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Smoke Particle Formation Fundamentals
 

Sophisticated Smoke (white soot)
Valuable Smoke (carbon black)

 

Combustion Science and Technology Applied to the Design of a
Particular Biomass Combustor

























Combustion Science and Technology Applied to the Design of a
Particular Biomass Combustor

(Gael Ulrich 4 November 2014)

 

Three Ts of Combustion: 
 

Time
Temperature
Turbulence

 

Four Cs of Consumerism: 
Cost (has to be cheap)
Clean
Convenient
Compatible

 

Chemical/Combustion Engineering Approach—From Scratch: 





Design Principles  (KISS test)
 
 

1.  Gravity feed of chips
 

2.  Primary air rate controls chip feed rate.
 

3.  Chips filter gas (minimize fly ash).
 

4.  Primary gasification with secondary air to fine-tune combustion.
 

5.  Preheat of secondary air (“temperature”).
 

6.  Primary air thimble promotes self-radiation.
 

7. “Moderate” combustion rather than stop and start.
 

8. Use waste heat to dry chips.
 

 



1.  Gravity feed of chips
 
2.  Primary air rate controls chip feed rate.
 
3.  Chips filter gas (minimize fly ash).
 
4.  Primary gasification with secondary air to fine-tune 
combustion.
 
5.  Preheat of secondary air (“temperature”).
 
6.  Primary air thimble promotes self-radiation.
 
7. Moderate combustion rather than stop and start.
 
8. Use waste heat used to dry chips.  













“Good judgment comes from experience.  

Experience comes from bad judgement.”
 



Designed using Theory.  Practice revealed problem areas.
 

Chips are tough to feed.
        Perfectly smooth tube
        Diverging angle
 

Abandon use of waste heat to dry.
        Too much extra trouble and cost. 

More sophistication needed with ash removal.
                

Efficiency challenge—getting high CO2 with low “smoke.”

(Temperature we have; getting time and turbulence is expensive 
[pressure drop and capital cost].  Decided to use another trick; 
subdivision.)

 



BERC Spreadsheet per Charles Niebling (January  2014 fuel prices)



Fuel Type Unit Cost per 
Unit

BTU per Unit 
(dry)

Moisture 
Content

MMBtu per 
Unit

Cost per 
MMBtu 
Delivered

Average 
Seasonal 
Efficiency

Delivered 
MMBTU per 
Unit

Cost per 
MMBtu After 
Combustion

Natural 
Gas

therm $1.30 100,000 0% 0.100 $13.00 85% 0.085 $15.29

Oil gallon $3.94 138,000 0% 0.138 $28.55 85% 0.117 $33.59

Propane gallon $3.67 92,000 0% 0.092 $39.89 85% 0.078 $46.93

Coal ton $266.00 25,000,000 0% 25.0 $10.64 75% 18.8 $14.19

Wood 
Pellets

ton (bulk 
delivered)

$243.00 16,800,000 4.5% 16.0 $15.15 85% 13.6 $17.82

Wood 
Pellets

ton (retail 
bagged)

$265.00 16,800,000 4.5% 16.0 $16.52 85% 13.6 $19.43

Cordwood cord $250.00 seasoned 22.0 $11.36 60% 13.2 $18.94

Wood 
Chips

ton $55.00 16,800,000 45% 9.2 $5.95 65% 6.0 $9.16



Fuel Characterization Sheet

Fuel Type Unit Cost per 
Unit

BTU per Unit 
(dry)

Moisture 
Content

MMBtu 
per Unit

Cost per 
MMBtu 
Delivered

Average 
Seasonal 
Efficiency

Delivered 
MMBTU 
per Unit

Cost per 
MMBtu After 
Combustion

Natural Gas therm $1.30 100,000 0% 0.100 $13.00 90% 0.090 $14.44

Oil gallon $3.94 138,000 0% 0.138 $28.55 80% 0.110 $35.69

Propane gallon $3.67 92,000 0% 0.092 $39.89 85% 0.078 $46.93

Coal ton $266.00 25,000,000 0% 25.0 $10.64 75% 18.8 $14.19

Wood Pellets ton (bulk 
delivered) $243.00 15,500,000 4.5% 14.8 $16.42 80% 11.8 $20.52

Wood Pellets ton (retail 
bagged) $265.00 16,400,000 4.5% 15.7 $16.92 75% 11.7 $22.56

Pallet Shards ton $80.00 16,400,000 20.0% 13.1 $6.10 65% 8.5 $9.38

Cordwood cord $250.00 seasoned 22.0 $11.36 60% 13.2 $18.94

Sorted Trash ton ($100.00) 18,000,000 10% 16.2 ($6.17) 65% 10.5 ($9.50)

