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THE HUGONIOT CURVE

THE HUGONIOT RELATIONS

• Relationships exist between the variables on

the two sides of a shock wave. These are

known as the Hugoniot relations.

• The Hugoniot relations establish the connec-

tion between eight quantities: four variables

on the left (low pressure) side of the shock

wave (p0, h0, ρ0, v0) and four variables on the

right (high pressure) side (p∞, h∞, ρ∞, v∞).

• These variables are the solution to the in-

viscid conservation equations for mass, mo-

mentum, and energy for waves in a steady,

constant area �ow.

• There are three Hugoniot relations connect-

ing eight quantities (four on either side of

the shock wave).

shock wave

ṁ = ρ0v0

p0, h0, ρ0, v0

ṁ = ρ∞v∞

p∞, h∞, ρ∞, v∞

Figure 1: Simpli�ed shock wave structure.

The Hugoniot relations are:
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THE HUGONIOT CURVE

THE RANKINE-HUGONIOT RELATION

Equations (1) to (3) may be combined into the Rankine-Hugoniot relation
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The di�erence between a detonation and the shock in an inert gas is in the form of h∞ .
In a shock the chemical composition remains unchanged, whereas in a detonation the chemical composition changes so
that energy is released. Chemical equilibrium is attained after the gas passes through the wave.

• A plot of p∞ versus 1/ρ∞ for a given value of
(p0, 1/ρ0) and the heat release −(h∞ − h1) is called
the Hugoniot curve.

• The Hugoniot curve is the locus of all possible solu-
tions of equations (1) to (3), or equivalently, equation
(4).

• The point (p0, 1/ρ0) is called the origin of the Hugo-
niot plot.

• There are two Chapman-Jouget points. They
arise from drawing tangents to the Hugoniot curve
through the origin of the Hugoniot plot (p0, 1/ρ0).
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Figure 2: The Rankine-Hugoniot diagram.



THE HUGONIOT CURVE

THE RANKINE-HUGONIOT DIAGRAM
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THE HUGONIOT CURVE

THE RAYLEIGH-LINE RELATION

Equations (1) and (2) may be combined into the Rayleigh-line relation

ρ2
0v

2
0 =

p∞ − p0

1/ρ0 − 1/ρ∞
≡ ṁ2 (5)

The Rayleigh-line relation is a criterion to identify regimes within the Hugoniot curve where de�a-

gration and detonation are possible.

• Region I, strong detonation regime.

• Region II, weak detonation regime.

• Region III, weak de�agration regime.

• Region IV, strong de�agration regime.

• In region V, it is seen that 1/ρ0 − 1/ρ∞ <

0 and in p0 − p∞ > 0. The Rayleigh-line

relation implies imaginary values for v0 (i.e.

impossible for de�agration or detonation to

exists).
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THE HUGONIOT CURVE

THE RAYLEIGH-LINE RELATION

De�agrations are subsonic combustion waves:

• Typical de�agrations propagate at speeds on the order of 1-100 m s−1.

• Across a de�agration, the pressure decreases while the volume increases: p∞ < p0 and 1/ρ∞ >

1/ρ0.

• For de�agrations, the structure of the wave, and turbulent and di�usive processes, determine the

propagation speed.

Detonations are supersonic combustion waves:

• Typical detonation waves propagate at a velocity on the order of 2000 m s−1.

• Across a detonation, the pressure increases while the volume decreases: p∞ > p0 and 1/ρ∞ <

1/ρ0.

• For detonations in stoichiometric hydrogen and hydrocarbon fuel-air mixtures: p∞/p0 = 15− 20.

For detonations, gas dynamic considerations are su�cient to determine the solution. Chapman

(1899) [1] and Jouguet (1905) [2] proposed that detonations travel at one particular velocity,

which is the minimum velocity for all the solutions on the detonation branch (the Chapman-

Jouget velocity).

• Zeldovich (1940) [3], von Neumann (1943) [4] and Döring (1943) [5] postulated independently

that a detonation is a combustion wave being sustained by a shock wave.



