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Acceleration of Laminar Hydrogen/Oxygen Flames in a Tube and the
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Abstract
The possibility is analysed of a laminar flame accelerating along a cylindrical tube, closed at
one end, and inducing a deflagration to detonation transition in a stoichiometric H>/O2 mixture.
The pressure and temperature ratios at the ensuing shock wave increase, as do laminar burning
velocities, while autoignition delay times decrease. Combined with appreciable elongation of
the flame, these enhance the strength of the shock. The conditions necessary for delay times of
0.05, 0.1, 1.0 and 5.0 ms, at an unburned mixture critical Reynolds number of 2300, are
computed for different tube diameters. Probable consequences of the different delay times and
hot spot reactivity gradients, including detonation, are all considered. The probability of a
purely laminar propagation leading to a detonation is marginal. Only when the initial
temperature is raised to 375 K, do purely laminar detonations become possible in tubes of

between about 0.5 and 1.35 mm diameter.
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Nomenclature

A flame surface area associated with u, (m?)
a cross section area of tube and sound speed (m?, m/s)
a, acoustic velocity ahead of the shock (m/s)

c a defining parameter for M, see Eq. (8)

D tube diameter (mm)

D, critical tube diameter for laminar flow (mm)
E activation energy (J mol™)

E detonation stability dimensionless group

K, K Karlovitz stretch factor

Kqi4 laminar extinction Karlovitz stretch factor

M, Mach number of shock wave

P, reference pressure (MPa)

P shock wave upstream pressure (MPa)

P, shock wave downstream pressure (MPa)
tube radius and hotspot radius (mm)

Re. critical Reynolds number

T normalised hotspot radius

S¢ flame speed along tube (m/s)

Sy mean gas velocity ahead of flame (m/s)

Sh shock wave speed along the tube (m/s)

T, reference temperature (K)

T shock wave upstream temperature (K)

T, shock wave downstream temperature (K)

u flow velocity (m/s)

U, autoignition propagation velocity (m/s)

Up laminar burning velocity (m/s)

U turbulent burning velocity (m/s)

Greek

a, f numerical constants

y ratio of specific heats

Ob burned gas density (kg/m?)

Ou unburned gas density (kg/m?)

o density ratio p,,/pp

v kinematic viscosity (m%/s)

T ignition delay time (s)

Te excitation time (s)

§ a/uq

£ residence time of pressure wave in hot spot normalised
by excitation time

Suffices

c critical value

m maximum value



1. Introduction

The deflagration to detonation transition, DDT, arises from a flame propagating in a duct when the
burning velocity is sufficiently high to create a shock wave that is strong enough to trigger
autoignition. The heat release from this that feeds into the pressure wave created by the originating
rate of change of heat release rate, may be sufficient to create a detonation. Usually the combustion
is turbulent and the turbulent feed-back mechanism accelerates the flame to a sufficient extent before
further turbulence leads to a decline in the turbulent burning velocity and ultimate flame quenching
[1]. It is an important explosion hazard, a desirable phenomenon in detonation engines, and an
undesirable one in more conventional internal combustion engines [2]. In the case of very reactive
mixtures, such as stoichiometric H>/O», it might be possible to attain a sufficiently high laminar
burning velocity for the attainment of autoignition, without further supplementing the burning rate

with generated turbulence, but this is unclear.

Interestingly, evidence as to whether such a laminar transition is possible has not been clearly
demonstrated experimentally. It is unclear whether both the burning velocity of stoichiometric H2/O2
and the flame front area can be sufficiently high, whilst the tube diameter might have to be so small
to maintain laminar flow that the associated stretch rate and heat loss would extinguish the flame.
Quantitatively, study of this possibility is not helped by the confusing spread, over orders of
magnitude, of both measured and chemical kinetically modelled values of ignition delay times, 7;, at
different pressures and temperatures, and, to a lesser extent, the values of laminar burning velocity,
up. The purpose of the present paper is to review the associated data for all these parameters,
endeavouring to reduce uncertainties, in an examination of the conditions that might make a laminar

detonation of stoichiometric H2/O: possible.

Usually laminar burning velocities are insufficient to generate a shock waves strong enough to
autoignite the mixture ahead of the flame, and DDTs occur more readily with turbulent flames. To
generate a rapid DDT, turbulence has been created by roughened tubes which have an enhancing
effect on flame propagation, due to the induced flame wrinkling [3-6]. In addition, the use of
restrictive obstacles was pioneered by Chapman and Wheeler [7] who increased the flame speed by
inserting rings. Subsequently, Shchelkin [8, 9], introduced a spiral coil inside the tube, which very
effectively shortened the run-up distance to DDT, a particularly important consideration in detonation
engines. Such coils develop vortices and generate turbulence, with more rapid acceleration of the

flame.



