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REDUCED CHEMISTRY FOR HYDROGEN 
COMBUSTION AND DETONATION

Forman A. Williams
UCSD, La Jolla, CA

Detailed Chemistry; Crossover 
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Two-Step Global Reduction for Autoignition
Four-Step Global Reduction for Flames
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CROSSOVER

Branching Step:
H + O2 → OH + O
Rate Increases with Temperature

Termination Step:
H + O2 + M → HO2 + M
Rate Independent of Temperature

Rates Equal at Crossover Temperature
~ 1000 K at 1 bar, 1500 K at 50 bar.
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ELEMENTARY REACTIONS
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THE DETAILED SAN DIEGO 
MECHANISM AND THE 

ASSOCIATED RATE 
PARAMETERS
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FALLOFF (1)
Lindemann Mechanism
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The dependence of the specific reaction-rate constant on temperature at three different pressures, for step 16 of Table 1, 

MOHMOHOH 22 +→++ , expressed in bimolecular form (that is, the plot shows k cM for the trimolecular form).
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FALLOFF (2)
Slower Transition than Lindemann
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CHAIN MECHANISM
Initiation: H2 + O2 → HO2 + H

(Not H2 + O2 → 2OH)

Branching: H + O2 → OH + O
O + H2 → OH + H

Straight Chain: OH + H2 → H2O + H

Termination: H + H + M → H2 + M
H + O2 + M → HO2 + M
HO2 + H → H2 + O2
(HO2 + H → 2OH   is 5 times as fast)

(High Pressure: 2 HO2 → H2O2 + O2
H2O2 + M → 2OH + M )
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Explosion limits for stoichiometric mixtures of hydrogen and oxygen in a spherical vessel, 7.4 cm in 
diameters, with its interior surface coated with potassium chloride (explosion is defined as observing 
that reaction occurs after the mixture is admitted to the vessel at the specified temperature and 
pressure).
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Prediction

Comparisons of predicted laminar burning velocities with experiment, as a function of the equivalence ratio (the fuel-

air ratio divided by the stoichiometric fuel-air ratio for                                ), at 1 atm and initially 298 K, with a ratio of 
the oxygen concentration to the sum of the oxygen and inert concentrations of 0.214 (corresponding to air), for inerts
being nitrogen, argon and helium.

OH2OH2 222 →+
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LITERATURE ON SHOCK-
TUBE MEASUREMENTS OF 

HYDROGEN-OXYGEN 
INDUCTION TIMES
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Variation with temperature of the induction time as obtained from detailed-chemistry 
numerical calculations (solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-
dashed curve [15], dot-dot-dashed curve [18]) and from shock-tube experimental results [52] 
(p = 0.43 bar, f = 1, solid points).
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Variation with temperature of the induction time as obtained from detailed-chemistry numerical 
calculations (solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-dashed curve [15], 
dot-dot-dashed curve [18]) and from shock-tube experimental results [52] (p = 0.45 bar, f = 0.1, solid 
points).
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Variation with temperature of the induction time as obtained from detailed-chemistry numerical 
calculations (solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-dashed curve [15], 
dot-dot-dashed curve [18]) and from shock-tube experimental results [54] (p = 2.5 bar, f = 1, solid 
points).
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Variation with temperature of the induction time as obtained from detailed-chemistry numerical calculations 
(solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-dashed curve [15], dot-dot-dashed 
curve [18]) and from shock-tube experimental results [58] (p = 33 bar, f = 1, solid points).
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Variation with temperature of the induction time as obtained from detailed-chemistry numerical calculations 
(solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-dashed curve [15] version 3.0, dot-
dot-dashed curve [18]) and from shock-tube experimental results [59] (p = 3-5 bar, f = 0.42, without steam, 
solid points).
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2003

Variation with temperature of the induction time as obtained from detailed-chemistry numerical calculations 
(solid curve [23], short-dashed curve [11], long-dashed curve [20], dot-dashed curve [15], dot-dot-dashed 
curve [18]) and from shock-tube experimental results [59] (p = 3-5 bar, f = 0.42, 40% steam, solid points).
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Variation with temperature of the induction time as obtained from detailed-chemistry numerical 
calculations (solid curve [23], short-dashed curve [15] version 2.11, long-dashed curve [16], long-dot-
dashed curve [17], short-dot-dashed curve [12], short-dash-dot-dot curve [19], long-dash-dot-dot curve 
[14]) and from shock-tube experimental results [54] (p = 2.5 bar, f = 1, solid points).
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COMAPRISONS OF MECHANISMS 