THE HUGONIOT CURVE

THE CHAPMAN-JOUGET POINTS

Di�erentiate the Rankine-Hugoniot relation (4) with respect to ρ∞ to obtain:
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The slopes at the Chapman-Jouget points are:

dp∞
d(1/ρ∞)
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CJ

=
p∞ − p0

(1/ρ∞)− (1/ρ0)
(8)

From (7) and (8):

p∞ − p0

(1/ρ∞)− (1/ρ0)
= −γρ∞p∞ − p0 (9)

The Rayleigh-line is tangent to the Hugoniot curve at the
Chapman-Jouget points. From (9) and the Rayleigh-line
relation (5):

v2
∞ =

γp∞
(ρ∞)

= c2
∞ or |v∞| = c∞ (10)
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Figure 3: The upper Chapman-Jouget point and the tan-
gency condition between the Rayleigh-line and the Hugo-
niot curve.

Equation (10) implies that the Mach number behind the shock wave is unity (Ma∞ = 1) at the Chapman-Jouget
points.



THE HUGONIOT CURVE

THE CHAPMAN-JOUGET POINTS

Table 1: Experimentally observed conditions of pressure (p∞),

temperature (T∞), and velocity (v∞) at the upper Chapman-

Jouget point. Initial conditions p0 = 1 bar and T0 = 291K.

After: Hirschfelder, Curtiss & Bird (1967) [6].

Explosive mixture pressure temperature velocity

p∞ (bar) T∞ (K) v∞ (m s−1)

(2H2 + O2) 18.1 3583 2819

(2H2 + O2) + 5O2 14.1 2620 1700

(2H2 + O2) + 5N2 14.4 2685 1822

(2H2 + O2) + 4H2 16.0 2976 3527

(2H2 + O2) + 5He2 16.3 3097 3160

(2H2 + O2) + 5Ar2 16.3 3097 1700



THE CHAPMAN-JOUGET DETONATION WAVE VELOCITY

DERIVATION OF AN ITERATIVE PROCEDURE

A procedure for estimating the Chapman-Jouget velocity from the thermodynamic properties of the

unreacted mixture may be derived as follows. The sonic velocity behind a detonation wave is:

c∞ =

√[
∂p∞
∂ρ∞

]
s

(11)

Because u∞ = c∞ at the upper Chapman-Jouget point, the condition of mass conservation (1) across

the shock wave and equation (11) lead to:
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Di�erentiation of the isentropic relation for the burned gas,
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and substitution into equation (12) gives
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2
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after application of the ideal gas law.



THE CHAPMAN-JOUGET DETONATION WAVE VELOCITY

DERIVATION OF AN ITERATIVE PROCEDURE

Derive an equivalent Rankine-Hugoniot relation by combining Kirckho�'s law with the ideal gas law,

p
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and substituting this into the conventional Rankine-Hugoniot relation (4):
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THE CHAPMAN-JOUGET DETONATION WAVE VELOCITY

DERIVATION OF AN ITERATIVE PROCEDURE

Substitute equation (14) into the

Rayleigh-line relation (5): 1

ρ∞
+

1

ρ0
= − p∞ − p0

γ∞p∞ρ∞
(20)

and combine this result with

equation (19) to obtain
e∞ − e0 =
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0
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Multiply equation (20) by (p∞ + p0) to have
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0)
γ∞p∞ρ∞ (22)

Equations (19), (21) and (22) form the design basis of an iterative procedure to deter-

mine the Chapman-Jouget velocity from the thermodynamic properties of the unreacted

mixture.

For a detonation wave p∞ � p0 so that equations (21) and (22) may be rewritten into an approximate

Rankine-Hugoniot relation (23) and an approximate Rayleigh-line relation (24):
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THE CHAPMAN-JOUGET DETONATION WAVE VELOCITY

DERIVATION OF AN ITERATIVE PROCEDURE

The iterative procedure to determine the Chapman-Jouget velocity from the thermodynamic

properties of the unreacted mixture is as follows.

1. Assume p∞.

2. Assume T∞.

3. Calculate the equilibrium composition based

on p∞ and T∞.