In contrast, many experimental [10-17] and numerical studies [14, 18-23] have analysed DDT in a
smooth duct. Urtiew and Oppenheim [10] conducted DDT studies with reactive mixture, of equi-
molar and stoichiometric H»/O> in a rectangular smooth duct, 3.81 x 2.54 cm, closed at one end. They
photographically recorded the “explosion within the explosion”, attributed to the interaction of the
flame with the walls of the tube. A train of compression waves created from this interaction indicated
a DDT, developing between the turbulent flame front and shock wave. A “strong ignition” was

characterised by low values of dt;/dT by Meyer and Oppenheim [17].

Kuzentsov et al. [11] exploded stoichiometric H»/O> mixtures in a smooth tube, at different initial
pressures ranging from 0.02 to 0.8 MPa, and suggested that a growing turbulent boundary layer
controlled the turbulence and the onset of DDT. High shear rates can be generated in viscous sub-

layers, which might initiate autoignition, aided by weak transverse waves from hot spots [24].

Liberman and co-workers suggested that in such highly reactive mixtures, as stoichiometric H»/O»,
ethylene/oxygen and acetylene/oxygen, the DDT could be triggered by laminar combustion [12-14,
19], while for less reactive mixtures, such as those of methane-air, turbulence was necessary [25]. In
their experimental studies of stoichiometric Ho/O2, Kuznetsov et al. [12] and Liberman et al. [13]
suggested it was uncertain whether a DDT followed the Zel’dovich reactivity gradient mechanism,

developing at hot spots in the unreacted mixture ahead of the flame.

Liberman et al. [13], in their studies of DDTs of stoichiometric H2/O> and ethylene/oxygen mixtures
considered the upstream flow to remain laminar up to the transition to detonation. In experiments
with stoichiometric H»/O3, in a duct of 50 x 50 mm cross section, Kuznetsov et al. [12] reported the
flow ahead of the flame remained laminar in the bulk. Furthermore, in their 3D computational study
of the DDT of stoichiometric H»/O> at 298 K and 0.1 MPa, in a duct of 10 x 10 mm cross-section,
Ivanov et al. [19] wrote that “the flow remains laminar everywhere in the channel ahead of the flame
all the time till the transition to detonation.’ Optical imaging suggested the onset of a turbulent flame
pattern at the transition. Here the problem is whether a configuration that requires a high flow velocity

to create strong enough shock waves, can maintain laminar flow with practical duct sizes.

The high reactivity of such mixtures, particularly at low pressure, suggests transitions to detonation
may not require significant turbulence to accelerate the flame. In their experimental study with
stoichiometric ethylene/oxygen in micro tubes of 0.5, 1 and 2 mm diameter at 0.1 MPa, Wu et al. [16]
observed, for the first time, transition to detonation in micro-tubes. Laminar flame accelerations were

very rapid and values of Reynolds number suggested that the initial flame became turbulent.



In the absence of flame wrinkling due to turbulence, a key factor in the flame acceleration, is the
elongated parabolic gas velocity distribution ahead of a laminar flame. This increases the ratio of
flame area, A, to that of the cross-sectional area of flow, a. In a numerical study of laminar flame
propagation in stoichiometric acetylene-oxygen mixtures in a narrow channel with adiabatic walls,
Gamezo and Oran [26] showed that high values of A/a were rapidly attained, in the absence of strong
shock. The relatively rapid attainment of high velocities ahead of the flame is a valuable characteristic
for micro-propulsion devices. Even with intense turbulence, the generation of DDTs with CHa/air can

only be achieved with large diameter tubes [27, 28].

The present paper analyses whether the gas flow created by stoichiometric H>/O> laminar flames can
create sufficiently strong shock waves to autoignite the mixture. This requires comprehensive data
on T;, and burning velocities, u,. The analysis is based on that for a one dimensional DDT, as in [1],
and indicated by Fig. 1, with an accelerating flame creating an ever-stronger shock wave. Major
factors for the attainment of laminar flow DDT are low values of 7;, combined with high values of u,
and kinematic viscosity, v. This schematic diagram depicts the propagation of the flame from the

closed end of a duct, generating a shock wave ahead of it.

2. Analysis

—_— l
A/ wave

flame | shock —

Fig. 1: Flame and shockwave propagation in an open ended tube. Ignition initiated from the closed
end [1].

