these properties are
commonly called the thermal inertia of a material and are ex-
pressed in terms of k, p, and ¢. Table 5.2.2.2 provides data for
some common mater;

Table 5.2.2.2 Thermal Properties of Selected Materials

Thermal
Conductivity

(k) (W/m-K)

387
0.8-14
0.48

Heat
Capacity (c,)
(/15 K)

380

880
840

Density (p)

Material (kg/m®)

8940

1900-2300
1440

Copper
Concrete
Gypsum
plaster
Oak 017
Pine (yellow) 0.14
Polyethylene 35
Polystyrene 011
(rigid)
Polyvinylchloride
Polyurethane*

800
640
940
1100

2380
2850
1900
1200

0.16 1400
0.034 20

1050
1400

*Typical values, properties va

Source: Drysdale, An Introduction to Fire Dynamics, 2nd ed., p. 33.

5.2.2.3 [The impact of the thermal inertia on the rise in
temperature in a space or on the material in it is not con-
stant through the duration of a fire. Eventually, as the ma-
terials involved reach a constant temperature, the effects of
density (p) and heat capacity (c) become insignificant rela-
tive to thermal conductivity. Therefore, thermal inertia of a
‘material is most important at the initiation and early stages
of a fire (preflashover).

5.2.2.4 Conduction of heat into a material as it affects its
surface temperature is an important aspect of ignition. Ther-
‘mal inertia is an important factor in how fast the surface tem-
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Table 5.3.5 Ignition Properties of Selected Materials

Minimum
Radiant
Flux
(KW/m?)

Ignition Temperature

Material C °F

Minimum
Ignition
Energy
(m])

Energy
Required
(KJ/m?)

Solids
Polyethylene®
Polystyrene®
Polyurethane

(Flexible)*
pvC?
Softwood"”
Hardwood"”

Dusts (cloud) ©
Aluminum
Coal
Grain

Liquids®
Acetone
Benzene
Ethanol
Gasoline

(100 octane)
Kerosene
Methanol
Methyl ethyl
ketone
Toluene

Gases”
Acetylene
Methane
Natural gas
Propane

488
573
456-579

910
1063
852-1074

19
29
16-30

507
320-350
313-393

945 21
608-660
595-740

610
730
430

1130
1346
805

465
498
363
456

869
928
685
853

410
867
759

210
464
404
480 896
305
537

482-632
450

581

999
900-1170

842

1500-5100
13006400
150-770

3320

“From NFPA Fire Protection Handbook, 19th ed., Table A.6, Section 3, p. 25.
PFrom NFPA Fire Protection Handbook, 17th ed., pp. 3-25.
“From NFPA Fire Protection Handbook, 16th ed., Table 5.0A.

AIgnition temperatures from NFPA Fire Protection Guide to Hazardous Materials.

“From The SFPE Handbook of Fire Protection Engineering, Table 25.2.
“From NFPA Fire Protection Handbook, 15th ed., Section 2, Table 11.3B.

53.6.2.2 The tendency to selfheat is dependent on the size
and shape of the fuel package, and its surroundings. This
tendency is not exclusively a material property, as flash-
point is, and therefore evaluation of a material’s self-
ignition hazard is incomplete (except for the elimination of
non-self-heating fuel packages) without taking into account
the particulars of the material’s size, shape, and surround-
ings. For a given volume, symmetrical shapes, such as
spheres or cubes, promote self-heating more than thinner
shapes because the interior is better insulated by the outer

tion results from the latent heat of moisture absorption — the
opposite of evaporative cooling.

5.3.6.2.4 Enclosure of the fuel in asealed container will likely
arrest self-heating because the enclosure eliminates one of the
necessary conditions for sel-heatingpermeability, which al-
lows oxygen diffusion into the solid. Without a supply of oxy-
gen, oxidation and heat generation are inhibited. For ex-
ample, linseed-oiled rags in a closed paint can will not seltheat
significantly before consuming the oxygen in the can.