4. From the equilibrium composition, deter-

mine γ∞, R∞ and e∞.

5. Verify whether γ∞, R∞ and e∞ at the as-

sumed temperature T∞ satis�es the approx-

imate Rankine-Hugoniot relation (23).

• If equation (23) is satis�ed, proceed to

step 6.

• If not, then reassume a new p∞ and re-

turn to step 2.

6. Solve the approximate Rayleigh-line relation

(24) for ρ∞/ρ0.

7. Find p∞ from the equation of state, e.g. the

ideal gas law

p∞ =

(
ρ∞
ρ0

) (
R∞T∞
R0T0

)
p0 (25)

• If the calculated p∞ equals the assumed

p∞, the iteration sequence has com-

pleted. Proceed to step 8.

• If not, then return to step 1 and assume

a new p∞.

8. Calculate the Chapman-Jouget velocity, v∞,

from equation (14).



DETONATION WAVE STRUCTURE

THE ZELDOVICH-VON NEUMANN-DÖRING THEORY OF DETONATION

(ONE-DIMENSIONAL WAVE STRUCTURE)

The simplest model of the structure of a detonation wave (the ZND structure) consists of a shock

wave coupled to a reaction zone. Zeldovich (1940), von Neumann (1943) and Döring (1943) were the

�rst who postulated this view.

• The shock wave compresses and heats up the gas, which reacts after an induction period.

• The reaction triggers a volumetric expansion of the gas, which drives the shock wave.

5

ZND model of detonationZND model of detonation

• The simplest (ZND) model of a detonation wave consists of a shock wave 
coupled to a reaction zone.

• The shock wave compresses and heats up the gas, which reacts after an 
induction period. The reaction triggers a volumetric expansion of the gas, which 
drives the shock wave.

ZND profile of a detonation wave in stoichiometric hydrogen-air mixture at 1 atm and 300 K.
Figure 4: ZND pro�le of a detonation wave in stoichiometric

hydrogen-air mixture ignited at 1 bar and 300 K. ∆ denotes

the induction zone length.



DETONATION WAVE STRUCTURE

MULTI-DIMENSIONAL WAVE STRUCTURE

Detonation waves have a multidimensional structure.

• They consist of a leading shock waves, triple points, and transverse waves.

• The wave structure has a cellular pattern.

• The structure of a detonation wave is correlated with detonation limits.

• The cellular structure left behind on sooted foils is a record of the triple point trajectory.

• Empirical correlations exist between cell width and detonation limits.

6

Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)Figure 5: Cellular structure imprinted on a sooted foil record

by the detonation of a 2H2 + O2 + 17Ar mixture, ignited at

20 kPa and 295K. After Austin (2003) [7].



DETONATION WAVE STRUCTURE

MULTI-DIMENSIONAL WAVE STRUCTURE

a) 6

Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)

b) 6

Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)

Figure 6: a) Structure of a detonation wave in a 2H2 + O2 + 20Ar mixture at 20 kPa and

295K (after Akbar (1997) [8]). b) Formation of the cellular structure on a sooted foil record

by a detonation wave (after Winterberger & Shepherd (2004)).
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MULTI-DIMENSIONAL WAVE STRUCTURE
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cycle is shown in Fig. 1.2 (b). This data is from a numerical study by Eckett (2000);

experimental measurements have also been made by Voitsekhovskii et al. (1963), Lund-

strom and Oppenheim (1969), and Dormal et al. (1979). The instability of the front is

a coupled longitudinal-transverse instability, involving periodic oscillations of the lead

shock and the transverse waves in space and in time.
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Figure 1.2: (a) 2-D schematic of detonation front propagating from left to right. Triple
point tracks (dashed lines) form a cellular pattern as the detonation propagates forward.
(b) Lead shock velocity along the centerline of one cell as a function distance from the
apex at the collision of two triple points, from two-dimensional numerical simulation by
Eckett (2000) in 2H2-O2-7Ar, P1=6.67 kPa.

