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Closing of air valve

Bunsen Burner ( Heidelberg, ~1855)



Flame Structure
Laminar methane jet flame from a 10 mm orifice9 mm

flame 
location

from Smyth et al, CNF 1985



https://www.youtube.com/watch?v=QwoghxwETng



Objective of this lecture

Ø Provide an introduction to fire dynamics to the class, 
mechanical engineers working on combustion science.

Ø We assume substantial knowledge on combustion, a key 
thermochemical process of fire.

Ø We will study how flames and fire evolve, making emphasis 
on fire growth and compartments.



Fire Dynamics is the foundation of Fire Engineering

just as 

Thermodynamics is the foundation of Mechanical Engineering,

Structural Mechanics is the foundation of Civil Engineering

and

Chemical kinetics is the foundation of Chemical Engineering

but

Fire Dynamics is an amalgam of Thermodynamics, Chemical 
kinetics and Structural Mechanics.

adapted from Prof. Dougal Drysdale



Fire Phenomena



EM-DAT International Disaster Database, Université catholique de Louvain, Belgium. www.emdat.be

Explosions	and	Fire
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NOTE: Immediate fatalities as a proxy to overall damage. Disaster defined as >10 fatalities,  >100 people 
affected, state of emergency or call for international assistance. 

Jocelyn Hofman, Fire Safety Engineering in Coal Mines MSc Dissertation, University of Edinburgh, 2010



Building Fires

Ø Despite tremendous progress 
in protecting lives from fire, 
it is still causing 5% of injury-

related deaths worldwide (war 
causes 2%).

USA data: Fire deaths vs. time
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Ø Fighting fires is costly
(UK £7 billion/yr).

SuperFreakonomics, Illustrated 2010

90% drop in 100 
year



UK statistics

Ø Fire fatalities per year ~320 (pre-Grenfell)

Ø Direct fire costs ~ £2 billions
Ø Indirect costs ~ £5 billions

The annual total cost of fire in UK is £7 billion
(for comparison, UK budget on education is £34 
billions)



Fire Engineering

1. Prevention
Layers of Protection (after Prof Drysdale):

2. Detection
3. Evacuation
4. Compartmentation

6. Structural Resilience
5. Suppression

*Not all layers must be present in a building, but all must be 
considered as least.

*Not all layers contribute equally or cost equal amounts.

Fire Engineers make the world safer from fire: protecting people, 
their property, and the environment.
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Objective	of	Fire	Safety	Engineering:
protect	Lives,	Property,	Business	and	Environment

from Torero and Rein, Physical Parameters Affecting Fire Growth, Chapter 3 in: Fire 
Retardancy of Polymeric Materials,CRC Press 2009
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Science and Engineering

“Medical doctors and engineers both welcome all the relevant science they 
can muster, but neither can wait for complete scientific understanding 

before acting to save life or create a new life-saving machine”

Henry Petroski (1942-)
in The Essential Engineer: Why Science Alone Will Not Solve Our Global 

Problems



“The Front Room Fire”

(BRE Video)

Compartment fire
https://www.youtube.com/watch?v=86zRGLZoTk8
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Initial stages ~ fire growth and 
free burning
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Smoke filling and fire growth



Near flashover – secondary ignition
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Flashover



Post-Flashover



Scenario: an external source heats the fuel in the 
presence of a pilot
Ø Ignition takes place when a flammable mixture of fuel 

vapours is formed over the fuel surface
Ø In simple liquids, it is driven by evaporation
Ø In complex liquids and solids, it is driven by pyrolysis
Ø If no pilot present, spontaneous ignition of the 

pyrolysate is possible (requires larger heat flux and 
longer times)

Flammable mixture

T(t3)T(t2) T(t ignition)T(t1)Tambient (t0)

Heat source
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Ignition	of	a	condensed-phase	fuel



Ignition	of	a	condensed-phase	fuel
(Liquid	or	Solid)
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T1 Onset of phase-change (evaporation or pyrolysis)

T2 Flashpoint (if piloted present)

T3 Firepoint (if piloted present)

T4 Spontaneous ignition (no need of pilot)

From	phase-change	to	ignition

t=0 Heating of fuel begins



Ø Flash point: Lowest temperature 
of the fuel at which vapour/air 
mixture ignites producing a flash of 
light blue flame, characteristic of 
premixed burning. This is a single 
event not followed by sustained 
burning. Determined in a “closed 
cup” apparatus.

Ø Fire point: Lowest temperature of 
the fuel at which the ignition of the 
vapour/air mixture is followed by 
sustained burning. Determined in a 
“open cup” apparatus.

Fire point ≥ Flash point

Ignition	of	a	condensed-phase	fuel

from SFPE handbook 



Ignition
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Characteristic surface temperature histories for several heat 
fluxes. The material used is PMMA. 