[image: image3.png]‘B NFPA_921.pdf (SECURED):2 - Adobe Acrobat Standard

File Edit View Document Comments Forms

Tools Advanced Window Help

o

] Chapter 1
Administration

%] Chapter 2 Referenced
Publications
%] Chapter 3 Definitions
] Chapter 4 Basic
Methodology
] Chapter 5 Basic Fire
Seience

] ChapterG Fire
Pattems
1] Chapter 7 Building
Systems
[£] Chapter 8 Electricity
and Fire
%] Chapter 9 Building
Fuel Gas Systems
] Chapter 10
Fire-Related Human
Behavior
®[E] Chapter 11 Legal
Considerations
] Chapter 12 Safety
5] Chapter 13 Sources
of Information
] Chapter 14 Planning
the Investigation
] Chapter 15
Documentation of the
Investigation
] Chapter 16 Physical
Evidence

] Chapter 17 Origin
Determination

] Chapter 18 Fire
Cause Determination

] Chapter 19 Analyzing
the Incident for Cause
and Responsibilty

] Chapter 20 Failure
Analysis and
Analytical Tools

] Chapter 21
Explosions

1] Chapter 22 Incendiary
Fires

%] Chapter 23 Fire and
Explosion Deaths and
Injuries

] Chapter 24
Appliances

128 m@

FIRE PATTERNS

6.8 Melting of Materials.

6.8.1 General. The melting of a material is a physical change
caused by heat. The border between the melted and non-
melted portions of a fusible material can produce lines of heat
and temperature demarcation that the investigator can use to
define fire patterns.

6.8.1.1 Many solid materials soften or melt at elevated tem-
peratures ranging from a little over room temperature to
thousands of degrees. Aspecific melting temperature or range
is characteristic for each material. (See Table 6.8.1.1.)

6.8.1.2 Melting temperatures of common metals range from
aslow as 170°C to 188°C (338°F to 370°F) for solder to as high
as 1460°C (2660°F) for steel. When the metals or their resi-
dues are found in fire debris, some inferences concerning the
temperatures in the fire can be drawn.

6.8.1.3 Thermoplastics melt at rather low temperatures,
ranging from around 93°C (200°F) to near 400°C (750°F).
They can also be consumed in a fire. Thus, the melting of
plastics can give information on temperatures, but mainly
where there have been hot gases and little or no flame in that
immediate area.

6.8.1.4 Glass melis or softens over a range of temperatures.
Nevertheless, glass can give useful information on tempera-
tures during a fire.

6.8.2 Temperature Determination. If the investigator knows
the approximate melting temperature of a material, an esti-
mate can be made of the temperature to which the melted
material was subjected. This knowledge may assist in evaluat-
ing the intensity and duration of the heating, the extent of
heat movement, or the relative rates of heat release from fuels.

6.8.2.1 When using such variable materials as glass, plas-
tics, and white pot metals for making temperature determi-
nations, the investigator is cautioned that there is a wide
variety of melting temperatures for these generic materials.
The best method for utilizing such materials as temperature
indicators is to take a sample of the material and have its
melting temperature ascertained by a competent labora-
tory, materials scientist, or metallurgist.

6.8.2.2 Wood and gasoline burn at essentially the same flame
temperature. The turbulent diffusion flame temperatures of
all hydrocarbon fuels (plastics and ignitable liquids) and cel-
lulosic fuels are approximately the same, although the fuels
release heat at different rates.

Table 6.8.1.1 Approximate Melting Temperatures of
Common Materials

Material K F
1050-1200
1220
1710
1825
1800
2460-2550
1920-2010
3350
1981
2980-3000
1100-2600
1063 1945
1540 2802

327 621
Magnesium (AZ31B alloy)” 627 1160
Nickel* 1455 2651
Paraffin® 54 129
Plastics (thermo)
ABs? 88-125
Acrylic? 90-105
Nylon? 176-265
Polyethylene? 122-135
Polystyrene! 120-160
Polyvinylchloride? 75-105
Platinum 1778
Porcelain® 1550
Pot metal® 300-400
Quartz (Si0y)* 1682-1700
silver* 960
Solder (tin)* 135-177
Steel (stainless)” 1427
Steel (carbon)® 1516
Tin® 232
Wax (paraffin)® 49-75
White pot metal® 300-400
Zinc* 375

566-650
660
932
996
982

1350-1400
1050-1100
1845
1082
1638-1650
593-1427

Aluminum (alloys)”
Aluminum?*

Brass (yellow)"

Brass (red)”

Bronze (aluminum)”
Castiron (gray)*
Castiron (white)*
Chromium*
Copper*

Fire brick (insulating)*
Glass*

Gold*

Tron*

Lead*

190-257
194-221
349-509
251-275
248-320
167-221
3224
2820
562-752
3060-3090
1760
275-350
2600
2760
449
120-167
562-752
707

“From Baumcister, Avallone, and Baumeister 11, Mark’s Standard
Handbook for Mechanical Engineers.

“From Lide, ed., Handbook of Chemistry and Physics.