The analytical approach requires a detailed knowledge of u, of the mixture, as well as of 7;, both at
high temperatures and pressures. Limitations of the approach are the one dimensionality, incomplete
and insufficiently accurate data on u, and 7;, and no allowance for transverse weak shock waves. The
procedure is to identify the conditions necessary to generate particular values of 7;. The different

modes of autoignition are discussed in Section 7.

In [1] it is shown that the flame speed in the duct is given by

Sr = (A/a)ouy, (1)



in which A is the laminar flame surface area, a the cross sectional area of the duct, and o the ratio of

unburned to burned gas density. The gas velocity ahead of the flame, towards the shock, S, is given
by
Sg = (A/a)(oc — Duy. )

Close to the shock wave, if S}, is the shock wave speed along the duct, and u,, the gas velocity relative

to the shock wave, away from it and towards the flame, then,
Sg = Sh - uZ' (3)

The increased temperature and pressure due to the confinement and shock increase u,, which also

elongates the flame area, both of which further increase S, and strengthen the shock.

It is assumed that there is no gas velocity just ahead of the shock wave, where conditions of the
unburned gas are designated by the suffix 1. The unburned gas velocity, u,, into the shock wave, and

relative to it, must be equal to Sj,.
The shock wave equations [1] give the ratio of velocities into and out of the planar shock wave as:

u, _ 2+(y-1)M%

Uq (y+1)M2 @

Here M, is the Mach number associated with the speed of the shock wave along the duct, given by
u, /a4, with a4, the acoustic velocity ahead of the shock.

Equation (3), with S, = u,, yields:

Sg/ur =1 —uz/uy , )

which, with Eq. (4), gives

2
Equations (2) and (6) give a quadratic equation in M, with a real solution:

M; = (c/2) + (1 + c?/4)Y/2, where (7)
¢ = So/a(y +1)/2 = (4/a) ug(o — D). ®)
The pressure and temperature ratios at the planar shock wave are given by:

P2 _ 2ML ¥l )

P1 y+1 Y+1



T,

1)M%

2yMi—(y—1), ,2+(y—
(— )(

Ty (y+1)

]/+1)M1

) -

(10)

The ¢ parameter provides a link to the flame equations. A high value of ¢ implies high values of M;

and of the pressure and temperature ratios at the shock, with a consequent increased propensity for

autoignition.

3. Values of autoignition delay times of stoichiometric hydrogen/oxygen mixtures

In [1] itis estimated that the attainment of a DDT in a duct of 7 m length would require a value of t;

of less than 3.8 ms. In the present study, the procedure adopted was to identify the values of ¢ and the

shock conditions necessary to generate values of t; of 0.05, 0.1, 1 and 5 ms. Bearing in mind the

practical length of a detonation tube, autoignition delay times, 7;, of the order of 1 ms might be

necessary for the onset of autoignition and a DDT, without excessive tube lengths.
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Fig. 2: Autoignition delay time of stoichiometric H»/O> mixture at different temperatures and

pressures > 0.1 MPa.



Many chemical kinetic modelling studies [17, 18, 20, 21, 29-31] have yielded 7; values for
stoichiometric H2/O, at different pressures and temperatures. In an early study, Voevodsky and
Soloukhin [29] measured t; in a shock tube at 0.1, 0.2 and 0.3 MPa, and compared these values with
those from a chemical kinetic model. The comparison showed discrepancies at low temperatures. In
a later experimental study on explosion limits with strong and weak autoignition, Meyer and
Oppenheim [17] employed the kinetic schemes of Skinner and Ringrose [32] and Gardiner and
Wakefield [33] to obtain 7; at different temperatures, in the pressure range 0.02 to 0.2 MPa.

Ivanov et al. [20] studied the effect of the width of the no-slip wall duct at different diameters on the
onset of detonation for stoichiometric H2/O>. The study was performed under atmospheric conditions
with different chemical kinetics in six reaction schemes [34-39] and a one-step Arrhenius kinetic

scheme.

Liberman et al. [21] employed a detailed chemical kinetics model to compute t; for stoichiometric
H»/O; and Ho/air between 0.001 to 5 MPa. Values of 7; for stoichiometric H»/O> at sub-atmospheric
pressures were included in the mathematical model of Smirnov et al. [31] in the range 0.01 to 10

MPa.

These values of 7; for stoichiometric H»/O> from [21] and [31] at different temperatures, for pressures
above atmospheric, are shown in Fig. 2. Also shown are the earlier computed and lower experimental
(triangle symbol) data of Veovodsky and Soloukhin [29]. Of particular interest is the sharp decrease

in 7; at the highest temperatures when the pressure falls to 0.3 MPa.
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Fig. 3: Ignition delay time of stoichiometric Ho/O> mixture at different temperatures and sub-
atmospheric pressures.

