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MAE 5310: COMBUSTION FUNDAMENTALS
 Detonation
 Mechanical and Aerospace Engineering Department
 Florida Institute of Technology
 D. R. Kirk

Page 2
                        

2
 OVERVIEW OF DETONATIONS
 • Deflagration: combustion wave (flame) propagating at subsonic speeds
 • Detonation: combustion wave propagating at supersonic speeds
 – Detonation is a shock wave sustained by energy released by combustion
 – Combustion process, in turn, is initiated by shock wave compression and resulting high temperatures
 – Detonations involve interaction between fluid mechanic processes (shock waves) and thermochemical processes (combustion)
 • Qualitative differences between upstream and downstream properties across detonation wave are similar to property differences across normal shock
 • Main differences:
 – Normal shock wave: downstream velocity always subsonic
 – Detonation wave: downstream velocity always local speed of sound
 • Note that detonation waves can fall into strong and weak classes
 – Strong detonation: subsonic burned gas velocity
 – Weak detonation: supersonic burned gas velocity
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 TYPICAL PROPERTIES OF NORMAL SHOCKS, DETONATIONS, AND DEFLAGRATIONS
 • Normal shock property ratios are qualitatively similar to those of detonations and of same magnitude– EXCEPT that for detonation downstream velocity is sonic
 • Mach number increases across flame for deflagrations– Mach number is very small and thus is not a very useful parameter to characterize a deflagration
 • Velocity increases substantially and density drops substantially across a deflagration– Effects are opposite in direction as compared with detonations or shock waves
 • Pressure is essentially constant across a deflagration (actually decreases slightly), while detonation has high pressure downstream of propagating wave
 • Characteristic shared by shock, detonation, and deflagration is large temperature increase across wave
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 1-D ANALYSIS
 • Considerable insight gained from 1-D analysis even though structure of real detonations is highly 3-D
 • Useful foundation to build more detailed understanding
 • Assumptions (very similar to 1-D normal shock wave analysis)
 1. 1-D, steady flow
 2. Constant area
 3. Ideal gas
 4. Constant and equal specific heats
 5. No body forces
 6. Adiabatic

Page 5
                        

5
 GOVERNING EQUATIONS: MASS AND MOMENTUM
 12
 122
 2
 12
 12
 2
 12
 12
 2222
 2111
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 vmPvmP
 mvv
 PP
 mPP
 uPuP
 uum
 For steady flow, mass flow rate is constantIf area is fixed mass flux is constant
 Axial momentumOnly force is pressure
 Simultaneous solution of continuity and momentum
 Written in terms of density
 Written in terms of specific volume, v = 1/
 Solve for P for fixed P1, v1 and mass flux as function ofspecific volume at state 2
 Line of constant slope, plot on P,v graph
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 RAYLEIGH LINES
 • Simultaneous solution of mass and momentum conservation equations
 • Fixed P1 and v1 (1/1)
 • Increasing mass flux causes line to steepen, pivoting through point (P1, v1)
 – In limit of infinite mass flux, Rayleigh line is vertical
 – In limit of zero mass flux, Rayleigh line is horizontal
 – No solutions possible outside this domain (regions A and B inaccessible)
 Pre
 ssur
 e
 Specific volume
 (P1, v1)