Triple points exist at the junction of the leading shock front and a transverse wave and

the pattern observed on soot foils is a history of the triple point tracks in the propagating

detonation front. Urtiew and Oppenheim (1966) have shown that the tracks are closely

associated with the triple points on the detonation front, although the precise physical

mechanism by which the tracks are made in the soot layer is still unclear. The width of

cells that appear on the foil are a measure of the spacing of the transverse waves in the

Figure 7: Morphology of a multi-dimensional detonation front propagating from

left to right. After: Austin (2003) [7], Eckett(2000) [9], and Pintgen, Eckett,

Austin & Shepherd (2003) [10].



DETONATION WAVE STRUCTURE

MULTI-DIMENSIONAL WAVE STRUCTURE

Morphology of a multi-dimensional detonation front:

• Triple points exist at the junction of the leading shock front and a transverse wave.

• The pattern observed on soot foils is a history of the triple point tracks in the propagating

detonation front. Urtiew and Oppenheim (1966) [11] have shown that the tracks are closely

related with the triple points on the detonation front.

• The precise physical mechanism by which the tracks are made in the soot layer is still unclear!

• The width of cells that appear on the foil are a measure of the spacing of the transverse waves

in the detonation front. This global length scale, referred to as the detonation cell width, λ,

can not in general be calculated a priori but may be related to the induction zone length, ∆,

by a constant of proportionality ,A. More speci�cally,

λ = A ∆ (26)

• The constant A depends on the fuel-oxidiser-inert type (Westbrook (1982) [12]) and also

varies with the equivalence ratio (Shepherd (1986) [13,14]).

• The induction zone length can be empirically related to dynamic parameters such as the

critical initiation energy (Lee (1984) [15]).
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Transverse 
waves

Lead shock

Triple points

Shear layer

(a) (b)

Figure 4.2: Schlieren images of detonation in (a) 2H2-O2-12Ar, P1=20kPa (Shot nc77)
(b) 2H2-O2-17Ar, P1=20kPa (Shot nc81). The field of view is about 146 mm. Detonation
is propagating from left to right in the narrow channel facility.

4.1.1 Keystones

The induction time is known to be a strong function of the lead shock strength and the

sudden changes in the location of the reaction front are linked to spatial oscillations in

the lead shock which result from the instability of the detonation. As observed in Fig 4.2,

triple points occur at the junction of the transverse wave and lead shock, linking portions

of the lead shock of alternating strength. The local triple point structure is analyzed using

gas dynamics and zero-dimensional chemical species calculations to explain the keystone

features apparent in PLIF images from Pintgen (2000).

Shock and detonation polar calculations (Appendix B) are carried out to analyze

the triple point configurations. This technique has been used previously by several re-

searchers: Oppenheim et al. (1968), Urtiew (1970), Barthel (1972), Subbotin (1975). The

shock polar is calculated using the oblique shock jump relations and assumes a perfect

gas, with the ratio of specific heats taken to be that of the reactants, γ1. The deto-

Figure 8: Schlieren images of (left) a 2H2-O2-12Ar detonation, p0=20 kPa, and

(right) a 2H2-O2-17Ar detonation, p0=20 kPa (after Austin (2003) [7]).
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(a) (b)

Figure 1.3: Sample soot foils with (a) regular cellular structure in 2H2-O2-17Ar,
P1=20 kPa (Shot nc38) and (b) irregular structure in C3H8-5O2-9N2, P1=20 kPa (Shot
nc47). Detonation propagated from left to right and foils were mounted downstream of
the window section of the narrow channel. Image height is 152 mm.

with more than 60% argon dilution were found to have excellent regularity. There was no

apparent effect in H2-O2 with up to 50% N2 dilution. The addition of CO2 was also found

not to improve the regularity. C2H4-3O2 soot foils were reported to be considerably more

complex than hydrogen-oxygen foils. The regularity of CH4-2O2 and C3H8-5O2 mixtures

was classified as poor. These classifications are based on rather subjective observations

and serve only to define broad categories.