This	process	is	called	pyrolysis

• Chemical change from long hydrocarbon 
chains to shorter chains.

• Phase change from solid (or liquid) to 
vapour.

• i.e., pyrolysis is similar to evaporation but 
also involves chemical change.

Note: when a solid is burning with a flame, it 
is actually the pyrolysis vapours (aka 
pyrolyzate) directly above it that are burning, 
not the solid itself.

Pyrolysis of a solid

Pyrolysis of a liquid

When an organic solid 
material heats up, it 
eventually reaches a 
temperature threshold where 
it begins to break down: 
pyrolysis.

Pyrolysis to liquidPyrolysis is the chemical 
decomposition of a solid 

material solely by heating. It is 
endothermic and irreversible. 

Material undergoes 
simultaneous change of 

chemical composition and 
physical phase.

G Rein, Smoldering Combustion, Chapter 19, SFPE 
Handbook of Fire Protection Engineering, 2016. 

http://hdl.handle.net/10044/1/41594



Experimental	Pyrolysis	

http://www.youtube.com/watch?v=UusEwufhWaw



Q

The concepts of flashpoint and fire point are also applicable to combustible 
solids but they cannot be differentiated easily, so fire point rules.

Piloted	Ignition	of	solid	fuels

fire point



If we assume a constant radiative heat flux (irradiation) at the exposed 
face (x = 0) and neglect convective losses, then the temperature T for x > 
0 and t > 0 is:

Surface temperature, Ts, i.e. x = 0, is then:

This can be rearranged to give the time to ignition (tig) when Ts = Tig
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Thermally	Thick	Solid	Fuels
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Apparatus 
 AFM
 Cone calorimeter
 FPA
 FIST
 LIFT
 Others apparatus with tungsten lamps heat source
 Others apparatus with flame heat source

         
Experimental conditions

 No black carbon coating or no information 
 Black carbon coating
 Vertical sample
 Controled atmsophere (18% < O2 < 30%)
 Miscellaneous 

Dashed area = experimental error
        Time = 2s
        Heat flux = +12 / -2 % [35]

 

Time	to	ignitionTime	to	ignition	– Thick	Samples
Experimental data for PMMA (polymer) from the literature. Thick samples
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Critical heat flux ~10 kW/m2 = heat level below which ignition is not ever possible 
due to heat losses (term not included in the expression above)



Flammability	
~	material	property



Ø If t is thickness, r is density, c is specific heat:
Ø Thermally thin is when Bi=ht/k<0.1
Ø This means that one single temperature represents the 

whole slab
Ø No temperature gradients – lumped system
Ø For thin fuels exposed to high radiant heat fluxes, tig

can be plotted against q”e to give a straight line of 
gradient trc. 
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Time	to	ignition	– Thin	Samples
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Initial stages ~ fire growth and 
free burning



Flame	and	Fire	Power
Effect of heat Release Rate on Flame height (video WPI)

http://www.youtube.com/watch?v=7B9-bZCCUxU&feature=player_embedded



Order of fire power
(average HRR):
Match  ~10 W
Sofa ~1 MW

Room ~3-10 MW
Car ~3-7 MW

Heavy Goods Vehicle
~50 MW

Oil tank 
(Buncefield) >300 MW



Fire	Power	– Heat	Release	Rate
Ø Heat release rate (HRR) is the power of the fire (energy 

release per unit time)

AmhmhQ cc ¢¢D=D= !!!

Heat Release Rate (kW) - evolves with time

Heat of combustion (kJ/kg-fuel)  ~ constant

Burning rate (kg/s) - evolves with time

Burning rate per unit area  (kg/s/m2) ~ constant

Burning area (m2) - evolves with time
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Note: the heat of reaction is negative for exothermic reaction, but in combustion this is always 
the case, so we will drop the sign from the heat of combustion for the sake of simplicity



Flame height 
(dimensionless) is given 
by heat release rate 

(dimensionless)

Buoyancy-driven flows: 
compartment fires

momentum-driven flow: jet flames

Flame	Height

Expressions:

( ) 02.1Q7.3
D
l 52* -= !

D02.1Q235.0l 52 -= !

this expression is dimensional, in kW and m.



Burning rate (per unit area)
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from Quintiere, Principles of Fire Behaviour

It is a material and scenario dependant. 
Values in table above are for free 

burning conditions. Values inside a 
small compartment are larger Latent 

Heat of 
pyrolysis

Heat flux 
from the 

flame



Heat	of	Combustion

from Introduction to fire Dynamics, Drysdale, Wiley

It is a material 
property only if the 

combustion efficiently 
is also taken into 

account. Efficiency is 
scenario dependant.