Wood Chips ton $55.00 16,800,000 45% 9.2 $5.95 65% 6.0 $9.16

Spreadsheet modified by Ulrich (January  2014 fuel prices)



Ulrich Spreadsheet (November  2014 fuel prices)









 
Tools: 
Thermodynamics 101:  Enthalpy
 
1.  Energy content of matter

(Btu/lb in old days; J/g or kJ/kg, or kJ/g now)
2.  Point function
3.  A Property of matter

(Tell me the chemical composition, temperature and pressure, and I can give you a number. )

Efficiency Analysis and Measurement in Biocombustors



Chemical Engineering Approach (“Black Box”)
 

 
                                                                    flue gases
                                                          (T = ? )

fuel
25oC                                                                                   

                                                                                
air
25oC

Q
                             Q

   Efficiency ℰ  =
                Fuel Energy
 
What are Q and Fuel Energy? (To answer, consider first what the temperature would be with no heat removed.)
 
Adiabatic Flame Temperature: 
(Black box above with Q = O; ▽h = Q = 0) 

Combustor



Enthalpy Path (I can choose any path I want [convenience, not nature] )
 

                                                flue gases

                                                          d (T = ? )

fuel H2O(liquid)      H2O(gas)
25oC                          a   Reaction          CO2, H2O (ℓ), O2, N2      b        c

                                             4 g/s × HHV = 4 g/s (-20,000 J/g) = -80,000 J/s            +11,800 J/s                           
25oC 25oC

air
25oC

Δh a      b   +    Δh b      c   +   Δh c     d     =  0

Δh c     d   =   - Δh b      c   - Δh c     d     =  80,000 J/s - 11,800 J/s = 68,200 J/s

 

 





(Adiabatic flame temperature is that corresponding to Δhc-d = 68,200 J/s or 1640oC)
 

Back to the question: what are Q and Fuel Energy?
        
Q is equal to Δhd-e  (where he is defined by the exit temperature)

Heat Exchanger

Flue   d     Flue Gases         e
Gases Taf Tvent

Q
Recovered Heat

For te at 100oC, Δhd-e = Q = 68,200 J/s – 3000J/s  = 65,200 j/s
 
Fuel Energy is equal to Δha-b  (the higher heating value or heat of combustion)

For this case; 4 g/s bone dry wood, Δha-b = (4 g/s) (20 kJ/g)= 80,000 J/s
 
Efficiency:                                              65,200 J/s
                                    Efficiency ℰ =    ---------- x 100 =  81.5%
                                                               80,000 J/s





(Adiabatic flame temperature is that corresponding to Δhc-d = 68,200 J/s or 1640oC)
 

Back to the question: what are Q and Fuel Energy?
        
Q is equal to Δhd-e  (where he is defined by the exit temperature)
For te at 100oC, Δhd-e = Q = 68,200 J/s – 3000J/s  = 65,200 j/s
 
Fuel Energy is equal to Δha-b  (the higher heating value or heat of combustion)
For this case; 4 g/s bone dry wood, Δha-b = (4 g/s) (20 kJ/g)= 80,000 J/s
 
Efficiency:                                              65,200 J/s
                                    Efficiency ℰ =    ---------- x 100 =  81.5%
                                                               80,000 J/s
Where do we loose efficiency? 
1.  Flue Gas Temperature

At te = 200oC, Δhd-e = Q = 68,200-6500 = 61,700 J/s; ℰ  =  77%

     At t6 = 300oC, Δhd-e = Q = 68,200-11,000 =57,200 J/s; ℰ  =  71.5%
2.  Incomplete Combustion

At 10% of fuel unburned, tfg = 100oC; Δhd-e = 60,000 J/s; taf=  1450oC;
ℰ  =  (60,000 /80,000) x 100 = 75%

 3.  Excessive Combustion Air
                        (Exhibit E-6)

At 50% excess air (150% of stoichiometric or theoretical air), tfg = 200oC; Δhc-d = 68,200; taf=  1425oC; Δhd-e =68,200– 8000 = 60,200 J/s 
ℰ  =  60,200 /80,000 x 100 = 75%

 At 100% excess air (200% of stoichiometric or theoretical air), tfg = 200oC; Δhc-d = 68,200; taf= 1200oC; Δhd-e =68,200– 10,000 = 58,200 J/s; 
    ℰ  =  58,200 /80,000 x 100 = 73%

 4.  Excessive Moisture
 Requires heat to drive off and carries with flue gases out the chimney.  Also retards reaction rates/dampens combustion intensity. 
 
What does one need to determine efficiency?
 Flue gas temperature and composition (plus assurance that there is no CO or unreacted fuel or know their quantities)
 










