
Combustion science  for (and) Fire science - 1

• Combustion? Fire? – Commonalities and Differences
• Fire triangle – components – fuel, oxidizer and chemistry – chemical 

thermodynamics and chemical dynamics (rate)
• Gaseous (g), liquid (l) and solid (s) fuels – what gives you heat finally?
• What are fuels, oxidizers anyway? O/F ratio? Heats?
• Steps in fire – ignition, incipient fire, propagation, flash back, full 

fire, rollover, extinguishment – at different environmental conditions 
– wind, ambient temperature, pressure, humidity, 

• Are fuels only fuels? oxidizer only oxidizer? What about reactive 
substances having fuel and oxidizer elements in the molecule.

• Species, heat of formation, oxidant-fuel ratio for combustion, 
stoichiometry, fuel richness,  reaction pathways– heat of 
combustion?, flame temperature? product gases composition? 

• Premixed and diffusion flames in laboratory and practical situations
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Combustion? Fire? – Commonalities and Differences 

Combustion and fires require the “fire tetrahedron” to understand and explain. 
Combustion occurs in controlled way occurs more frequently (fortunately) than unwanted 
and uncontrolled combustion process. Combustion in controlled way is managed with 
enough or slightly more oxidant (most usually oxygen in air, but with  others as well)

Uncontrolled combustion may start with enough oxidant but reaches  its full size with 
much reduced oxidant. These have larger fraction of incomplete combustion products 
(toxic most of the time) and an appearance that is very bright and perhaps sooty.



Empire Palace Theatre Fire 1911, 
Audience escaped safely
2.5 min notional (!) escape time                            

Example of what I consider ill-designed theatre. I spent three hours in Lincoln theatre  at 
Manhattan, NYC - same design. Enormous fire load and dangerous balcony.  Solid and some liquid 
fuels too. I was positively scared of spending more time in the most congested arrangement!



Gaseous (g), liquid (l) and solid (s) 
fuels – what gives you heat finally? 

• Fuel will achieve a reaction rate with oxygen sufficient to produce a flame only when it 
is in the gaseous state.

• Liquid burns when temperature high enough to vaporize it (flash point to provide flash 
fire and fire point to establish the fire) – in droplet form or in the form of a pool.

• Solid must be hot enough to decompose into gaseous products (pyrolysis)
• Thus flame appears only when gases react with oxidizer exothermically.
• Gaseous fuels are: natural gas (mostly methane), LPG and propane and other liquid 

fuels storage and transport that are both liquid to start with and gas later (problem of 
BLEVE,  see later), hydrogen in laboratories and industries.

• Liquid fuels – hydrocarbons like gasoline, diesel, n-heptane, and alcohols, ammonia 
and other reactive liquids like nitroglycerine and explosive mixtures.

• Solid fuels like a range of plastics in semi-solid and finished form, wood products, 
vehicular tires, reactive substances like ammonium nitrate (for fertilizer industry), 
propellants and explosives like nitrocellulose, etc

• Oxidizers are oxygen in air (23 % w), liquid oxygen, oxides of nitrogen like nitrogen 
tetroxide, hydrogen peroxide, Ammonium perchlorate solid

• Stoichiometrically balanced compounds like RDX, HMX, PETN, etc
• Both oxidizer and fuel elements are present in many compounds.



What are fuels, oxidizers anyway?. O/F?, heat? 
• Chemically, an oxidizer is defined as one which acquires electrons and fuel as the one which can 

donate electrons. Fuel reduces and oxidizer oxidizes.

• The table of electro-negativity reveals it all.  F is the most powerful oxidizing element and K is the 
most powerful fuel. In F2O3, O is the “fuel”

• Generally, oxygen is the largest oxidizing element that we need to be concerned with. Carbon(C) 
and hydrogen (H) are the largest fuel elements. 

• Fuel and oxidizers will react at correct “stoichiometry” to produce stable products of combustion: 
H2 + 0.5 O2 H2O;  C + O2 CO2;  CH4 + 2O2 + 2(79/21) N2 CO2 + 2 H2O + 2(79/21) N2  
H2O and CO2 are the stable products of combustion at ambient conditions and N2 is inert.

