
TMTS 1 

 COMBUSTION 
FLAMES              

AND  
APPLICATIONS 

Georgia Tech ASME  
February 9, 2015 

 
Thomas F. McGowan, PE 

TMTS Associates, Inc. 
399 Pavillion St. SE 
Atlanta, GA 30315  

404 627 4722 
tfmcgowan@mindspring.com 

www.tmtsassociates.com  



TMTS 2 

COMBUSTION BASICS 

You will learn about:    
  Fuel properties 

  Combustion calculations 

  Air/fuel ratio and excess air 

  Flame temperatures  

  Applications  

Combustion Basics Includes material from J.J.Santoleri's 
Drexel University Incineration Course at Drexel University 

© 2015 Tom McGowan & JJ Santoleri  
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Is a rapid combination of oxygen and 
fuel that results in the release of heat  
 
Fuel, air and an ignition source are key 
requirements for combustion to occur 
 

Combustion…  
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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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Flame from Batch Kiln Test 
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Burner Flame Types  

There are no bad 
burners – but they 
can be misapplied, 
and be the wrong 
burner for a  
particular end use  

Burners have the 
means to mix fuel 
and air, a point of 
attachment, and 
source of ignition  

>0.6 

>1.0 
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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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• The two fundamental products of the 
reaction are CO2 and H2O 

• N2, and O2 vary with excess air level  

• Other products may include, SO2, SO3, 
NOx, HCl, HF, HBr and others, 
depending on the composition of the 
fuel and level of oxygen 

Products of Combustion 
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Shortcuts and Rules of Thumb 
 

 
Conversion of moles to volume: 
1 lb mole of any gas = 378.7 scf at standard conditions 
      (60 ºF and 14.7 psia) 
 
To find gas density: 1 mole of methane weighs 16 lb 

  So the density of methane = 16 / 378.7 = 0.042 lb/scf 
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Shortcuts and Rules of Thumb 
 

 
For combustion air volume: 
1+(XS air%/100) x (Btu / hr input)] / 6,000 = scfm combustion air 
 
 where factor (1 + XS air/100) is 1.0 at 0% XS air, and 2.0 at 100% XS air 
 
For combustion air mass: 
1+(XS air%/100) x 765 is lb air required to burn 1 MM Btu of fuel  
 
Example: 

A 10 MM Btu/hr burner running at 50% XS air requires: 
[(1 + 50/100) x (10,000,000 )] / 6,000 = 2505 scfm air 
or 
10 x (1 + 50/100) x 765 = 11,475 lb/hr air 
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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 

1 mole CH4, 16 lb X LHV 21,520 Btu / lb = Q = 344,320 Btu 
At 100% XS air M = 565 lb for products of combustion 
 
Temperature difference = 344,320 / (565 lb X 0.282) = 2,161ºF 
where 0.282 is approximate integrated heat capacity at this temp 

With 60ºF base temperature at standard conditions: 
 AFT = 60 + temperature difference = 60 + 2,161 = 2,221ºF 
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Alternate Routes to Adiabatic Flame 
Temperature 

 
 

Use flame temperature vs. excess air graphs 
 
Caution: Cp varies with gas temperature and gas type 

• For greater accuracy, use integrated heat capacities 
of gases via equations or tables (See Table) 

• At high temperatures, dissociation of CO2 and H2O 
reduce the actual temperature achieved, as does  
loss to furnace walls 
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Used with permission of NAMfg 

0% avail. heat 
line shows AFT 
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Calculate the amount of air required for 25 
percent, 50 percent and 100 percent excess air 
conditions for natural gas.  
Answer: 
Calculate the air requirements as before – then 
scale it up based upon the excess air 
requirement… 
25% excess air:   17.26 lb air/lb fuel  x  1.25  =  21.58 lb air 
50% excess air:   17.26 lb air/lb fuel  x  1.50  =  25.89 lb air 
100% excess air: 17.26 lb air/lb fuel  x  2.00  =  34.53 lb air 

Excess Air Example for Natural Gas 
Using Table Ratios 
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Retention Time in Afterburners or 
Other Combustion Chambers 

