PR ) 7 o

UCRL-87089
PREPRINT

CorE-82A0%0!1 -—3

Chemical-Kinetic Prediction
of Critical Parameters in Gaseous Detonations

Charles K. Westbrook
Paul A. Urtiew

This paper was prepared for submittal to %w

the Nineteenth International Symposium on
Combustion, Haifa, Israel, August 8-13, 1982

January 12, 1982

This is a preprint of a paper intended for puhlication in a journal er proceedings. Since
changes may be made before publication, this preprint i made avallable with the un
derstanding that it will not be cited or reproduced without the permission of the author.

-‘ﬁiSTRlBUT!UN OF THIS DOCUMERT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

This book was prepared as an aocount of work sponsored by an agency of the United States Goverament,
Neither the United Siates Governmeni nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes sny lega! liability or responsivility for the accuracy,
. or of any s . 8 b product, or process disclosed, or
4 ; represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarity i or imply its ion, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof,

Chemical-Kinetic Prediction of Critical Parameters

in Gaseous Detonations

Charles K. Westbrook  UCRL--87089

Paul A. Urtiew DE82 007144

.

——

Lawrence Livermore National Laboratory
University of California
P.0. Box 808
Livermore, California 94550

Abstract

A theoretical model including a detailed chemical kinetic reaction
mechanism for hydrogen and hydrocarbon oxidation is used to examine the
effects of variations in initial pressure and temperature on the detonation
properties of gaseous fuel-oxidizer mixtures. Fuels considered include
hydrogen, methane, ethane; ethylene, and acetylene. Induction lengths are
- computed for initial pressures between 0.01 and 10.0 atmospheres and initial
temperatures between 200K and 500K. These induction lengths are then
compared with available experimental data for critical enmergy and critical
tube diameter for initiation of spherical detonation, as well as detonation
limits in linear tubes. Combined with earlier studies concerning variations
in fuel-oxidizer equivalence ratio and'degree of dilution with N2,.the

model provides a unified treatment of fuel oxidation kinetics in detonations.
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INTRODUCTION

Gaseous detonations represent an'important class of potential hazards
associated with many industrial and energy production systems. Detonations
. have been- studied  experimentally for many years, but only recentiy have
detailed theoretical and numerical treatments begun to appear. Although
submodels for the fluid mechanics and other physical processes were developed
rabidly; qhemical kinetics squodels for the fuel combustion have been the
weakest part of existing defonation models. Hdwever, current development of
comprehensive kinetic reaction_mechanisms for the_oxidatian nf many. practical . .
fuels [1] has changed this situation significantly.

Recently we have shown [2,3] that it is posSible to correlate many
detonation parameters with chemical induction times, computed using a detailed
kinetic mechanism. Experimental data for lean and rich limits for propagation
of detonations in linear tubes, critical ehergy for initiation of unconfined
spherical detonations, and critical tube diameters for initiation of
unconfined spherical detonation by means of a planar detonation from a linear
tube all were reproduced very wéll by the kinetic model. Fuels
considered included methane (CHA), ethane (CZH6>’ ethylene (C2H4), acetylene

(CZHZ)’ methanol (CH,OH), and hydrogen (H2), with oxidizers ranging from pure 0

3 2

to air (N2/0 = 3.76). However, only mixtures initially at atmospheric

2
‘pressure and 30U K were examined. In the pfesent study we extend fhis model
to consider the effects of variations in initial'bressure and temperature of
the unreacted gas mixture, including pressures between 0.01 and 10.
atmospheres, and temperatures from 200 to 500 K.

‘The success of the model at reproducing available experimental data

suggests strongly that this technique provides a reliable basis for predicting

~ detonation properties for conditions which have not yet been explored
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experimentally. In particular, very few experimental data afe available for
détonation properties at initial pressures above 1 atm, at initial

temperatures different from normal room temperature, or for mixtures in which
the oxidizer is air rather than oxygen. The present model provides the best

available means of estimating these properties.

CHEMICAL KINETICS

"The chemical kinetic mechanism used for these computations has been
developed and validated in a series of papers [4-7] énd was used previously
for modeling kinetics under detonation conditions [2,3]. The individual rate
parametefs can be found in References (2] and [7]. The méchanism has been
‘shown to describe oxidation of methanme [4,5], methanol [6], and ethylene [7]
over wide ranges of experimental conditions. It has also been used to
describe the shock tube oxidation of ethane [5,8j and acetylene [2]; although
“truly comprehensive mechanisms for oxidation of these two fuels have not yet
been developed. Since the parameter ranges in detonations are very similar to
those encountered in laboratory shock tubes, it can be expected that the
mechanism should provide reasonable results_for ethane and acetylene oxidatiqn
in detonation waves.

The H, oxidation submechanism has been extensively validated, with

2
" nearly all of the elementary reaction rates being well established. As a
result, computed induction tlmes for H, oxidation are least likely to
include significant kinetic errors. Disagreements between computed and
experimental detonation parameters can be attribufed to deficiencies in the
overall bhysical model rather than‘to an inadequate kinetics model for H2.

Further discussion of the details of the kinetics model can be found in the

references cited [2,7].
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In the past, detonation models have used global rate expressions to
complete chemical induction times for fuel-oxidizer mixtgres, but such
expressions are often not satisfactory, even when they have been based on
shock tube data. Most shock tube experiments are carried out with high
dilution by Ar, He, or N2, so that fuel and oxygen concentrations are
usually quite low. However, overall reaction order and effective activation
energy in global expressions for induction time often change wilh the amouint
of dilution. THese global rate parameters can also change significantly with
pressure and temperature, especially in the case of H2. As a result,
induction times computed from global expressions can be seriously in error
when'applied to undiluted fuelfoxygen or fuel-air mixtﬁres over wide ranges of
equivalence ratio, initial pressure, or initial temperature, making a detailed

kinetic mechanism an essential part of the present detonation model.