• Nitrogen (N) is usually non-reactive. It is however, reactive at high temperatures (~ 2500 K+). N2O4
is an oxidizer (it goes to 2NO2). Hydrogen peroxide (H2O2) is an oxidizer (for it goes to H2O and 0.5 
O2). AP(NH4ClO4) is an oxidizer for it releases 35 % O2 and some Cl2 that acts also as oxidiser (to 
give HCl). AP is used as the prominent rocket oxidizer.

• RDX [C3H6N3(NO2)3 ] is fuel rich to 20 %, HMX [C4H8N4(NO2)4] is also 20 % fuel rich. NC is 12.5% 
fuel rich and NG is 4 % oxidizer rich. Both these are rocket oxidizer and explosive compounds.

• Those that have less than 25 % oxidizer or fuel rich are called stoichiometrically balanced.
• Explosions can result from high temperature and pressure rise in a container with exothermic 

reactions.  Explosives are heat or friction sensitive compounds that react in milliseconds to high 
temperature gaseous products leading to very high pressure rise and shock waves.



O/F 

H2 (1 mole)  + 0.5 O2 (0.5 mole)         H2O (1 mole) 

2 g               +  16 g                                  18 g  

(O/F by moles is 0.5 and O/F by mass is 16/2 = 8) 

C (1 mole)  + O2 (1 mole)         CO2 (1 mole) 

12 g             +  32 g                       44 g   (O/F moles is 1; O/F mass =  32/12 = 2.67 

CH4 (1 mole) + 2O2 (2 moles) + 2(79/21) N2 (7.52 moles)

CO2 (1 mole) + 2 H2O (2 moles) + 2(79/21) N2 (7.62 moles)

16  G             +   64 g                   + 210.6 g             44 g  +  36 g  +  210.6 g

(Molar air-to-fuel ratio is 9.52 and mass air-to-fuel ratio is  (64 + 210.6)/16 = 17.1

Summary: There is no molar balance. This means there is no volume conservation. 

However mass is conserved. This is the fundamental principle of natural changes.

Combustion does not always occur in stoichiometry particularly when fuel and oxidizer are 
premixed in specific proportions. They can be fuel rich or fuel lean. This is decided by 
equivalence ratio (er or φ) φ = (fuel:air)/(fuel:air)stocihiometry

Thus if φ < 1, the mixture if fuel lean and φ > 1, it is fuel rich. 



Heats of reaction and combustion

• Chemical reactions that are exothermic are of importance here. All the 
hydrocarbons and oxygenated fuels (like alcohols , wood or reactive species).

• Different species are at different states of enthalpy. These are called the heats 
of formation. When reactions occur the reactants go to products by reducing 
the net enthalpy. This net change of heat is called the heat of reaction. The 
negative of this is the heat of combustion and this is always positive – heat is 
released to raise the temperature of products. The heats of formation are 
determined so that the heats of combustion are correctly obtained.

• With the table of heats of formation for various species and by treating the 
chemical equation as an algebraic equation, one can sum up the heats of 
formation with associated coefficients (called stoichiometric coefficients) to 
get the heats of combustion.



Reaction pathways, equilibrium, composition and 
flame temperature

• Chemical reactions do not go along the simplest pathways discussed earlier. In 
reality such a pathway has a large hump of enthalpy in between the reactants and 
the products. This hump is called activation energy. 

• Only those molecules that have high random kinetic energy, higher than the mean 
collide with several other molecules and produce several species including the 
final products. 

• Under certain conditions of mixture leanness, the products at flame temperatures 
lower than the maximum possible, the largest fraction will be the stable products. 

• Near stoichiometry and under fuel rich conditions, many intermediate products 
like CO, OH, O, H, HO2 are all produced in various proportions. 

• Under very fuel rich conditions many gas phase pyrolysis products that are 
produced because broken fuel fragments get only other broken fuel fragments to 
react largely. These are aldehydes,  poly-aromatic hydrocarbons  (PAH) some of 
which are carsinogenic.

• At high temperatures, depending on the residence times for the reaction in a 
flowing fluid,  the reactions go close to chemical equilibrium. What this means is 
that the forward and the reverse reaction rates are nearly equal to each other.  
Under these conditions the chemical times are much smaller than flow times.