“From NFPA Fire Protection Guide fo Hazandous Materials.

“From McGraw-Hill, Plastics Handbook.

“From Gieck and Gieck, Engineering Formulas.





Heat Release Rate:   The rate at which energy is released during burning.
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Table 5.4.2.1 Representative Peak Heat Release Rates (Unconfined Burning)

Peak HRR
Fuel (kg) (KW)

Wastebasket, small .7-6 R 4-18

Trash bags, 11 gal with mixed plastic 1.1-3. . 140-350
and paper trash

Cotton mattress .8-13.2 6 40-970

TV sets 31. 69-72 120-290

Plastic trash bags/paper trash 1.2-14.1 120-350

PVC waiting room chair, metal frame 15.4 270

Cotton easy chair 17.7-31.8 39 200-370

Gasoline/kerosene in 0.61 m? (2 (i) 19 400
pool

Christmas trees, dry 6.4-7.3 6 500-650

Polyurethane mattress 3.9-14.1 810-2630

Polyurethane casy chair 12.2-27.7 -6 1350-1990

Polyurethane sof: 51.3 3 3120

Sources: Values are from the following publications:

Babrauskas and Krasny, Fire Behavior of Upholstered Furniture.

Lee, Heat Release Rate Characteristics of Some Combustible Fuel Sources in Nuclear Power Plants.
NFPA 72, National Fire Alarm Code®, 1999 ed., Annex B.

2004 Edition

Copyriant National Fire Protection Association
Provided by IHS under cense with NFPA Licensee=NASA Technical Standards 1/9872545001
No reproduction or networking permitted without lcense from IHS Not for Resale, 05(05/2007 19:04:29 MDT

921-24 FIRE AND EXPLOSION INVESTIGATIONS

5.5.2 Plumes. Heat from a fire in the open rises as a column of ceiling. This horizontal flow spreads in all directions until
hot gas called a plume. The resulting airflow draws cool air into stopped by any intervening walls. As the hot gases flow away
the base of the fire from all directions. Cool air is also drawn from the centerline of the plume under the ceiling, a relatively
into the plume above ground level by the moving mass of hot thin layer develops that is driven by the buoyancy of the hot
air, as shown in Figure 5.5.2(a). This inflow of cool air into the products of combustion. This remnelv rapid flow in the form
plume is called enfrainment and results in decreased tempera-




In general, lower density objects burn faster than higher density objects (consider, sawdust vs. a block of wood of the same total weight)

Fire Lab:  Investigation

IGNITION:

A competent ignition source has sufficient energy to raise material temperature above it AIT for sufficient periods of time.   Types:

􀂃 Open flames (~1000-2300°C)
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as representative values for comparison purposes. Fuel items
with the same function (e.g., sofas) can have significantly dif-
ferent HRRs. The actual peak heat release rate for a particular
fuel item is best determined by test.

5.4.2.2 In a compartment fire, as additional items ignite,
their individual HRRs are additive to obtain an HRR for the
compartment. Tests for measuring the HRR of fuel arrays are
usually performed in the “open” where the effects of compart-
mentation are not realized. When a fuel package is exposed to

Steady state

Q (Heat release)

Time

FIGURE 5.4.2.1 Idealized Heat Release Rate Curve.

can result in an explosion. Plastics can have heat release
rates significantly greater than the same item made of cel-
lulose due to significant differences in values for the heat of
combustion, which is a chemical property of the material.
Compare a cotton mattress to one of the same size but made
of polyurethane foam (see Table 5.4.2.1). The difference be-
tween these materials relates not only to the chemical com-
position of the fuel but also to the physical properties, in-
cluding those that determine the thermal inertia (see 5.2.2).
Low-density materials burn faster than high-density materi-
als of similar chemistry. Soft pine, for example, burns faster
than oak, and lightweight foam plastics burn faster than
more dense, rigid plastics. After flashover, the heat release
rate in the fire is controlled by the preceding factors and
the availability of air and the exposed combustible surface.

5.5 Fire Development.

5.5.1 General. The rate and pattern of fire development de-
pend on a complex relationship between the burning fuel and
the surrounding environment. In confined burning, the col-
lection of heat at the top of the room can raise the tempera-
wre of the ceiling and produce a large body of high-
temperature smoke. The radiation from this upper portion of
the space can significantly enhance the rate of heat release
from a burning item. In such cases, the values given in Table
5.4.2.1 would be inappropriately low.