A more quantitative analysis of regularity was made by Shepherd et al. (1986) who

used peaks in the power spectral density computed from digital images of soot foils to

identify the frequencies present. Their results confirm the classification described by

Strehlow (1969) for hydrogen and acetylene with argon and nitrogen dilution. Regularity

of cellular structure has been linked to the activation energy of the mixture (Ul’yanitskii,

1981) and mixtures with higher activation energy generally have a more irregular struc-

ture. However, Shepherd et al. (1986) found that this parameter does not fully account

for the observed variations in a systematic way.

1.2.2 Detonation structure and propagation

Although classification of detonation structure by regularity is not rigorous, it has been

useful in the sense that there is evidence of differences in structure and propagation mech-

anism in detonation fronts with different chemical composition which loosely correspond

Figure 9: Sample soot foils with (left) regular cellular structure in 2H2-O2-17Ar, and (right)

irregular structure in C3H8-5O2-9N2. p0=20 kPa and image height is 152mm (after Austin

(2003) [7]).
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(a) (b)

(c) (d)

Figure 5.1: Sample soot foils from weakly unstable detonation (a)2H2-O2-12Ar (Shot
nc39) and (b) 2H2-O2-17Ar (Shot nc38), and from highly unstable detonation (c) H2-
N2O-1.33N2 (Shot nc43) and (d) C3H8-5O2-9N2 (Shot nc47). Detonation propagated
from left to right and foils were mounted downstream of the window section of the
narrow channel. Image height is about 152 mm.

Velocity deficits in highly unstable fronts are about a factor of two less than in weakly

unstable fronts, as shown in Sect. 3.2. As discussed in Chapter 1, soot foils show a marked

difference in weakly unstable and highly unstable detonation. Fig. 5.1 shows soot foils

for weakly unstable mixtures (a and b) and highly unstable mixtures (c and d). Two

different length scales (cell width or induction length) are shown for each mixture. In

both cases, a much broader spectrum of scales of cellular instability is observed in the

highly unstable detonations.

This more complex structure with a large range of scales is also observed in schlieren

images. Sample schlieren images of weakly unstable and highly unstable detonation fronts

in the narrow channel are shown in Fig. 5.2. The dominant cell width is approximately

the same for mixtures (a) and (c), and (b) and (d), but additional structure is observed

in the highly unstable fronts. The lead shock is more irregular and structures over a

broader range of scales are apparent. The spatial oscillation in the lead shock location

Figure 10: Sample soot foils from weakly unstable (a) 2H2-O2-12Ar det-

onations, (b) 2H2-O2-17Ar detonations, (c) H2-N2O-1.33N2 detonations,

and (d) C3H8-5O2-9N2 detonations. (after Austin (2003) [7]).
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(a) (b)

(c) (d)

Figure 5.2: Schlieren images of weakly unstable detonation: (a) 2H2-O2-12Ar (Shot nc77)
and in (b) 2H2-O2-17Ar (Shot nc81) and highly unstable detonation: (c) H2-N2O-1.77N2

(Shot nc85) and in (d) C2H4-3O2-9N2 (Shot nc148), P1=20 kPa. Field of view is about
146 mm. Detonations propagate from left to right in the narrow channel facility.

Figure 11: Schlieren images of weakly unstable (a) 2H2-O2-12Ar detonations,

(b) 2H2-O2-17Ar detonations, (c) H2-N2O-1.77N2 detonations, and (d) C2H4-

3O2-9N2 detonations. p0=20 kPa. (after Austin (2003) [7]).
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Figure 3.8: Soot foil from highly unstable, CH4-2O2-0.2Air detonation propagating from
left to right in the 127×18 mm channel (Shot gdt1526). Foil is shown in two sections for
convenience.

Figure 12: Sample soot foils from highly unstable CH4-2O2-0.2Air deto-

nations (after Austin (2003) [7]).



DETONATION CELL SIZE

DEPENDENCE ON COMPOSITION AND TEMPERATURE

foils makes the selection of the dominant lines, which are subsequently

used in the determination of the average cell size, more subjective and

more so for the 500 K foil, since the finer lines are more defined. In the

650 K there is little substructure present and thus the measurement of the

average is less subjective.