Time: 
 Is a measure of the completeness of the reaction 
 Residence Time – Length of time in the high 
temperature zone to allow completion of combustion 
reactions 
 RT  =    Volume of combustion chamber 
            Actual Flow rate of combustion gases 
 Longer residence time needed for more difficult to 
burn (lower heating value) fuels 
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Combustion Temperature  

Temperature: 
 Indicator of combustion stability 
 Stable conditions exist when the 
temperature is in the flammability range      
( > 2300 F ) as approximately defined by 
the Lower and Upper explosive Limits 
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We want fuel to burn…  
when and where we want it to…  
and not at other times… 
or other places! 
Combustion system design elements: 
• BMS/Burner Management System/High temp limit 
• Safety shut off valves, pressures switches (fuel trains) 
• Prepurge (> 4 furnace volumes) 
• Pilot trial for ignition (not to exceed 15 seconds) 
• Fire eyes to monitor flame 
• Start burner at low fire  

 

COMBUSTION SAFETY 
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Lower Explosive Limit (LEL) 
 Least concentration of Volatile Organic Compound 
(VOC) in air (or O2) sustaining combustion 

Upper Explosive Limit (UEL) 
 Highest concentration of VOC in air (or O2) 
sustaining combustion 
 See NFPA tables, reference texts 
 
 See NFPA tables, reference texts 

LEL and UEL and AIT 
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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  



TMTS 23 

 
 
 
 

 

• Hauck E-Solutions, Rotary dryer burner sizing, furnace 
sizing, emissions conversions, orifice calculations, heat 
transfer. Available free from  
http://www.hauckmfg.com/solutions/ 
 
•   HSC Software By Outokumpu. Performs equilibrium, 
heat and mass balance, and chemical formula calculations. Has 
thousands of chemicals in the data base. Not user friendly; 
takes significant effort to learn. Excellent for detailed process 
calculations in one or more phases. 
http://www.outokumpu.com/hsc/brochure.htm purchase from 
http://www.chemsw.com/ 
 

Computer Programs for Combustion 
and Heat and Mass Balances 
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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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Properties of Selected Fuels 
• No. 2 Fuel Oil, 141,000 Btu/gal; 19,567 Btu/lb 
• No. 6 Fuel Oil, 150,000 Btu/gal; 18,266 Btu/lb 
• Bituminous Coal, Illinois, 13,390 Btu/lb; 35%VM, 

56%FC + ash 
• Wood, dry, 8,500 Btu/lb; 78%VM, 20%FC, + ash 
• Wood, 50% MC (moisture content) wet basis, 4,250 

Btu/lb 
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Properties of Selected Fuels 
• Gasoline 127,000 Btu/gal; 20,800 Btu/lb; AIT 536°F; 

LEL 1.4%; UEL 7.6%; flash point, -50°F 
• Natural gas, 1012 Btu/scf; 23,875 Btu/lb; AIT 1170°F; 

LEL 5%; UEL 15% 
 

 
 
 

Ref: North American Combustion Handbook 
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Metals In Combustion 
• Metals are neither created nor destroyed 
• Oxides, chlorides, and sulfates of metals may be 

formed 
• Fate varies with type of combustor and APC 
• Low boiling point metals exit as vapors 
• Some metals/salts form fine fume when 

condensed, e.g., P2O5 
• Non-mercury/non-volatile metals easy to 

remove via baghouse or IWS 
• Mercury requires carbon treatment in 

baghouse or condensing IWS   
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How to Estimate Temperatures  
Refractories and alloys have a characteristic color 

(Ref: Marks ME Handbook, based on emissivity of iron and steel)  
 
 

 
Color Temp, F 
Dark red 1050 
Dark cherry red 1175 
Cherry red 1375 
Orange 1650 
Light orange 1725 
Yellow  1825 
White 2200 

Too hot to keep fingers on steel, >120F             
Radiant heat noticeable/uncomfortable on skin, >400F 
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References  
North American Combustion Handbook - 2 Volumes  

Order form: http://combustion.fivesgroup.com/publications/handbooks.html 
 
  
 