Reaction pathways, equilibrium, composition and flame 
temperature                

• The equilibrium conditions that is a limit close to which the system will reside are valid near lean 
and stoichiometric conditions and mildly rich conditions (for all φ < 1.1 or so).  

• For very rich conditions, the rates of reaction control the generation of the products. In these 
cases, the flow dynamics will strongly affect the composition. This implies that geometry of the 
flow as well whether flow conditions are laminar and turbulent will matter. Determining the actual 
composition in such cases calls for invoking larger chemistry information in a FDS like calculation.

• However, under equilibrium conditions, one needs the balance of chemical elements and 
equilibrium relations to compute the composition. This is done by using advanced codes called 
CEC 71 etc. 

• The determination of the composition depends on the initial composition (like one mole of H2 
with one mole of O2 or half mole of O2, etc). It also depends on the temperature and pressure at 
which you are seeking the composition. For instance one can ask what the composition of 
propane-air mixture at an equivalence ratio of 0.9,say at a temperature of 1500 K or 2000 K or 
whatever you choose to set. 

• If this temperature is higher than the adiabatic flame temperature (the ideal temperature that is 
obtained with no heat losses or other entropic losses like friction etc), further decomposition will 
occur absorbing the energy to back to adiabatic conditions. 

• By hunting for that flame temperature that  preserves the enthalpy including the heats of 
formation of initial reactants, one gets the adiabatic flame temperature.  The calculation process is 
also affected by pressure since increased pressure opposes decomposition (it also opposes 
evaporation in heated liquids)

• Thus one gets the composition and flame temperature of any given reactant set.



Note:  Left to right the mixture is becoming leaner. Little of radicals 
and CO seen as we move towards lean conditions



Note: Most stoichiometric hydrocarbon-air and hydrogen-air mixtures 
have flame temperatures of 2200 to 2300 K. H2-O2 has very high flame 
temperature





Thus the net enthalpy called the heat of combustion comes down wherever and 
whenever the fraction of incomplete products increases. When you compute the 
heat produced per unit mass of oxygen participating in the combustion reaction, 
its is about the same – 12.5 to 13. This information is used in an apparatus 
known as Cone calorimeter a standard apparatus to characterize the behavior in 
fires under different intensities  and to measure the heats of combustion.  



The next aspect to address is the reaction rate. Gaseous reactions 
occur because of energetic collisions. These are true of 
heterogeneous reactions as well, though more complex. They are 
represented by Arrhenius law as

where the Yi’s are mass fractions and p the pressure and T, the temperature and  
is the reaction rate is in terms of kg/m3s;  

/ρ   (1/s), where ρ is the density of the gaseous mixture. This quantity 

represents the inverse of reaction time. Reaction time, τch = ρ/     .

What about reaction rates?



Ignition, Incipient fire, Propagation, flash over, Full fire, 
Extinguishment – at different environmental conditions 
– wind, ambient temperature, pressure, humidity

We first deal with propagation of flames in premixed 
gas mixtures since these can be directly related to 
reactivity of the fuel- oxidant mixture. If the oxidant is 
fixed (say air), then this means we get the reactivity of 

the fuel gas.

Steps in a Fire 



Premixed flames 

Comments: The flame speed at stoichiometry obeys  
a simple relationship with reaction rate.  In fact it is 
proportional to the square root of the reaction rate. 
Turbulent flame speeds are related to Reynolds 
number as above.

There are upper and lower limits for flame 
propagation.– rich and lower. Adiabatic flame 
temperature also drops towards the limits. It is about 
1000 K at the limits. Rich flames saturate at about 
1200 to 1400 K due to energy absorption in sooting 
and PAH, etc.



Flammability limits are  observed because the flames grow very weak 
towards the Limits and the propagation cannot keep with the minimum 
heat losses in any system. If heat losses are more the flames will 
propagate at lower speeds. Even the stoichiometric flame will refuse to 
propagate through a tube of small diameter.  This is called quench 
distance for the mixture. 