The measured average detonation cell size for the various critical

mixtures at the three initial temperatures are given in Table 1. Also given

are the smallest and largest cell size measured on each foil. In Figure 5 the

average cell size measurements for the 300 K and 650 K tests are plotted

in conjunction with previously reported data (Ciccarelli, Ginsberg, and

Boccio 1997a). Also shown in Figure 5 are cell size predictions using the

calculated one-dimensional ZND reaction zone length multiplied by a

proportionality constant ‘‘A.’’ The agreement between the present mea-

surements and those made in the previous study is very good and satis-

factorily reproduced by the ZND predictions. Based on the values given

in Table 1, the average deviation from the average cell size is �22%. This

is in very good agreement with the results found for the cell size data from

Shepherd et al. (1986) where an average deviation of �25% was reported.

Figure 5. Average cell size measurements.
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Figure 2.3.2-1  Detonation cell size for hydrogen-air mixture at different initial temperatures 
[2.18, 2.19] 

2.4   Mechanisms Involved in FA 
 
Although the various flame and detonation propagation regimes are relatively well established, the 
underlying mechanisms can be complex and, in some cases, poorly understood. 

2.4.1  Laminar Flame and Flame-folding Regimes 
 
The early stage of flame propagation involves a laminar flame regime followed by a wrinkled or 
cellular flame. The laminar flame velocity is determined by thermal and mass transport across the 
flame front and the heat released because of combustion. It can be predicted using readily available 
chemical kinetics codes. The more important wrinkled flame regime is controlled by a variety of 
diffusion and hydrodynamic instabilities that are much more difficult to model. The cellular flame 
propagation has been described by Markstein and Somers [2.20] and by Markstein [2.21] and 
theoretically analyzed by numerous authors, including Clavin and Williams [2.22], Joulin and Clavin 
[2.23], Pecle and Clavens [2.24]. The flame cell size typically varies between 0.5 cm and 3.5 cm and 
increases with the square of the burning velocity. Figure 2.4.1-1 displays typical flame structures as a 
function of the Lewis and Zel’dovich numbers [2.25]. A detailed view of the flame structure is also 
provided in Figure 2.4.1-2, which displays a laser-induced predissociation fluorescence (LIPF) image 
of a cellular flame front [2.26, 2.27]. From a modelling point of view, the flame-folding regime is 
usually addressed by adopting a flame surface enhancement factor that is derived from flame 
propagation experiments for  a particular mixture composition. 
 
 

Figure 4: Average detonation cell-size of hydrogen-air mixtures. Left: Ciccarelli (2002)
[20]. Right: Breitung et al.(2000)) [21].

1.25m. With hydrogen-air mixtures being more sensitive to the onset of detonation, and
venting into the open atmosphere ful�lling the requirement for sustained detonation, this
becomes the explosion mode which de�nes the design basis for mitigation. Alternatively,
vented hydrogen explosions could be captured by ducts of a diameter less than the critical
diameter for sustained detonation, in which case the problem of an external explosion of
the vented unburned gases in the ducts needs to be addressed.

Apparently, Swedish scientists were the �rst to undertake an experimental investi-
gation in 1957, emphasising the importance of the external explosion during a vented
de�agration [25]. They found that in some cases the maximum explosion overpressure
outside a 203-m3 enclosure exceeded the maximum overpressure within the enclosure.
Solberg, Pappas & Skramstad (1987) [26] further highlighted the danger of external ex-
plosions. They found that during vented de�agrations in a 35-m3 vessel, the �ame front
propagation velocity could reach 100 ms−1 in a lateral direction outside the vent. In their
experiments the �ame propagated up to 30 m outside the enclosure while the vessel was
only 4 m long. Harrison and Eyre (1987) [3] came to conclusion that for large vents, where
internally generated pressures are low, the external explosion can be the dominating in-
�uence on the internal pressure and hence very important for large volume, low strength
structures such as buildings or o�-shore modules. Harrison and Eyre (1987) [3], and
Swift and Epstein (1987) [27], independently suggested that the mechanism of external
explosion in�uence on the internal pressure dynamics is due to the decrease of the mass
�ow rate through the vent. Theoretical analysis performed by Molkov (1997) [28], based
on the processing of experimental data by Harrison and Eyre (1987) [3] con�rmed that
the turbulence factor inside the enclosure was practically una�ected by the occurrence
of the external explosion. Instead, a substantial decrease of the generalised discharge
coe�cient, i.e. mass out�ow, was found for tests with a pronounced external combustion.
It was concluded that the decrease of the pressure drop on the vent due to combustion
outside the enclosure was the main reason for reduced venting of gas outside the enclo-
sure. Catlin (1991) [29] studied the scaling of external explosions. He found that the
external overpressure grows proportionally to the velocity of the �ow and �ame emerging
from the vent.