San Diego, Ranzi and Dryer are Equally Good

San Diego is the Smallest

GRI 2.11 Better than 3.0

More Details in Write-up.
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SPECIES CONSERVATION
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Replace Differential Equations by Algebraic Equations through Steady-State
and Partial-Equilibrium Approximations
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STEADY STATE
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FIVE-STEP AUTOIGNITION MECHANISM

Table 3
Number Reaction Step in Table 1

1 H2 + O2 → HO2 + H Step 12 backward

2 H + O2 → OH + O Step 1 forward

3 O + H2 → OH + H Step 2 forward

4 OH + H2 → H2O + H Step 3 forward

5 H + O2 + M → HO2 + M Step 10 forward
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The temperature dependence of the product of the ignition time and the oxygen concentration for 
stoichiometric hydrogen-air mixtures at three different pressures according to the temperature-inflection 
criterion, for the detailed mechanism of Table 1 (solid curves) and for the reduced mechanism of Table 3 
(dashed curves).
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Estimated region of validity, in a pressure-temperature plane, for autoignition-time 
predictions by the five-step mechanism for hydrogen-air mixtures.



∴

GLOBAL REDUCED MECHANISMS

Eight Species; H2, O2, H2O, H, OH, O, HO2, H2O2
Minus Two Element (or atom) Conservation Equations
Implies Only Six Independent Differential Equations with Nonzero Source Terms

∴ A 6-STEP GLOBAL MECHANISM

Reduced chemistry therefore must seek fewer than six global steps.

26
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AUTOIGNITION
Very lean: H steady state
Stoichiometric and rich: O and OH steady state

H + O2 → OH + O (2)
O + H2 → OH + H (3)
OH + H2 → H2O + H (4)
OH + H2 → H2O + H (4)

Branching:   3H2 + O2 → 2H2O + H II

Initiation:      H2 + O2 → HO2 + H (1) I

Termination: H + O2 + M → HO2 + M (5) III

A three-step global reduced mechanism

22 OHII cck=ω
221 OHI cck=ω MOHIII ccck

25=ω,,
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IGNITION-TIME CRITERIA
1. Partial Equilibrium of H + O2 → OH + O with Reactant Depletion Neglected
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2. Thermal Runaway for Large Activation Energy of Branching Step 2
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The function K(b,c)
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Hydrogen-air autoignition times as functions of the equivalence ratio at 1 bar for three different temperatures. 
Dot-dash curves from ti=tR+tL
Dashed curves from isothermal integration of detailed mechanism with 95% criterion 1.
Solid curves from adiabatic integration of detailed mechanism with temperature-inflection criterion.
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Variation of the product of the ignition time and the initial oxygen concentration with the initial temperature.
Dashed curves from criterion 2.
Dot-dashed curves from ti=tR+tL
Solid curves from adiabatic integration of detailed mechanism with temperature-inflection criterion.
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FOUR-STEP GLOBAL REDUCED 
MECHANISM FOR FLAMES

Neglect H2O2 (15 Elementary Step)

H + O2 → OH + O I
O + H2 → OH + H II
OH + H2 → H2O + H III
2H → H2 IV

1311971 ωωωωωω +−−−=I

14118742 ωωωωωωω +++++=II

1513643 ωωωωωω +++−=III

1098765 ωωωωωωω +++++=IV
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TWO-STEP GLOBAL MECHANISM FOR FLAMES

Put O and OH in Steady State as well
(Note: There are a number of three-step mechanisms)

2H2 + O2 → 2H2O + 2H I
2H → H2 II
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The laminar burning velocity as a function of equivalence ratio for hydrogen-air premixed flames at 1 
atm and an initial temperature of 300K, for two-step reduced chemistry, according to two different 
asymptotic approximation (one termed analytical) and to full numerical integrations.
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The laminar burning velocity as a function of the initial temperature for stoichiometric hydrogen-air 
flames at 1 atm, for two-step reduced chemistry, according to two different asymptotic approximations 
(one termed analytical) and to full numerical integrations.



36

The maximum calculated temperature in the diffusion flame, as a function of the air-side strain rate, for a 
steady, axisymmetric counterflow flame between air at 1135 K and a molar mixture of 40% hydrogen and 
60% nitrogen, according to the full mechanism of Table 1, the four-step mechanism, three different three-
step mechanisms, and the two-step mechanism.
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CONCLUSIONS

The four-step global reduced mechanism is accurate for flames.

A two-step reduced mechanism is good for autoignition.

In flames, HO2 maintains an excellent steady state, but it is a product in high-
temperature, low pressure autoignition.

Steady-state approximations usually are better for O and OH than for H.

The 21-step detailed mechanism can be used in many applications.

Since there are at most 6 global steps, applications requiring reduction can 
best focus in 4-step or, if necessary, 2-step mechanisms.