Table 5.4.2.1 Representative Peak Heat Release Rates (Unconfined Burning)

Fuel (kg)

Peak HRR
(Ib) (kW)

Wastebasket, small 0.7-6.1
Trash bags, 11 gal with mixed plastic 1.1-3.4
and paper trash
Cotton mattress
TV sets 31.3-32.7
Plastic trash bag{/paper trash 1.2-14.1
PVC waiting room chair, metal frame 154

11.8-13.2

Cotton easy chair 17.7-31.8

Gasoline /kerosene in 0.61 m? (2 ft%)

1.5-3 4-18
2%-Tl% 140-350

26-29 40-970

69-72 120-290

2.6-31 120-850
270

290-370




􀂃 Embers (~500-1000°C)

􀂃 Mechanical sparks (300-1400°C)

􀂃 Electric arcs

􀂃 Hot surfaces

􀂃 Self-heating of unstable materials

􀂃 Natural cause (lightning)

( What was the first fuel ignited?  Was it smoldering or flaming combustion?

( What was the fuel chain?

Window Glass breakage occurs when temp differential is ~70 deg C
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Table 5.3.1.1 Reported Burning snd Sparking Temperatures
of Selected Ignition Sources.

Temperature.

Source. c ¥

Flames
Benzene® 20 1600
Gasoline® 1025 187
e 027 1700
Kerosene™ a0 1814
Methano 1200 2100
Waood® 1027 1880

Embers®
Cigarcttc (puffing) s30-910
Cigarettc (irce burn) 500700

Mechanical sparks”

Stecl tool 1400 2550
Copper-ickelalloy 300 570

1520-1670
9301500

From Drysite, An ot fo e Dy
Erom Hagglund an Person, The Fst Raisionfom P i
“From Hagglund snd Person, An Esprnisl S of e Raditon
o Voo Flamer.

o sy, it gt o o umishings — A Livrsue i
il Commeni,

From NEEA F Prcio Hodbok, 150 e Section 4. 167

5342 The tem smoldering is sometimes inappropriatcly
need to describe & nonflaming response of 3 solid ful to an
external heat flus. Solid fuels, such 25 wood, when subjected
10 a sufficient heat flu, will degrade, gasify, and release va-
pors. There usnally is itle or no oxidation involved in this
gasification process, and thusitis cndothermic. This processis
more appropriately referred 1o as forced pyrolysis, and not
smoldering,

5.3.2 Tgnition of Solid Fuels. For solid fucls to bum with 3
flame, the substance should cither be melied and vaporized
(ke thermoplastics) or be pyrolyzed into gases oF apors (i
wood or thermoset plastic). In both examples, heat must be
Supplied to the fl to generate the vapars

Table 5.3.2.3 Tume Required to Tgnite Wood Specimens

5320 Highdensity materisls of the same generic type
(woods, plasics) conduct energy away from the arca of the
ignition source more rapidly than lowensity macrils, which
actas insulators and allow the cnergy o remain at the surface
For example, given the same ignition source, osk takes longer
toignite than a soft pine, anda low-lensity foam plastic igaites
more quickly than high-density plastic

5322 The smount of surface arca for @ given mass (sur-
face area to mass ratio) also alfects the quantity of energy
necessary for ignition. It i reladvely casy (o ignite one
pound of thin pine shavings with a match, while ignition of
3 one-pound solid block of wood with the same match is
very nlikely.

5,323 Becawse of the higher surface area to mass rato, cor-
ners of combustible materials are more casly bumed than flar
Surfaces. Table 5.3.23 shows the time for pilot ignition of
wo0d exposed to varying temperatures.

5,924 Caution is needed in using Table 5.3.2.9, as the times.
and temperatures given are for ignition with a pilot flame
These are good estimates for gnition of wood by an existing
fre. These temperatires are not to be used to estimate. the
temperature necessary for the frs item to ignite. The absence
of the pilot flame requircs that the fuel vapors of the firs tem
ignited be heated to their autoigaition temperature. In An
Intmducion t Fire Dynamics, Douglas Drysdale reports two tem-
peratures for wood 1o auteignite or spontancousy ignite.
"icse are heating by radiation, 600°C (1112°F), and heating
by conduction, 490°C (014°F).

5325 For spontancous ignition to accur as a result of
radiative heat transfer, the volatles released from the sur-
face should be hot enough to produce a flammable mixture
above its autoignition temperature when it mixes vith un-
heated air. With convective heating, on the other hand, the
air s already at a high temperature and the volatles necd
ot be as hot.

