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 You will learn about:    
  Fuel properties 

  Combustion calculations 

  Air/fuel ratio and excess air 

  Flame temperatures  

  Combustion generated air pollution 
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COMBUSTION BASICS 

 Combustion Reactions 

 The Three T’s  

   (Time, Temperature and Turbulence) 

 The Ideal Gas Law 
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Flame from Batch Kiln Test 
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Flame Types  

It can be said 
there are no 
bad burners – 
but they can be 
misapplied, and 
be the wrong 
burner for a  
particular 
application 

>0.6 

>1.0 
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TERMINOLOGY 
 

Some terms and their definitions used in this section are: 
 
• HHV:  Higher heating value of a fuel in Btu/lb,  

also known as gross heating value. 
 
• LHV:    Lower heating value of a fuel. Equal to HHV - latent heat 

of vaporization of water formed from hydrogen in the fuel 
or moisture in the fuel. Also known as net heating value. 
 

• XS air: Excess air percent.   This is the amount of air  
exceeding that required to completely combust the fuel. 

 
• TA:  Theoretical Air = Stoichiometric air = 0% XS air, the  

exact amount of air needed to burn a fuel. 
 

• ppm:  Parts per million; for gases, on volume basis. 
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TERMINOLOGY 
 
• ppmvd: ppm, by volume, dry basis, water excluded. 
 
• acfm:  Actual cubic feet per minute of a gas at measured         

temperature and pressure.  
acfm = scfm x ((T°F+460)/520) x (14.7/P in psia) 

 
• scfm:  Standard cubic feet per minute of gas (@ 60oF, 14.7 psia) 
 
• dscfm: Dry scfm (scfm less water vapor). 
 
• AFT:  Adiabatic flame temperature. 
 
• Available  

heat: The percent of heat input to a combustion system that can 
be transferred to the load (furnace, boiler, air heater or 
incinerator) at a given exit flue gas temperature. 
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Visualize Temperature and 
Volume Change 

0 psig 

 Piston 

1 cu ft at 60°F/520°R, 
atmospheric pressure, 

air density 0.0765 lb/ft3 

1' 

1' 

13.5" 

0 
psig 

2 cu ft at 
580°F/1040°R, 

atmospheric pressure,    
air density 0.0383 lb/ft3 

1' 

 Piston 

1' 

Adding Heat to Raise Temp 
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Combustion is a rapid combination of 
oxygen and fuel that results in the 

release of heat  
 

Combustion Reactions 
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Always keep in mind the 3 T’s of 
combustion: 
•  Time 
•  Temperature 
•  Turbulence 
 
If all three exist in adequate amounts, 
plus the right amount of oxygen, good 
combustion will occur 
 
 

The Three T’s 
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Common Fuels 
 
 
 

• Natural gas 
• Propane (LPG)  
• Fuel oils (Nos. 1 through 6) 
• Coal, coke, and wood 
• Wastes—solid, liquid, sludge, and VOCs 
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Basic Combustion Calculations 
 

 
(With oxygen as the oxidizer) 
 

Carbon C + O2  CO2 
Mols 1  1  1 
Wt. 12  32  44 
Lb/lb fuel 1  2.66  3.66 
Heat released: 14,100 Btu/lb of fuel 
 
 
Hydrogen H2 + 1/2O2  H2O 
Mols 1  1/2  1 
Wt. 2  16  18 
Lb/lb fuel 1  8  9 
Heat released: 61,100 Btu/lb of fuel 
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Basic Combustion Calculations 
The Stoichiometric Ratio is the ratio of oxygen to fuel that is required to 
complete perfect combustion with no unused fuel or oxygen = 0% XS Air. 
 
Methane with 0% excess air as the oxidizer 
Input 
Methane CH4 +2 (O2 + 3.76N2)  
Mols 1  2  7.52  
Wt. 16  64  211  
Lb/lb fuel 1  4  13.2  (Air =17.2) 
 
Output 
 CO2 + 2H2O  + 7.52N2  Totals 
Mols 1  2  7.52  10.5 
Wt. 44  36  211  291 
Lb/lb fuel 2.74  2.25  13.2  18.2 
Vol. %, wet   9.5 (= 1/10.5)    19.0      71.5  
Vol. %, dry 11.7 (= 1/8.5)     N/A      88.3 
Wt. %  15.1 (= 44/291)   12.4      72.5 
 
Heat released: 23,879 Btu/lb of fuel higher heating value 
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Basic Combustion Calculations 
 
Note: Some excess air is used to compensate for less-than-ideal situations, 
and to help assure that adequate oxygen is available for complete combustion. 
In some cases, it's needed to limit temperature, such as for dryers. 
 