Figure 3 shows values of 7; at sub-atmospheric pressures, and the same trend continues down to about

0.04 MPa, when it is reversed, and 7; increases with pressure decrease.

The low pressure data in Fig. 4 compare earlier values of Meyer and Oppenheim [17] with the current
computations using the Varga mechanisms [40] at pressures of 0.04, 0.06 and 0.08 MPa. Low

pressures, combining low values of t; and high values of v are conducive to laminar DDT.
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Fig. 4: Comparison of ignition delay time between Meyer and Oppenheim[17] study and present
work using Varga mechanism [40].

Much of the available data on 7; at 0.1 MPa are shown for different temperatures in Fig. 5. All of
these values are computed, except the experimental results of Veovodsky and Soloukhin [29], which
again are significantly less than the modelled values. The modelled results of Liberman et al. [21],
and Smirnov et al. [31] are also shown. The present focus is on the range, 833 <7< 1111 K. There
continues to be uncertainties in the chemical kinetic details of what might appear to be a relatively
simple, yet very important, oxidation. There is a maximum spread of about two orders of magnitude

in values of ;.
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Fig. 5: Autoignition delay time of stoichiometric H»/O- at different temperatures at 0.1 MPa.

Figure 6 shows values of 7;, judged appropriate, and utilised in the present study. The lowest values
of 7; occur at the highest temperatures between 0.01 and 0.04 MPa. The review in [41] favours that
of Kéromnes et al. [42], optimised by Varga et al.[40], and based on the CHEMKIN code [43]. This
was employed in the present study, after review of the results shown in Figs. 2, 4, 5 and 6. These

current computations give values close to the average of all the data in Fig. 5.
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Fig. 6: Autoignition delay times of stoichiometric H2/O2 used in this current study.

Below 1000 K, values of 7; peak between 0.1 and 0.3 MPa and then decrease with decreasing P down
to about 0.06 MPa. They then increase with further decrease in pressure. From Fig. 6 a regime of
minimal 7; exists below 0.08 MPa and above 900 K, characterised by low 7; and activation energies,

given by:

E/R =0 Int;/0(1/T). (1)

The present analysis is for a variety of conditions, with the initial pre-shock temperature, T, equal to
either 300 or 375 K. It is necessary to derive values of c¢ for the different values of 7;. For a given 7,
associated values of T, and P, are identified in Fig. 6. For the given value of 7>, because T; is known,
M, can be found from Eq. (10). This enables c¢ to be found from Eq. (7). Values of ¢ are consequently
a function of T, only. In the same way, with the same value of M;, because P, is known, the pre-

shock pressure, P, can be found from Eq. (9). This approach enables isobars to be constructed based

124



on different values of P, and P;, as shown in Fig. 7 for 71 = 300 K. The isobars are labelled with the

value of P;. Values of ¢ are shown for different values of T, to the right of the P; = 0.1 MPa isobar.

1500

1350
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1030
é L
' 900
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300

Fig. 7: Different isobars, showing the T, /P, /c relationship for T; = 300 K, and t; values of 1 and 5
ms. Values of ¢ on the right of P; = 0.1 MPa isobar.

. Values of laminar burning velocities

After the shock, values of pressures and temperatures can be high, so that there is a dearth of values
of u,, not least because of the increased hazard in making measurements. Bartholomé [44] measured
u, for stoichiometric H2/O2 at 298 K and 0.1 MPa, using a burner. Koroll and Mulpuru [45] later
made measurements under atmospheric conditions for the stoichiometric mixture with diluents using

a nozzle-burner.

Gelfand et al. [46] reviewed the variations of u, with temperature for stoichiometric H>/O> at
atmospheric pressure, using burner results from Edse and Lawrence [47] and the computations of
Kusharin et al. [48]. The experimental measurements were confined to maximum values of about 500
K. Computed values covered a wider range. Kuznetsov et al. [49] calculated u, for the mixture using

the FP code [50] in the pressure range 0.02 to 0.8 MPa, at 300 K.
13



Numerical and experimental evaluations of u, for stoichiometric Ho/O> mixture in [51] have different
proportions of steam between 0.1 and 7.2 MPa and temperatures from 383 to 573 K. Steam
concentrations were between 0 and 80% H20. The highest u, values without steam were 29.8 and
249 m/s at 1 and 7.2 MPa, respectively, and 573 K. The burning velocity was calculated using four
different H>/O> kinetic mechanisms. Computed u, data, using the Boivin reduced mechanism [52],

extending to 10 MPa and 750 K, have been presented by Mari et al. [53].