5326 Figure 53.26(s) illustraes the relationship between
ignition cnergy snd time to ignition for thin and thick materi-
als. When exposed to their igaition temperature, thin materi-
als ignite aster than thick materials (., paper . phywood)
as shown in Figure 5.3.26(5)

No Iguition
Wood in 40 Min
32 mm x 32 mim

Exposure Before Iguition, by Pilot Flame, Minutes

<102 mm 180°C
au wxdin) € F @56'F)

200C  2EC  2BC IWC  HC 00T
GOTF)  @TH S GRP  G62F (3R

Long leaf pine 15 a5 143
Red oak 15 a5 200
Tamarack 167 200
Westem larch 15 a5 508
Noble ir 8 30 -
Eastern hemlock 10 3% -
Redwood 15 a5 %55
Sitka spruce 15 a5 00
Basswood 67 3 —

118 60 14
153 a7 16 12
145 60 23 05
20

153
185
196
145

‘Soura: NFPA e Ptcion Handboo, 19t ., Secion 3, p. 37

2004 Ediion





22.2.7.1 Examples of Incendiary Devices. Examples of some

incendiary devices, and the evidence that may establish their

presence or use, are as follows:

(1) Books of paper matches and cigarettes from which the

striker from the matchbook, cigarette filters, remaining cigarette

ash, and the combustible materials ignited by the

matches or cigarettes may be found in the area of origin

(2) Candles from which their wax and the remains of any

combustible material ignited by the candles may be found

in the area of origin

Melting Temp of Wax:  49-75 deg C, 120-167 deg C

Vaporization Temp of Wax

ASTM E 1352, Standard Test Method for Cigarette Ignition Resistance

of Mock-up Upholstered Furniture Assemblies, 2002.

ASTM E 1353, Standard Test Methods for Cigarette Ignition Resistance

of Components of Upholstered Furniture, 2002.

Krasny, J. Cigarette Ignition of Soft Furnishings — A Literature

Review with Commentary. Center for Fire Research.Washington,

DC: National Bureau of Standards, June 1987.


The difference in burn patters between the power supply and the part of the floor coul dhave something to do with the heat release rate of the fuels that were in those respective areas

"If the fire achieves flashover and full room involvement, the patterns formed early in the growth of the fire are often changed by the intense convective and radiant heat transfer"
Ventilation of fires and hot gases through windows,

doors, or other openings in a structure greatly increases the

velocity of the flow over combustible materials. In addition,

well-vented fires burn with higher heat release rates. These

factors, combined with higher radiation temperatures, can act

to burn wood at a higher rate and can spall concrete or deform

metal components. Areas of great damage are indicators

of a high heat release rate, ventilation effects, or long

exposure. Such areas, however, are not always the point of

fire origin. For example, fire could spread from slowburning

fuels to rapid-burning fuels with the latter producing

most of the fire damage.

6.2.5 Patterns Generated by Full Room Involvement. If a fire

progresses to full room involvement (see 5.5.4.2 through

5.5.4.2.11), damage found at low levels in the room down to

and including the floor can be more extensive due to the effects

of high radiative flux and the convected heat from the

descending hot gas layer. Damage can include charring of the

undersides of furniture, burning of carpet under furniture,

uniform burning around table legs, burning of baseboards

and the undersides of doors, and burning on floor covering in

corners. Holes can be burned through carpet and floors.

The effects of protected areas and floor clutter on low burn

patterns should be considered (see 6.17.7.2 and 6.18.2). Although

the degree of damage will increase with time, the

extreme conditions of the full room involvement can produce

major damage in a few minutes, depending on ventilation

and fuels present.

6.4 Types of Fire Patterns. There are two basic types of fire

patterns: movement patterns and intensity patterns. These

types of patterns are defined largely by the fire dynamics discussed

in Section 5.5. Often a systematic use of more than one

type of fire pattern at a fire scene can be used in combination

to lead back to the heat source that produced them. Some

patterns may display aspects defining both movement and intensity

(heat/fuel).

6.5.3 Depth of Char. Analysis of the depth of charring is most

reliable for evaluating fire spread, rather than for the establishment

of specific burn times or intensity of heat from adjacent

burning materials. By measuring the relative depth and

extent of charring, the investigator may be able to determine

what portions of a material or construction were exposed the

longest to a heat source. The relative depth of char from point

to point is the key to appropriate use of charring — locating

the places where the damage was most severe due to exposure,

ventilation, or fuel placement. The investigator may then deduce

the direction of fire spread, with decreasing char depths

being farther away from the heat source.