(Methane with 100% excess air)    
Input 
Methane CH4 +2 x 2 (O2 + 3.76N2)  
Mols 1  2 x 2  2 x 7.52  
Wt. 16   2 x 64  2 x 211  
Lb/lb fuel 1  2 x 4  2 x 13.2 

 
(Air = 34.4) 

       
Output 
 CO2 + 2H2O  + 15.0N2 + 2O2 Totals 
Mols 1  2  2 x 7.53 2 20 
Wt. 44  36  2 x 211 64 565 
Lb/lb fuel 2.74  2.25  2 x 13.2 4 35.4 
Vol. %, wet 5   10   75   10 
Vol. %, dry 5.54   N/A   83.3   11.1 
Wt. %  7.8   6.4   74.5   11.3 
 
(Note: A mole of any gas = 378.7 ft3 at standard conditons) 
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Example Heat and Mass Balance 
Major parameters 

entered in this line  for 
excess air, primary and 

after burner 
temperatures 

Calculations carry data 
from stage to stage for 

heat and mass 

HEAT AND M ASS BALANCE FO R THERM AL PRO CESSING

By:  Tom  M cG owan, TM TS Associates, Inc.
Filenam e:  HTM SFM ST
Date: 16-Apr-05
For: 
O verview:  Cocurrent kiln process
Excess air (XCS) includes leakage air.
All flow values (m ass or volum e) are per hour basis.
No PO HC used for sizing m axim um  SCC burner capacity.
Propane gas is auxiliary fuel, baghouse after SCC for APC.

Prim ary
M ajor Param eters: Q uench/Bag Solids Chrg, Feed Radiatn W et W gt

Prim ary Burner XCS SCC XCS PO HC XCS Prim . Tem p SCC Tem p House Tem p lb/hr M oisture Loss PO HC
50% 25% 90% 1600 2000 400 40000 10.00% 5.00% 7.00%

Ash tem p -150 F over gas tem p SCC Rad L 2.50%
Stage 1, Prim ary Kiln Burner Fuel 

HHV LHV Sensible Flam e Balance
Item lb/hr  M M Btuh  M M Btuh Heat M M Btuh Tem p %  Diff.
Auxiliary fuel 800 17.22 15.82 -0.09%
Air 18844
Total 19644 17.22 15.82 15.82 3021

Stage 2, Solids Injected in Prim ary Furnace
HHV LHV Sensible

Item lb/hr  M M Btuh  M M Btuh Heat M M Btuh

Solids 33200 13.84
M oisture 4000 -4.24 3.08
PO HC 2800 56.00 50.40 1.21
Air 76342 33.08
Total 116342 56.00 46.16 51.21
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Example Heat and Mass Balance 
Flows are calculated too 
for sizing fans and ducts 

Oxygen/excess air 
calculated also 

Prim ary Cham ber O utlet G as Stream  Plus Clean Ash
HHV LHV Sensible

Item lb/hr  M M Btuh  M M Btuh Heat M M Btuh
Total gas 102786 44.53
Total solids 33200 13.84
Rad. loss -3.66
Total input 58.32 58.38

Stage 3, Prim ary Cham ber O utlet G as Stream
Sensible SCC Inlet XCS air or

Item lb/hr Heat M M Btuh  G as tem p O 2, dry
Total gas 102786
Solids 0.00 80%
Total 102786 44.53 1600 9.4%

Page 2, Heat and M ass Balance for Hazardous W aste Incineration

Stage 4, Secondary Com bustion Cham ber 
HHV LHV Sensible Flam e Scfm Acfm

Item lb/hr  M M Btuh  M M Btuh Heat M M Btuh Tem p Fuel 
Total inlet gas 102786 44.53 Balance
Auxiliary fuel 2000 43.05 39.55 %  Diff.
PO HC in SCC 0 0.00 0.00 -0.89%
Air 39258
Rad. loss -2.91
Total 144043 81.91 3331 30356 143606
Total, stage 1-3+4 81.18
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GOOD 
COMBUSTION 

COOL 
COMBUSTION 

DEFICIENT AIR EXCESS AIR 

0% XS AIR 

TEMP 

INCOMPLETE 
COMBUSTION 

Temperature vs. Air to Fuel Ratio 
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Adiabatic Flame Temperature  
(at zero % heat loss) 