These data included in Fig. 8, show the effect of temperature, up to about 800 K, at atmospheric
pressure, for stoichiometric H2/O», along with data from six different studies. Values of u, at T and

P are empirically correlated over a given range of T and P by:
_ T P 12
w = up (D, (12
0 0

with o and 8 numerical constants, and T, and P, a reference temperature and pressure. In the present
case these are 300 K and 0.1 MPa. Values of a and 8 were plotted against maxima of P or T over the
respective ranges and these values were extrapolated to values at higher P and T. The associated

extrapolated values of u, are shown by the broken curve, up to 1100 K.

14
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Fig. 8: Measured and computed values of u; for stoichiometric H»/O» at atmospheric pressure. The
dotted curve is the extrapolation, to 1100 K using Eq. (12).

The effect of pressure is shown for different temperatures in Fig. 9. The computed data in [51]
extended to 7.2 MPa and employed a variety of different reaction mechanisms. The Lutz mechanism
[54] was recommended in [51], due to its good agreement with that of Maas and Warnatz [55].
Gelfand et al. [46] employed kinetic simulations for pressures up to 10 MPa at 298 K. The Boivin
reduced mechanism [52] was used to calculate u, at 300 K between 0.1 and 10 MPa, and 750 K at
0.1 MPa [53]. These are plotted in Fig. 9 in the form of different isothermal values of u, as a function

of the pressure P,.

15
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Fig. 9: Measured and computed values of u, for stoichiometric H>/O> for different temperatures up
to 750 K from different sources.

Figure 10 presents an extensive range of experimental, theoretical and extrapolated values of u,
plotted against pressure for different isotherms relevant to the present study. Temperatures extend to
1100 K and pressures to 7.2 MPa. Extrapolated values are indicated by dotted curves. There is clearly
a dearth of data at the higher temperatures, with excessive reliance on extrapolated values. An
essential role of the u, data is, for a given value of c, the derivation of the minimal value of A/a for

autoignition from Eq. (8). This value, along with that of o, also enable S¢ to be found from Eq. (1).

16
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Fig. 10: Variations of u, for stoichiometric H»/O> with pressure and temperature. Extrapolated
values indicated by broken curves.

5. Laminar flame propagation in a tube of circular cross section

A high area ratio, A/a, is necessary for the attainment of a sufficiently high value of S,, and
consequently of ¢, for autoignition. For laminar flames the increase in flame area is entirely due to
the increasing elongation of the flame front accompanying increases in u,, both of which increase S.

Values of A/a are significantly larger than for turbulent flames.

The explosive growth in A/a results in a very rapid acceleration in S, as autoignition is approached.
The numerical simulations of Gamezo and Oran [26] of flame propagation of stoichiometric
acetylene/oxygen in hypodermic tubes revealed rapidly accelerating flames that attained values of
A/a of up to 30 in 0.5 ms in channel lengths of up to 8 cm. As the boundary layer developed, so did
the velocity profile across the channel and the shape of the flame was similar to the velocity profile.

With such a similarity the flame length is proportional to Sg.

17



In a study of the more sedate transition of a laminar flame from a spherical kernel to a finger-shaped

front at the entry to a tube, Bychkov et al. [56] derived an approximate expression for A/a:

202 (13)
o+ 1

Ala =

As the flame thickness tended to zero, A/a tended to 14.

The attainment of a laminar DDT is enhanced by a high value of A/a. With a larger diameter, of 21
mm, Keramptam et al. [57], observed a rapid acceleration of a stoichiometric propane/air flame as it

rapidly elongated, attaining an an A/a value of 9.3 after 12 ms in a duct length of 1.6 m.

With a parabolic distribution of the flow velocity, u, at radius, 7, in a tube of diameter, D, is given by

[58]:
u =2S,(1—-4r*/D?). (14)

The maximum velocity is ZSg at the centre of the tube, and the flow strain rate is a maximum at the

tube walls, given by:
(du/dr)m, =8S4/D . (15)

Although the explosive increases in both u, and A/a very effectively increase S, the increasingly
high strain rate at the tube walls due to S, can lead to localised flame extinctions there and flame

flashback.