The physics of the phenomenon of coherent de�agrations, i.e. coupled internal and
external explosions, has been recently clari�ed [4�6] through application of the large

4

Figure 13: Detonation cell-size for hydrogen-air mixtures at di�erent initial temperatures

(after Breitung et al.(2000) [16]) and Ciccarelli (2002) [17].
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Figure 14: Detonation cell-size of di�erent fuels

(after Knystautas et al. [18]).
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Consequently, a DDT process is probably required for practical detonation initiation of hydrocarbon-air mixtures 
without excess oxygen.  Hydrocarbon-air DDT has been achieved by Santoro and co-workers who have had some 
success with ethylene-air mixtures[5] and by Smirnov et al.[6] who utilized confinement to promote DDT of gasoline-
air.  
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Figure 1.  Detonation cell width versus critical initiation energy.[2] 

 
Researchers at the Pulsed Detonation Research Facility in the Air Force Research Laboratory at Wright-

Patterson AFB have had some success in achieving DDT in hydrocarbon-air mixtures within research PDEs.  The 
focus of this paper is detonation initiation of hydrocarbon-air mixtures using a Schelkin-type spiral in a PDE. 

 
II.  Theory and Background 

 
Dorofeev et al.[7] have shown that the minimum DDT distance scales by 7λ.  For many practical 

stoichiometric hydrocarbon fuel-air mixtures near STP, including the fuels discussed herein, the cell width is on the 
order 50 mm,[8] very similar to that of propane-air.  In theory then, it should be possible to obtain DDT inside the 
lengt a typical 1 m long detonation tube with hydrocarbon-air mixtures. 

Given that the detonation cell width scales by the total-heat-release induction time,[9] it follows that any 
decoupling of heat release will result in increased cell width and a corresponding impact upon initiation 
requirements.  Contributors to the total-heat-release induction time include:  chemical-induction and heat-release 
time, droplet breakup, evaporation, and mixing.  Consequently, large droplets and poor mixing will significantly 
increase cell width and dramatically impact initiation energy or DDT distance. 

Figure 2 shows the impact of equivalence ratio upon cell size for several hydrocarbon-air mixtures that 
have cell sizes similar to those of fuels of interest.[10]  The resultant impact upon critical detonation initiation energy 
is dramatic as the equivalence ratio departs from stoichiometric, as indicated in Fig. 2.[11]  It is clear that there is a 
narrow minimum of cell width/initiation energy near stoichiometric.  The critical detonation-initiation energy for 
equivalence ratios that are not near unity is measured in megajoules or kilograms of solid-explosives equivalent.  
Meyer and co-workers have shown via laser absorption measurements of fuel that significant variations in PDE 
equivalence ratio can occur in practice.[12]   

Though hydrocarbon-air mixtures should be readily detonable in theory, for the reasons cited above the 
proper nearly homogeneous mixture with an equivalence ratio near stoichiometric is required; otherwise the 
detonation initiation requirements can quickly become impractical.  In PDE applications, it is extremely difficult to 
produce an unsteady flow with the proper equivalence ratio.  Perhaps it is fortuitous that the difficulty in creating the 
proper mixture and conditions for detonation serves to reduce the explosive hazard of practical fuel-air mixtures. 

 

Figure 15: Detonation cell-size of di�erent fuels (after

Schauer et al. [19]).
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