Note: There are several species seen through the laminar premixed flame.  There are 
several radicals and ions that are also present in the flame. The flame thickness, δf if 
measured as significant heat release zone, is about 0.4 mm in this case. The thickness 
behaves as ρu Su δf = (k/cp), mean gas density x flame speed x flame thickness ~ constant. 
Thus faster flames are thinner. The presence of ions and radicals makes the flame 
electrically conducting.







Notes: The combustion chemistry at a fundamental level is the same for premixed and 
diffusion flames.  In diffusion flames, diffusion is the rate limiting step.
Hence for computing burn rates, chemistry does not play a major role. In fact,
the assumption that when the fuel and oxidizer mix, reaction instantaneously 
occurs is a standard procedure for computing diffusion limited flames. If however,
one wants the detailed species profile one needs to take into account the chemistry







More on diffusion flames



Fuel and oxidizer need to mix before combustion. This process of mixing in laminar diffusion flames
is by molecular diffusion. In turbulent  flames it is by turbulent mixing process. The rate of mixing is 
to be compared with the rate of reaction. Alternately, it can also be expressed In terms of the ratio of
mixing time to reaction time. This ratio is called the Damkohler number = τf/τch. Fundamental studies 
use this number and basic estimates of this number are made to assess whether the process is mixing 
controlled or reaction controlled. Typically in vigorous flames – either laminar or  turbulent as in fires, 
this number is large implying they are mixing controlled. Reaction occurs very fast 
when mixing is completed. 

It is only when flames are close to extinction chemistry acquires importance. These concepts are 
extremely important in modeling.  The basis of fire dynamics simulator (FDS) is the use of this idea. 
The mixing time in the case of turbulent flows is calculated by the solution of the conservation 
equations including mass, momentum, energy and species. Roughly stated, it is the ratio of a fine
eddy length scale  to the mean local speed. 



Smoke point is  a characteristic of diffusion flames used in estimating the radiant heat 
transfer  From sooty flames. It is the luminous length of a laminar diffusion flame at the point 
of incipient sooting. Smoke points occur because an increase in fuel flow rate increases soot 
formation and residence time, but there is a smaller increase in soot oxidation time. Laminar 
smoke points are the most widely used measure of a fuel’s sooting propensity in diffusion 
flames. Radiant energy from the combustion products has the strongest influence on heat 
transfer and can offer insight to the effects on surroundings. This effect  can be related to 
the fuel’s smoke point. Laminar smoke points are such good indicators that most aviation fuel 
sold worldwide is required to have a smoke point of 25 mm or longer.

Smoke Point 



From Tewarson, NIST, GCR 88 -555, 1988, Ys = soot yield. ls = smoke point height. fs, fCO efficiency of generation of soot and CO

Radiation fraction (%) = 41.6 – 0.9 (Smoke point height in cms); Convection and 
incomplete combustion compose of the rest. For data, see p.104 of Principles of 
fire protection chemistry and physics, Raymond Friedman. 



Ignition



Ignition of gaseous fuels occurs through an electrical spark of a small flame that deposits heat and 
reactive species  into a zone of the order of flame thickness. 

Thus as the pressure decreases, the ignition energy becomes larger by a factor p−2. 
This is a steep dependence on pressure. Let us look at some typical values for vapors 
of kerosene or natural gas in air,  viz. k =  .04W/mK, Tf −T0 = 2000 K, cp = 1.3kJ/kg K, 
Su = 0.4 m/s, _u _ 1.2 kg/m3. These values  lead to an ignition energy of 0.11 mJ.  
Igniting gases in quiscent atmosphere requires little energy.

If there is flow of gases, the heat likely to be carried away by  convection has to be 
accounted for. In this case, the energy for ignition when the mixture is in the 
flammability regime goes up by a factor 50 to 100 depending on the speed of the stream.
There ia also an upper limit beyond which the flame cannot be sustained. This is called the
Extinction speed.

Ignition of liquid pools.  

They are associated with a flash point and a fire point.  They depend on the vaporization 
Characteristics  of liquids. The minimum liquid  temperature at which a flame is seen at 
the spark is called the flashpoint. Fire point is the  Liquid temperature at which any 
ignition process creates a steady flame.