To assess this possibility for laminar flames, a generalised laminar extinction Karlovitz stretch factor,
K1+ has been employed in an attempt to generalise the accumulated data on such extinctions. This is
the hydrodynamic strain rate normalised by a chemical time, given by the laminar flame thickness,

expressed by v/u, , divided by u, [59], Hence,
Kqi+ = (854/D)v/u,”. (16)

For strain rate Markstein numbers between -2 and +2, K, is approximately unity. Because of the
difficulty of generating and measuring extinguishing stoichiometric H>/O> flames, no data are known
to the authors for stoichiometric H>/O; extinction, but some data are available for lean Ho/air flames
[60]. An extensive extrapolation of these data to the stoichiometric H»/O» conditions suggested a
value of K, of about 2. While a degree of quenching might be tolerated, an increase in D would be

necessary to reduce it. Close to this limit, it was calculated that the viscous dissipation term in the
18



energy equation showed the mixture could be sufficiently heated to autoignite, although heat loss to
the wall would reduce this. For some time there has been strong evidence for such boundary layer-
induced autoignitions [24]. The numerical simulations for H»/O> mixtures of Dzieminska and Hayashi
[61] show the shock wave heating the boundary layer. This is followed by secondary shock waves,
between the main shock and the flame, further heating the boundary layer, to the point of autoignition,

with transition to detonation.

With micro tubes the heat loss will be significant, although insufficient to inhibit strong flame
acceleration and possible transition to detonation. In the earlier stages, the effect would be to require
a longer transitional distance. In the final stage of a transition to autoignition, there is a similar effect.
It is estimated for Condition B, in Table 2(b) below, with D. = 0.494 mm, that in the critical region
between the shock wave and the flame, heat transfer would reduce the mixture temperature by about
36 K from 997 K. In practice, this would require further flame acceleration and compression before
autoignition. If the large value of K+ proved to be not so inhibiting, the condition labelled E in Table
2(a) below, would have a reduced heat transfer rate due to the larger D, of 1.35 mm. In this case, the

mixture temperature 1131 K would only fall by 8 K.

. Results

The crucial limiting conditions for autoignition in laminar flow rest upon the attainment of the
limiting Reynolds number, Re. = 2300 for such flow. The corresponding critical values of D are D..
These are listed in Tables 1 (a) and 1 (b) for T; = 300 K, with 7; =1 and 5 ms, and in Tables 2 (a) and
(b) for the more reactive conditions of T; = 375 K with 7; = 0.1 and 0.05 ms. All Tables cover the
same three different values of P,, whilst Tables 1(a) and (b) additionally cover two further values.
Tables 1 tend to be characterised by higher values of ¢ and lower values of T,, and Tables 2 by lower
values of ¢ and higher values of T,. The parameters are presented, reading from left to right, in the
order they are presented at the ends of Sections 3 and 4. Values of D. are found from the values of S,
and v. In addition to Re., Kg;4 can be a limiting factor, and these values comprise the final listing in
the Tables. Values of o,y and v were found from the GasEq code [621] and those of S; were found

from the different values of ¢ and Eq. (8).

Bearing in mind the restrictive influences of high values of K;, and the practical problems of values
of D, less than 0.4 mm, only four conditions seem practical for autoignition in laminar flow. These

conditions are identified by A, B, C, D, adjacent to the final K,;, column.
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Table 1(a): Autoignitions of stoichiometric H»/O; with 7; = 1 ms at T; = 300 K.

T (K) P, MPa) T,(K) c M;  Py(MPa) S, (m/s) u,(m/s) A/a o v (m%s) Sy (m/s) D, (mm)  Kgpy
300 0.01 9419  3.07 3.37 0.00076 1381 22.3 38 2,62 2.6E-3 2231 4.3 13.3
300 0.04 888 29 3.23 0.0033 1313 36.5 19 29 5.8E-4 2007 1 4.4
300 0.1 936 3.06 336  0.0077 1374 50.7 147 283 2.6E-4 2123 0.43 2.6 C
300 0.3 1040 333  3.61 0.02 1498 73 123 2.67 1.0E-4 2394 0.16 1.5
300 1 1043.8 334 3.62  0.066 1502 80 10.7 2776  3.0E-5 2355 0.05 1.2
Table 1(b): Autoignitions of stoichiometric H2/O2 with t; = 5 ms at T; = 300 K.
T (K) P, MPa) T, (K) c M; Py(MPa) S, (m/s) wu,(m/s) Afa o v (m%s) Sy (m/s) D, (mm)  Kgy
300 0.01 822 272 3.05 0.00094 1224 17.6 353 296 2.1E-3 1848 3.87 16.7
300 0.04 851 281 3.13 0.0036 1264 35 18 3 5.5E-4 1895 0.997 4.5
300 0.1 920 3.01 3.31 0.008 1354 49 146 29 2.5E-4 2074 0.42 2.6 D
300 0.3 1000 323 35 0.021 1451 67 123 277  95E-5 2273 0.15 1.6
300 1 973 3.16 345 0.073 1419 70 104 294  27E-5 2150 0.044 1.4
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Table 2(a): Autoignitions of stoichiometric H»/O; with 7; = 0.05 ms at T; =375 K.