Candle	burning	on	Earth	(1g)	and
in	microgravity	inside	the	ISS	(~0g)

Buoyancy



Buoyancy	vs.	Momentum
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The relative importance of the inertia and gravity in a flow is given by:
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Fr Froude number

Velocity of gases
Dimension (diameter 
of source)

Gravity acceleration
Fr

Momentum-driven flow: jet flames Buoyancy-driven flows: natural fires
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The Fr number in fire becomes the dimensionless heat release rate:

Buoyancy	vs.	Momentum
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Schematic diagram showing the 
three regions of the fire plume

Turbulent	Flame	Regions



Temperature	of	the	plume
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Ø We saw in class that the adiabatic flame temperature 
Tad is ~2000 ˚C (eg, methane in air). 

Ø Laminar diffusion flames reach peak ~1600 ˚C  
(experiment of Smyth et al. as seen today) lower than 
Tad because of heat losses, mainly radiation. 

Ø The flame is a thin region 2 mm thick, so as 
turbulence increases and because of intermittency, 
temperature in a fix location in space is the time 
average of the flame and nearby regions, thus 
resulting in measurements of substantially lower 
values (~900 ˚C) at the sensor location.

Flame	Temperatures	vs.	
Measurements	of	Flame	Temperature



Because hot gases rise 
up in a colder 
environment,

a point source of heat 
at ground level creates 
an axisymmetric 
buoyant plume.
Cooling of the plume 
gases occurs as a 
results of dilution with 
ambient air which is 
entrained thought the 
plume boundary 

Entrainment	&	Fire	Plumes

from Heskestad, Fire Plumes, Flame Height, and Air Entrainment, SFPE handbook 

NOTE: Much more air is entrained to the flame than is required for stoichiometric 
burning (10±5 times more) Þ free burning flames are naturally over ventilated



A buoyant plume from a “real” 
source has a virtual origin –
i.e. location of a point source 
that would produce the same 

buoyant plume

Fire	Plumes



A buoyant plume from a “real” 
source has a virtual origin –
i.e. location of a point source 
that would produce the same 

buoyant plume

Fire	Plumes
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Alternative forms and 
semiempirical correlations:



from http://www.koverholt.com, by Kristopher Overholt

Example	of	Fire	Plume

the flame height l (or L) 
is 5.68 m

For a 10 MW fire with a diameter of 3.6 m, and a radiative fraction 0.35

NOTE: Qc is the convective part of the heat release rate





Mass flow of combustion products at the flame:
(Atmospheric air is 21% Oxygen, MWair=29 g/mol)

Products of Combustion
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Flow of products
of combustion

Ø Smoke is mostly made of entrained air
Ø Most of the smoke is N2!

Þ>> pcent mm !!

fuel flow 
rate

by pyrolysis

flow of 
stoichiometric air

eg, value for propane
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Initial stages ~ fire growth and 
free burning



*

IGNITION                                     GROWTH                                     MASS BURNING

area of the fire A increasing with time

A
A

A



Flame	spread	is	inversely	

proportional	to	the	time	to	

ignition	

Flame Spread Rate
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Flame	Spread	vs.	Angle

http://www.youtube.com/watch?v=V8gcFX9jLGc 

Rate	of	flame	spread	over	strips	of	thin	samples	of	balsa	wood	at	different	
angles	of	15,	90,	-15	and	0˚.

Test	conducted	by	Aled	Beswick	BEng	2009



Flame	Spread	vs.	Angle

Upward spread is 20 times faster than downward spread

upward 
spread

downward 
vertical 
spread

Test	conducted	by	Aled	Beswick	BEng	2009



On a uniform layer of fuel, isotropic spread gives a circular pattern
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Tabulated fire-growths of different fire types

t-square	growth	fires
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location running out of fuel

Recently ignited 
by flame

burn-out

At some point:

Later on:



Sofa fire

Peak HRR= 3 MW
Average HRR ~1 MW

residual burning
+ smouldering

from NIST http://fire.nist.gov/fire/fires

growth burn-
out



Free burning vs. Confined burning
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Experimental data from slab of PMMA 
(0.76m x 0.76m) at unconfined and 

confined conditions

confined free burning

from Introduction to fire Dynamics, Drysdale, Wiley

This illustrates the key difference between a fire 
in the open and one in a confined space

Additional irradiation 
from deflected flames, 

hot walls and hot smoke 
layer



)

Smoke filling and fire growth



The Compartment Fire

TS

H
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Ø The influence of a compartment on a fire
z Retaining heat
z Restricting airflow in
z Two zones: smoke layer vs. air layer.