  

Biomass and Alternate Fuel Systems:  
An Engineering and Economic Guide 

Order form: http://www.tmtsassociates.com/literature/book.html  
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STEAM/its generation and use is priced at $105 per book plus 
$6.00 shipping and handling within the continental United 
States. Payment must be in U.S. funds, company purchase 
order or credit card in advance of shipping. If purchasing by 
check, money order or purchase order, attach to this completed 
form and mail in sealed envelope to: STEAM 40, BVCB1B, 
Babcock & Wilcox, 20 S. Van Buren Avenue, P.O. Box 351, 
Barberton, OH 44203-0351. 
http://www.babcock.com/library/steam.html 
Please allow 3-4 weeks for delivery.  No quantity discounts. All 
sales final. 
Name_________________________________ 
Title __________________________________ 
Company ______________________________ 
Address _______________________________ 
(UPS requires street address and phone) 
City __________________________________ 
State __________________________________ 
Includes CD and book 

B&W Steam Book 
http://www.babcock.com/library/steam.html 
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 Combustion 
Applications  
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Refinery Furnaces – Heaters - Reformers     

Courtesy John Zink 

Refinery Heater Cross-section Heater Burners & Pipe Rack 
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 Steel Mill Arc Furnace Produces CO – 
Application Requiring a Direct Thermal Oxidizer 
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Direct Thermal Oxidizer 
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Direct Thermal Oxidizer with 4 Auxiliary Burners 
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Oxidizer Fluid 
Dynamics – Mixing of 
waste Gas and Flame  
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Safety Options for Oxidizers 
    

• Liquid seal tanks used for flares 
• Flame arrestors  
• LOC (limiting oxygen concentration approach) per 

NFPA 69 and NFPA 86, to prevent ignition by 
running rich 

• Less than 25% LEL, or up to 50% LEL via upgraded 
controls  
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Crimped Metal Flame Arrestor 
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Used with permission of Protectoseal® 

Crimped Metal Flame Arrestor 
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 Rotary Kiln With Afterburner 

  
 
 
 
 
 
 
 
 
 
                        

               

 
 



TMTS 42  

7.5’ x 45’ High Temperature Rotary Kiln 
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Steam Boilers Go Way Back... 
360 hp Coal Boiler in London for Power Production, 1888 
 

Reference: Steam, 
Its Generation and 
Use, Babcock & 
Wilcox, NY, 1892,  
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Four Drum Boiler for Coal Firing  
With Sloped Reciprocating Stoker Grate 
(Similar Grates Still in Use for MSW and Wood firing ) 
 

Reference: The Kidwell Two 
Flow Ring-Circuit Water Tube 
Boiler, Kidwell Boiler 
Company, Milwaukee, WI, 
1923 
 

Sloped 
grates  
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Modern Radiant Boiler with 
Cyclone Furnace for Coal 
Firing 

Reference: Steam, Its Generation and Use, Babcock & Wilcox Company, NY 1963 
 

Cyclone 
Furnace   
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Large Industrial High-
Pressure Water Tube Boiler 
for Coal or Wood Firing  
  

Reference: Steam, Its Generation and Use, Babcock & Wilcox Company, NY 1963 
 

Horizontal 
Chain 
Grate   
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Scotch Marine Fire Tube Boiler for Gas & Oil 

Used with Permission Cleaver Brooks 
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Heat Recovery 
• Gas-to-gas heat for air preheat 

• Waste heat boiler downstream of combustor 

• HX used more where fuel costs are high  

− Economics – equipment, maintenance cost vs. fuel 
savings. 

− Is there a use for the recovered heat? 

− Temperatures (air to air HX unreliable above 1500ºF, in 
dusty streams) 
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Shell and Tube Heatexchangers – Shell Side 
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Shell and Tube Heat Exchangers – Tube Side 
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Heat Recovery via Waste Heat Boilers  
• Use hot gases produced by another process 
• Economics usually poor < 5 MM Btu/hr  
• Efficiency ~ 60-70% vs. 80%+ for standard boilers 
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Questions??? 
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