
Final Exam
•• Wednesday, Dec. 17, 7 am to 10 amWednesday, Dec. 17, 7 am to 10 am
• Closed Book, Closed Notes
• Combustion Terms

– From the sheet on the “pre-test”

• Short Answers
– Describe this, how does this work, etc.

• Problems
– Like the homework
– Basis for solid fuels (daf?), oxygen demand, etc.
– Bring a calculator!!

• I am aiming for 1-2 hours (not 3!)
– Come at 7 am anyway



Outline

1. Flammability Limits
2. Flame Speeds

– Flashback
– Laminar vs. Turbulent

3. Explosions
– Deflagration vs. Detonation

4. Pepcon video
5. Lab demos



1. Flammability Limits
• Measured in 

premixed gases
• Fuel Rich limit
• Fuel Lean limit
• Effects of diluents 

(see figure at left)
• Also functions of 

pressure
• Must be measured(from Lewis and von Elbe, 1987)

flammable

not flammable

not flammable



Flammability Limits
(in air at 1 atm total pressure)

2.830.51Propane
2.540.14Hydrogen
6.10.41Ethylene

2.720.50Ethane
4.080.48Methanol
1.640.46Methane

4.250.51n-Octane
3.920.36n-Decane

6.760.34Carbon Monoxide
 ∞0.19Acetylene

Rich (φ)Lean (φ)Species

(from Turns, p. 236)



(from The John Zink Combustion Handbook, 2001, p. 45)
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2. Flame Speeds
• Usually measured at 

stoichiometric 
conditions (φ = 1.0)

• Premixed gases

• Refers to velocity of 
unburned gas (u1)

• Must be measured

unburned burned
u1 u2

T1, p1, ρ1 T2, p2, ρ2

Stationary Combustion Wave



(from The John Zink Combustion Handbook, 2001, p. 45)
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1.1 ft/s = 33 cm/s = 0.3 m/s

In Air

All the same!



Laminar Premixed Flame Speeds
(from Lewis and von Elbe, 1987, pp. 396, 401)

H2, O2, and N2 at room T
and atmospheric pressure

CH4, O2, and N2 at room T
and atmospheric pressure



Flame Speeds (cont.)
• Flashback:

when u1 < SL
(flame travels upstream)

• If u1 > SL, flashback is not 
possible!

• Refers to unburned gas 
velocity (u1)

• Must get correct SL
(correct concentrations, 
pressure, temperature, etc.)

• Most fuels similar, except 
C2H2, C2H4, and H2

unburned burned
u1 u2

T1, p1, ρ1 T2, p2, ρ2

Stationary Combustion Wave



Turbulent Flame Speeds (St)
• Dependent on the 

turbulent fluctuation 
velocity 

• Depends on strength 
of recirculation, 
geometry, etc.

• Can be much higher 
than laminar flame 
speed (SL)

)( rmsv′

So for SL= 0.4 m/s, St can be 15 m/s!!



Why is St > SL?
• SL depends on molecular 

diffusion of heat and 
radicals
– relatively slow

• St depends on turbulent 
mixing of heat and radicals
– can be much faster than 

molecular diffusion
• Greater surface area 

between burned and 
unburned in turbulent 
eddies

http://flash.uchicago.edu/~nata/combustion/
Movies:



Effects of Turbulence on a
Gaseous Diffusion Flame

Fuel Jet Exit Velocity (m/s)

(from Glassman, Combustion, 1977, p. 285)



Effects of Turbulence on Flames

A. Turbulent diffusion flames
– Enhanced mixing rate of oxidizer and fuel
– Enhanced surface area of flame (wrinkled)
– Higher heat release per unit volume

B. Premixed flames
– Enhanced mixing rate of combustion 

products with reactants
• Heat
• Radical species



3. Explosions
Explosion Rapid expansion due to reaction 

(something blew up).  Not really 
a technical term

Deflagration Combustion at subsonic speeds

Conflagration Large disastrous fire (may also 
mean a conflict or war)

Detonation Combustion at supersonic 
speeds (includes shock wave)



Examples:
• Combustion of mixture in a tube with one or both 

ends open leads to deflagration.

• Combustion of mixture in closed vessel may 
lead to a detonation if the flame speed is high 
enough.  The combustion wave follows the 
shock (pressure) wave.



How Do You Get A Detonation? 

• Enormous energy release per unit volume 
– Short time
– Small space

– A firecracker does not detonate
– Most bombs do not cause detonations



Detonation vs. Deflagration in Gases

0.06 to 0.251.7 to 2.6ρ2/ρ1

4 to 16
(heat addition)

8 to 21
(heat addition)

T2/T1

~0.98
(slight expansion)

13 to 55
(compression)

p2/p1

4 to 6
(acceleration)

0.4 to 0.7
(deceleration)

u2/u1

0.0001 to 0.035 to 10u1/c1

DeflagrationDetonation

unburned burned
u1 u2

T1, p1, ρ1 T2, p2, ρ2

Stationary Combustion Wave



Ethylene oxide plant explosion caused by autoignition

From John Zink Combustion Handbook



Refinery damage due to improper maintenance procedures

From John Zink Combustion Handbook