T; (K) P, (MPa) T,(K) c M, P, (MPa) S, (m/s) u,(m/s) A/a o v (m?%/s) S (m/s) D, (mm) Kqiv
375 0.04 1131 297  3.27 0.0032 1488 57.7 19.5 2323 8.8E4 2614 1.35 2.3
375 0.1 1061 281 3.13 0.0089 1407 64.23 143 2532 3.2E-4 2325 0.517 1.7
375 0.3 1092 288 3.19  0.026 1443 78.6 11.8 2.556 1.1E4 2371 0.175 1.2
Table 2(b): Autoignitions of stoichiometric H»/O> with 7; = 0.1 ms at T; =375 K.
T (K) P, MPa) T, (K) c M;  Py(MPa) S, (m/s) u,(m/s) Afa o v (m?%s) Sy (m/s) D, (mm)  Kg,
375 0.04 1031.7 273 3.06  0.00372 1371 48 188 252  7.5E4 2272 1.26 2.8
375 0.1 997 265 298 0.0098 1327 56.9 13.9 2.678 2.8E-4 2118 0.494 1.9
375 0.3 1072.6 2.83 3.15 0.0263 1420 75.8 11.73 2597 1.1E4 2309 0.173 1.2
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7. Discussion

A key factor is that S; must be large enough to create autoignition and, yet not so large as to exceed
Re.. As a consequence, v should be large in order to make D as large as possible. This also beneficially
reduces K;;,. From Table 1(a), for T; = 300 K and 7; = 1 ms, if the value of K, = 4.5, which
exceeds the extrapolated limit of 2, were to be accepted then D could be 1 mm. The corresponding
value of A/a of 18 is rather high but might be attainable. More cautiously, a lower value of D =0.43
mm would probably be more practical, with K,;,= 2.6 and A/a = 14.7. In practice, if Re. were to be
exceeded, micro-turbulence would develop on the large flame area, A, increasing the burning velocity
and further strengthening the shock. Flame imaging of such flames suggests their appearance would

initially be indistinguishable from that of a laminar flame.

It is difficult to know the upper limit to K, because of the uncertainty in the extrapolated value and
the degree of quenching that might be tolerated, yet partially countered by dissipation-induced
autoignition, With an upper limit of 2.6, only the bottom three entries in Tables 1(a) and 1(b) would
support a purely laminar autoignition. Tables 2 (a) and (b) cover more reactive mixtures, resulting
from preheating to 375 K. For 7; = 0.05 ms, a maximum value of D, of about 1.3 mm is possible,
albeit at a low value of P; and high value of A/a. At the higher values of P, of 0.3 MPa, higher values

of S, are required, and D becomes impractically smaller.

The laminar flames become more elongated with increasing u,, leading also to an associated increase
in A/a. Consequently, autoignition is enhanced, not only by a high value of u,, but also by the
associated increase in flame surface area. Of the different values of D, listed in the Tables, only those
four between 0.42 and 0.52 mm would seem to be in any way practical. With t; = 1 ms, autoignition

is probable and practical. At the higher values of Sy, D, becomes impractically small, with values of

less than 0.1 mm.

Having established the four most probable conditions, A - D, in Tables 1 and 2, for autoignitions, the
likelihood of a detonation remains to be assessed. In addition to a developing detonation, the other
possibilities, following upon autoignition, include continuing normal flame propagation, and thermal
explosion. These regimes were located relative to the detonation peninsula, shown in Fig. 11. This
plots the ratio of acoustic to autoignitive velocity, &, against ¢ . The latter is the ratio of the residence

time within the hot spot of the pressure pulse that is generated by the rate of change of the heat release

rate, to the duration for the heat release, the excitation, time, 7, [63, 64].

22



The auto- ignitive velocity, is given by:

ug, = (dr/dT)(dT/dz;) = (dr/dt)(7;E/RT?)™L. (17)
A critical value of the temperature gradient, (dT /dr). is attained when u, is equal to the acoustic
velocity, a, and:

a = (dr/dT).(t;E/RT?*)™ !, with (18)
¢ =a/u, = (dr/dT)/ (dr/dT).. (19)
If the radius of the hot spot is 7, with the excitation time 7, then

e = (r/at,). (20)

Values of 7; and E /R at P, and T,, for the four conditions A to D, were obtained from Fig. 6. Those
of 7, were found by computing the temporal heat release rates, as outlined in [65], using the Cantera

code [66].