Page 7
                        

7
 GOVERNING EQUATIONS: INCLUDING ENERGY
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 PP
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 ifistate
 ifiP
 refPifi
 Continuity
 Axial momentum
 Energy conservationTotal enthalpy with assumption of constant cp’s
 Bracketed term is heat of combustion per massof mixture
 Defined heat addition as q
 Ideal gas behavior
 Simultaneous solution of mass, momentum and energy with ideal gas and = cp/cv
 Written in terms of density
 Written in terms of specific volume
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 RANKINE-HUGONIOT CURVE
 • Rankine-Hugoniot curve for fixed P1, v1, and q
 • Curve does not pass through ‘origin’
 • Dashed lines passing through point A are Rayleigh lines
 Pre
 ssur
 e
 Specific volume
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 COMMENTS: RANKINE-HUGONIOT CURVE• Plot P as function of v for fixed P1, v1 and q
 – Point A(P1, v1) is called origin of Rankine-Hugoniot curve• Upper branch: points lying above B• Lower branch: points lying below C
 • Any real process going from state 1 → 2 must satisfy Rayleigh relation and Hugoniot relation, so no points between B and C are physically possible
 • For upper branch there is a limiting Rayleigh line that is tangent to Hugoniot line, point D– Called upper Chapman-Jouget point
 • For lower branch there is a limiting Rayleigh line that is tangent to Hugoniot line, point E– Called lower Chapman-Jouget point
 • Four limiting Rayleigh lines A-D, A-B, A-C, and A-E divide Hugoniot curve into 5 segments– Above D
 • Strong detonations• Subsonic burned gas velocity (M2 < 1)
 – D-B• Weak detonations• Supersonic burned gas velocity (M2 > 1)
 – B-C• Physically impossible
 – C-E• Weak deflagrations• Subsonic burned gas velocity (M2 < 1)
 – Below E• Strong deflagrations• Supersonic burned gas velocity (M2 > 1)
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 ADDITIONAL COMMENTS• Strong detonations are mathematically possible on Hugoniot curve, but difficult to produce in reality
 • Weak detonations also require special conditions to occur, i.e., very rapid reactions rates
 • Real detonations are not 1-D, however
 – Conditions at upper C-J point reasonably approximate those associated with actual detonations
 – At upper C-J point, velocity of burned gases relative to traveling detonation wave is sonic
 • Deflagrations also map onto Hugoniot curve
 – Point just below C is representative of conditions in burned gases behind a 1-D flame
 – Note that pressure decreases slightly from unburned state
 – Physically impossible region includes point C, since corresponds to zero mass flow
 • Typical flame speeds, SL, for HC-air mixtures are less than 1 m/s, so mass fluxes (uSL) also small
 – Example:
 • Mass flux for stoichiometric methane-air mixture at STP is 0.45 kg/s m2
 • For equivalent detonation, estimated mass flux is 2,000 kg/s m2
 • Slope of Rayleigh line associated with real flames is small
 • Example: A combustion wave propagates with a mass flux of 3,500 kg/s m2 through a mixture initially at STP. MW = 29, = 1.3 for both burned and unburned gases. Heat release, q, is 3.4x106 J/kg. Determine the state (P2, v2) and Mach number of the burned gases. Locate these points on R-H curve.
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 DETONATION VELOCITY• Additional assumption: P2 >> P1 (see table on slide 3)
 • Detonation velocity, VD, is equal to velocity at which unburned gas enters detonation wave (in wave stationary frame), VD = u1
 111
 1
 1
 1
 1
 2
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 222
 2222
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 TR
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 u
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 u
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 u
 TRu
 au
 uVD Detonation velocity definitionConservation of mass for upper Chapmann-Jouguet point, D
 Solve for u1
 Relate density ratio 2/1 and T2 to upstream (state 1) conditionsFor 2/1 start with axial momentum and divide through by 2/u2
 2
 Neglect P1 compared with P2
 Now apply continuity to eliminate u1 (u1 = 2/1u22 and solve for
 density ratio
 Replace u22 with a2
 2 = R2T2
 Finally, from ideal gas P2 = 2R2T2
 Simple relation for density ratio
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 DETONATION VELOCITY, VD
 2
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 c
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 Now relate T2 to known quantitiesSolve energy equation for T2
 Eliminate u1 through continuity and substitute u22
 with a22 = R2T2 and eliminate density ratio
 Substitute -1=R2/cP and solve for T2
 Equation is approximate
 Expression for detonation velocity
 Can also relax assumption of constant and equal cP’sExpression for state 2 temperature
 Expression for detonation velocity
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 ZND STRUCTURE OF DETONATION WAVES• Actual detonation wave structure is highly 3-D and highly complex• Useful simplified model
 1. Leading shock wave2. Reaction zone
 • Thickness of actual shock waves is of order of a few molecular mean free paths– Recall from chemical kinetics that probability of reaction occurring during a collision
 of reactive molecules is typically much less than unity– Inside shock wave only a few collisions, so reactive collisions become rare events– Little or no chemical reactions occur in this zone
 • A reaction zone follows shock and must be considerably thicker
 • Simplified 1-D picture was developed independently by Zeldovich, Neumann, and Döring, and is known as ZND model of detonation structure– Real detonations do not globally conform to this model (conceptually very useful)– Usually several shock fronts interacting in traveling detonation wave resulting in
 transverse oblique shock structure– Detailed nature of transverse wave structure is highly dependent on geometry of
 confining tube• Transverse detonation structure couples with acoustic modes of tube
 – For unconfined detonations (spherical), transverse structure is random
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 ZND DETONATION STRUCTURE
 • State point 1: upstream conditions• State point 2’: conditions at end of leading normal shock• State point 2: upper Chapman-Jouguet point, D
 http://www.galcit.caltech.edu/EDL/projects/pde/1434-overlay.jpg
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 EXAMPLE
 • Estimate detonation velocity for a stoichiometric C2H2-air mixture initially at STP
 – Neglect product dissociation
 – Molar specific heat of C2H2 at 298K is 43.96 kJ/kmol K
 • Consider again stoichiometric C2H2-air detonation wave and using ZND model for detonation structure, estimate T, P, , and Ma:
 – Following shock front
 – At end of combustion zone
 – Assume that 1 = 2
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 SUMMARY OF MAE 5310• Thermochemistry
 – Known Stoichiometry + 1st Law → Adiabatic Flame Temperature– Known P and T + Equilibrium Relations → Stoichiometry– Equilibrium + 1st Law → Adiabatic Flame Temperature and Stoichiometry
 • Chemical Kinetics– Understanding developed from basic kinetic theory → Arrhenius form– Endothermic and Exothermic reactions (forward and backward)– Simplified kinetics and detailed mechanisms
 • Explosive nature of mixtures– Explosion: very fast reacting systems (rapid heat release or pressure rise)– In order for flames to propagate (deflagrations or detonations), the reaction kinetics
 must be fast, i.e., the mixture must be explosive• Detailed reactor models
 – Constant P– Constant V– WSR– Plug Flow Reactor
 • Laminar premixed flames• Laminar diffusion flames• Comments on turbulence• Detonations
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