Heat transfer processes 



The heat transfer mechanisms in fires as well a in any other situations are conduction, convection and 
radiation. While conduction and convection mechanisms are similar to other non-combusting but hot 
gas flow situations,  radiation in fires acquires a special significance since the gas composition  
affects it significantly. The presence of soot particles enhances  the radiation. Also, the size of the 
fire controls it.



Pool Fire burn rates



See p. 119 for pool fire data with density and latent heat. For large pool fires, experimental 
data shows  ṙ (cm/min) = 160/ρlL, the denominator being a product of density of the liquid 
and its latent heat of vaporization The product in terms of cm3/J.  This can be easily
derived by recognizing the heat balance at the surface recognizing that the 
principal heat transfer mode to the surface of the pool is radiation. The radiation temperature 
of the soot laden flame does not vary a whole lot. One estimates the radiant flux as follows. The 
flame emissivity is obtained from 

where κ is called the extinction coefficient and D, the flame size. Large size
flames (because of large pool sizes).   For large pool fires εf is about 0.6 to 0.8. 
The radiant flux is then εf σ (Tf

4 – Ts
4) where  σ = radiation constant = 5.678 x 10-8 W/m2K4.  

If we simply take the heat balance to be accurate  to first order we can write ρlLṙ = εf σ Tf
4, 

we get ṙ = εf σ Tf
4/ρlL. Tf itself is  about 1000 to 1100 K for sooty flames. Thus if we 

put these together we get 

ṙ = (0.6 to 0.8) x  5.678 x 10-8 x (1 to 1.8) x 1012 W/m2 /[(750 to 900) kg/m3 x (100 to 200) kJ/kg. 

This leads to ṙ of 0.25 to 0.5 cm/min in the range in which experimental data are. 
Thus this simple analysis gives the results.

Pool fire burn rate – cm/ min 





Feature POM PMMA PP PS

Flame base,                                   m 0.305 square 0.305 x 0.31 0.305 square 0.305 square

Base area, m2 0.093 0.095 0.093 0.093

Mass burn flux, g/m2s 6.5 10.5 8.5 14.5

A/F]stoich - 4.6 8.3 14.8 13.0

Surface temp, °C 312 385 479 438

Heat of Combustion, MJ/kg 15.5 24.9 43.4 39.8

Heat of phase change, MJ/kg 2.43 1.61 2.03 1.76

Transfer No, B                                 - 1.23 1.57 1.16 1.44

Combustion completeness, % 100 85 87 57

Radiation fraction, % 15 34 38 35

Theoretical. Heat release,       kW

…rate                             kW/m2

9.3

100

24.8

222

34.3

321

53.7

329

Convective heat flux,    kW/m2 17.5 7.6 6.8 2.9

Radiative heat flux,      kW/m2 5.0 20.1 28.7 37.2

Surface re-radiation,    kW/m2 6.7 10.7 18.2 14.6

Gasification flux,           kW/m2 15.8 17.0 17.3 25.5

Flame radiation temp,     K 1400 1400 1350 1190

Poly oxymethlyene (POM) through Polymethyl methacrylate (PMMA), Poly Propylene (PP) to Polystyrene 
(PS)  A/F increases, Radiation fraction, sooting tendency Increase.  

Effective radiation temperature decreases…    From De Ris, Comb symp, 1978



Spontaneous ignition implies ignition of a set of materials with internal heating due to internal 
Exothermic reactions. Factors that can contribute to the spontaneous ignition of solids are 
many: (a) bulk size: contributes to the storage of energy and interior temperature rise; 
(b) porosity: contributes to the  diffusion of air to promote oxidation and metabolic  
energy release of biological organisms; (c) moisture: contributes to the growth of 
bacteria and other micro-organisms; (d) contamination: additives, such as unsaturated 
oils, can promote exothermicity; (e) process defects: storage of heated materials, 
insufficient additives (such as antioxidants  in synthetic polymers) or terminating 
a process before  its chemical reactions are completed.

Spontaneous Ignition



The above problem has significant implications and there have been many cases of miscarriage of justice in 
accusation of arson when natural causes have resulted in the damages – material and human.









Flashover in room fires