The pressure, P,, for the four selected diameters was the same and equal to 0.1 MPa, but the
temperatures, T,, were variable. The values of these parameters, and others from which they are
derived, are given in Table 3. A value of (dT /dr). = 1 K/mm, occurred at T, = 1040 K. To evaluate
£ it is necessary to attribute a general value to (dT /dr) in Eq. (19). This value is determined less by
the physico-chemical parameters and more by micro-flow patterns and energy transfers that are
variable, and are stochastic. A value of -2 K/mm was chosen, on the basis of engine and other

measurements [64].
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Table 3. Autoignition parameters for atmospheric stoichiometric H»/O> mixture at dT /dr = -2 mm

Tcawe»

T, T, 60 ot T % E _ a % dr (2—T) ¢ . dinT  EdinT
® © my @) . KR o B G (e & dr
375 1061 0.05 2 25 9,519 8.97 225.2 995.8 0.0085 2,355,785 2.37 11779 0.85 2.51 0.0094 2.11
375 997 0.1 198 52 17,149  17.2 895 966.8 0.0173 562,733 0.58 28137 3.44 2.61 0.00998 8.93
300 936 1 1.93 504 44,141 47.16 23,7760  938.1  0.0504 20,413 0.012 1021 919 276 0.0106  252.5
300 920 5 1.8 2778 59,161 6428 178,568 930.5 0.0698 2863 0.003 1.432 650 299 0.0108 1930
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The four chosen conditions studied are labelled A, B, C, D in the three Tables, are in the order of their
decreasing T, values. Their coordinates in the /& diagram are shown in Fig. 11. Each point lies in a
different one of the four, contrasting regimes. Of these, A and B, with T; = 375 K lie in the most
reactive regimes, culminating in a thermal explosion and a developing detonation. In regime C, Ty =
300 K combustion would be by autoignitive propagation, whilst in D, T; = 300 K, there would
probably be normal flame deflagration. The flame would continue to accelerate into a turbulent

regime, aided by the large A/a ratio created in the laminar flow, and probably would eventually

autoignite.
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Fig. 11: Detonation peninsula diagram showing & /¢ variations, and regime points A, B, C and D in
order of decreasing temperature.

In a detonation, reaction might decouple from the shock and it has been found that the coherence and
stability of a detonation are enhanced by low values of (7;/7,)(E/RT) = E [67-69]. To this product

can be added InT /d7 [2], the dimensionless gradient at a hot spot, and it follows that:

¢e = E(dInT /d7). (20)
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Values of this product are given in Table 3, for an assumed hot spot radii of 5 mm. In Fig. 11 low
values of the product are indicative of stable developing detonations. At the high values, autoignitive

propagation begins to fail and be replaced by normal flame deflagrations.

As a further check on the propensity to undergo a laminar DDT, the marginal conditions for D= 1.35
mm in Table 2(a), with rather high values of A/a and Kj;,, were examined. If autoignition were to
occur in this otherwise reactive mixture, either a thermal explosion or a detonation would develop.
This would suggest the possibility of a laminar DDT, in hypodermic tubes of between 0.5 and 1.3
mm diameter, with T; = 375 K.

8. Conclusions

(1).  There are uncertainties in the values of 7; and 7, that are relevant to the probability of
laminar flow autoignition of stoichiometric H2/O., despite using the most favourable
hydrogen mechanism for values.

(i1).  There are greater uncertainties in the necessarily extrapolated values of u, in Fig. 10.
(iii)).  Nevertheless, a laminar DDT appears to be probable in a rather narrow range of conditions
with tube diameters close to 0.5 mm, at relatively low pressures, with T;= 375 K.

(iv).  Even without detonation, very high gas velocities can be generated using hypodermic
tubes. There is significant heat loss from such tubes, but the main effect is to increase the
tube length before transition.

(v). A characteristic of the growing pressurisation of the laminar flame is the large increases
in both u, and A/a. The latter are significantly greater than those which occur in turbulent
flames.

(vi).  When the gas flow ahead of the H2/O> accelerating flame causes Re to exceed Re., the
flame image continues to be elongated and appears laminar for some time. This may
explain why transitions have been described as laminar.

(vil).  With the present data, only when T; is raised to 375 K do purely laminar developing
detonations become possible for hypodermic tube diameters between about 0.5 and 1.35

mm.
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