 
 

Q = M x Cp x temperature difference, or 
Temperature difference = Q / (M X Cp) 
 Where  Q = Btu  

M  =  Mass, lb of combustion products 
   Cp  =  Specific heat of combustion products, Btu/lb-F 

 
For methane at 100% XS Air, AFT  ~ 2200F/1200C 
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Used with permission of NAMfg 
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• The two fundamental products of the 
reaction are CO2 and H2O 

• N2, and O2 vary with excess air level  

• Other products may include CO, 
VOCs/HAPs, Semi Vols, SO2, SO3, NOx, 
HCl, HF, HBr and others, depending on 
the composition of the fuel and level of 
oxygen 

Products and Byproducts 
of Combustion 
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Retention Time in Afterburners used to 
destroy CO and VOCs/HAPs/Semi Vol  

 Retention Time (RT): Length of time in the high 
temperature zone to complete the combustion 
reactions 
 RT  =    Volume of combustion chamber 
            Actual Flow rate of combustion gases 
 Use longer retention time for more difficult to burn 
fuels 
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Except for carbon and 
metals, solids turn into 
gases before they burn! 
Remember the 3 T’s! 

Learning from a Candle… 
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Soot on knife blade is thousands of tiny soot 
particles that would have burned in hot flame – if 

they had enough time and temperature! 

Quenching a Flame 
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The heat from a bit of friction on the scratch block is enough 
to reach AIT, the autoignition temperature.  

The sulfur and phosphorous mixture  
is pyrophoric and burns easily.  

Pyrophoric Materials  
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Limits of Flammability vs. Inert Percent in Air 

% Air = 100% - % Combustible Vapor - % Inert 

COMBUSTIBLE 
VAPOR,     
volume percent 

Non-flammable   
mixtures 

T2 > T1 T1 

Flammable 
Mixtures 

INERT, volume percent  

LEL for 
methane 5% 

UEL for 
methane 15% 
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Hexane  LEL =1.1%, UEL = 7.5% at 60F; Flash Point = -7°F AIT at Stoic. = 437°F  

Ref: Graph adapted from US Bureau of Mines Bulletin 627; numerical data from NFPA 325M 

Auto-ignition  
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Ambient Temperature 

Gas 

Liquid/Mist  

Temperature 60F 

LEL line. 
LEL varies 
with temp 

UEL line  

Flash 
point  

Flammable gas/air mixtures   

AIT at 
stoic 

Vapor pressure 
& concentration 
rise with temp; 
saturated line  

UEL at standard temp 

Limits of Flammability vs. Temperature 
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Air Pollutants from Combustion 
and Control Strategy   

• CO - better mixing, higher temp, catalyst 
• NOx - low NOx burners, SCR, SNCR, FGR, Low 

O2, water injection, lower fuel bound N2, etc. 
• VOCs - oxidizers, catalysts, carbon, zeolites 
• Acid gas - e.g., HCl -- wet or dry scrubber 
• Dioxins - >1600F/870C; fast quench, carbon, etc. 
• PM - Baghouse, ESPs 
• Metals – Baghouse, ESPs; for Hg, carbon or IWS 
• CO2 - Greenhouse gas - use more efficient process  
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POST COMBUSTION FGT 
SCR (low-temp) 
SNCR (high-temp) 
Wet scrubbers/neutralizers 
Urea, ammonia injection 
Methanol, lime, caustic injection 

NOx Control Technologies 
Post Combustion Flue Gas Treatment 

Fuel 
Air 

COMBUSTION MODIFICATIONS 
Low NOx burners 
Low oxygen firing 
Water injection 
Reburning 
Burner NOx tuning 
Eliminate nitrogen-bearing fuels 
Eliminate air pre-heat 
Lime/reagent injection  
Oxyfuel burners 

 

BURNER 
COMBUSTOR 
(OR CHEMICAL 
PROCESS) 

APC 
SYSTEM 

S
T
A
C
K 

FLUE GAS RECIRCULATION 
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POST COMBUSTION FGT 
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• North American Combustion Handbook, 2 volumes: 
 http://www.namfg.com/comb-handbook/gra49.pdf 
 
• B&W Steam Book  
http://www.babcock.com/library/steam.html 
 
• Biomass and Alternate Fuel Systems: An Engineering 

and Economic Guide 
http://tinyurl.com/Amazon-biomass-book 
 
• Papers and Literature on TMTS website 
www.tmtsassociates.com 
 

Some Combustion References  
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