Ceiling	Jet
Alpert developed correlations which gave the (maximum) temperatures 
and velocities in the flow near the celing – aka “the ceiling jet”

NOTE: U is the velocity of the flow along the ceiling

from Alpert, Ceiling jet flows, SFPE handbook 
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Flashover



What is flashover?
Sudden event of very rapid growth caused by generalized 
ignition of all fuel items in the room 

Some indicators:
• Average smoke temperature of ~500-600 ˚C
• Heat flux ~20 kW/m2 at floor level
• External flaming, out of openings (ventilation controlled)

NOTE: These three are not definitions but indicators only

Sudden	and	generalized	ignition	
(flashover)

NOTE 2: Average temperate of 600˚C implies that the room space is 
occupied mostly by interment flames. Therefore, this can only happen 
in small compartments (TBC). 



Compartment fires

(a) growth period
(b) fully developed fire
(c) decay period
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pre-flashover fire
post-flashover fire
(shortly after flashover, a fire usually reaches ventilation limited conditions

Fire development in a compartment - rate of heat release as a function of time

flashover

no flashover when 
not enough fuel or 

ventilation

foQ!

maxQ!

flashover only when 
enough fuel and 

ventilation



Fully	Developed	fire

Mass flow of air into compartment (kg/s)

Opening area (m2)

Height of opening (m)

Heat of combustion per unit O2 consumed (kJ/g-O2)

Oxygen mass fraction in air (0.23)
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When the maximum flow rate of air entering the compartment is 
reached, the fire becomes limited by the amount of oxygen not 
the amount of fuel. This gives the maximum possible HRR
in the compartment given its ventilation factor.



0:00 min                             4:15 min                              5:00 min
Polypropylene:  burning inside a small compartment (0.4m cube) 

Under	Ventilated	fires	and
External	flaming



The authoritative scientific text
on fire science

SFPE Handbook 
of Fire Protection 
Engineering, 
5th Edition, 
Springer, 2016.
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Radiative	fraction

c
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! Total heat release rate (convective + radiative)

Convective heat release rate 

Radiative fraction (typically ~0.35 for most fuels). Its 

value is strongly correlated to soot yield

radiative
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Smoke Composition and Backdraught

Fire in sealed compartment Flame self-extinguishes after some time due to 
O2 depletion. It leaves smoke with high 
content of unburnt fuel (poor combustion)

When the compartment is suddenly opened (fire-fighting or breakage) air enters 
and forms a mixture which fuel concentration might be below the rich flammability 
limit. Then, if an ignition source if found (glowing hot spots, nearby fire), a large 
deflagration takes place as the premixed flame propagates out of the compartment

air enters
Premixed flame propagates through mixture



after 2001 WTC collapse…
“the longest-burning structural fire in 

history” (New Scientist, Dec. 2001)



Five days after collapseOne month after collapse

Photographs from the Office for Technology, New York State, 2001

Five months after collapse

Longest-burning building fire: 5 
months



ØGlobal combustion reaction of solid fuel, in its 
simplest form, can be approximated by two steps: 
pyrolysis followed by oxidation.

1. Pyrolysis (decomposition of a solid by heating):
2. Two possible oxidation paths:
a)If oxidation of pyrolysate (gas-phase) → flaming 
b)If oxidation of char (solid-phase) → smouldering

Smouldering vs. Flaming

gases other  OH  CO Heat  O  (gas) Pyrolyzate 222 +++®+

(solid)Ash   (solid) Char  (gas) Pyrolyzate Heat  (solid) Fuel ++®+

(solid)Ash   gases other  OH  CO Heat  (gas) O  (solid) Char 222 ++++®+

or



ØSmoldering combustion is the 
slow, low temperature, 
flameless burning of porous 
fuels.

ØHeterogeneous combustion: 
Heat is released when oxygen 
directly attacks the surface of a 
solid fuel.

Ø It is especially common in: 
z Natural fuels: biomass, peat, duff, 

litter, wood, coal.
z Synthetic fuels: cellulose, 

polyurethane foam.

What is it?



Ø In chemical terms: fuels form a char 
on heating.

Ø In physical terms: fuels consist of a 
permeable medium formed by 
grains, fibers or some other porous 
matrix.

ØThis porous nature provides large 
surface area per unit volume, which 
facilitates heterogeneous reaction
with oxygen while permits 
transport of oxygen through the 
fuel bed.

Smouldering Nature



Smouldering and Safety
ØSmoldering combustion is among the leading 

causes of residential fires and fire deaths 
(~25%) due to: 
Ø Difficult to detect
Ø Higher yield of toxic gases
Ø Sudden transition to flaming

Ø It is a source of safety concerns in industrial 
premises (eg, biomass and waste storage) as 
well as in commercial and
space flights.