DET ONAT ION MODEL

The model used here is the Zeldovich-von Neumann-Doring (ZND) model in
which, locally, a detonation consists of a shock wave_traveling at the
Chapman-Jouguet (CJ) velocity, followed by a reaction zone. The shock wave
compresses and heats the fuel-oxidizef mixture which then begins to react. .In
most mixtures, the fuel oxidation consists of a relétively‘long induction
period during which the temperature and pressure remain nearly cbnstant,
followed by a rapid release of chemical energy and temperature increase.

For each fuel-bxidizer mixtﬁre, a calculation is first made of the
relevant CJ conditions. From the resulting valué of the detonation velocity
: DCJ’ the conditions in the von Neumann spike, including the temperature
Tl’ pressure Pl, and particle velocity Vi of the post-shock, unreacted

.gases can be calculated and then used as initial conditions for the chemical ‘
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kinetics model. It is well established that the structure of the detonation
Qave is not one-dimensional but COnsists rather of a multidimehsidnal
conglomerate of individual cells. Furthermore, the shock velocity varies
within a single detOnatidn cell from an initial value of about 1.6 Dpy toa
minimum of about 0.6 DCJ,vso the CJ conditions used here represent’average
values, and the computed induction times will also be averages.

The reactive mixture is assumed to remain at a constant volume over its
reaction time, and the induction time is defined in terms of its temperature
history. Most of the mixtures examined underwent a large temperéture increase
of 1000 - 2000 K, and the induction time is defined as the time of maximum
rate of temperature increase. In most cases, fhis coincides approximately
Qith the time at which the temperature has completed about half of its total |
increase. This is not, strictly speaking, a true.induction period, often
defined as thé time required for a small (i.e., 1 - 5%) temperature or
pressure increase, but it represents a time séale for the release of a
significant amount of energy. In addition to the induction time 1, it is
useful to define the induction iength A'E -c(DCJ - vl).

As a result of these simplifications, the computed induction times and
induction iengths define characteristic time and length scales rafher than a
precisé hiétory of a gas element through the detonation front. The evolution
of the.reacted gas subsequent to the induction period considered here is
dominated by the‘fluid mechanics of fhe pdst-inducfion expansion of the
reaction products. This expansion reduces both the pressure and density of
these products and alters the kihetic equilibrium state, leading eventually to
the final CJ state. The present model does not attempt to follow that entire
relaxation phase,‘concentratihg 6n the défails‘of the induction processes in

" the von Neumann spike.
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Although this model is a simple one and neglects some potentially
significant effeéts arising from hydrodynamic-kinetic interactions, it has .
been very successful at modeling detonation pafameters witn fuel-oxidizer
mixtures initially at atmospheric pressure and 300 K. With the éamé reaction
mechanism aslthat used for the present study, it was shown [2,3] that the
computed induction length A is proportional to the critical tube diameter
dC for initiation of unconfined spherical detonation. For all

the fuels examined and with oxidizers ranging from O, (i.e., B = N2/02 = 0)

to air (B = 3.76), the expression
d =38048 - (1)

accurately reproduced experimental data for dC from a variety of sources
[9-11]. 1In Fig.‘l the variation of A with N, dilution is summarized for
stoichiometric fuel-OZ-N2 nixtures, initially at atmospheric pressure ad .
300 K. Experimental data from Ref. [9] for f‘uel-o2 condit;ons (i.e., B =

0) are also indicated and the agreement between computed and measured resuits
is quite close. Similar agreement was obtained at other valnes of 8 and -
fnel-oxidizer equivalénce ratiq [2;3]. The fact that a single scaling.ekists
between A and dC for all of the fuels egaminéd, indicates that the model

can be used to predict values of dC for olher mixtures, at other initial
conditions, and for other related fuels. In-addition, it was shown that the
cube of the induction length A3 correlates closely with the critical

energy required for initiation of unconfined spherical détonation, with
initiation by means of either high explosive charges or a planar detonation

from a linear tube.



-7 -

For the case of initiation of spherical detonation by means of a linear
tube, Lee et al. [9,12] have developed an expression for EC based on the
concept of the work needed to produce a sufficiently strong initiation source
in the unconfined gas. Urtiew and Tarver [13] used a similar approach to show
that the'critical energy is related to the critical tube diameter through the

expression

E =k PY g3 | ) (2)

where pressure P and particle velocity u are those of the CJ state behind the
detonation wave in the tube.

When Egs. (1) and (2) are combined, the resulting expression

E_ =k, 2 (380)%3 3 (3)
'relates EC to the computed induction length and CJ parameters of a
particular mixture. As the equivalence ratio is varied for hydrocarbon fuels
and for hydrogen, the quantityh(Pu/D) A3 is in fairly good agreement with
the values of EC deduced by Matsui and Lee L9] from their experihental

values of dc. This is shown in Fig. 2 which includes only the results
pertaining to fuel-oxygen mixtures. For k, in Eq. (3), the value 0.1964
derived theoretically by Urtiew and Tarver [13] has been used. Again, it is
possible to conclude that a single scaling law applies to all of the ’r‘uél-O2

mixtures, this time over a wide range of equivalence ratio.



EFFECTS OF PRESSURE

For each stoichiometric fuel-oxidizer mixture, CJ and induction time
calculations were carried out over a range of inital pressures P0 between
0.01 and 10 atm. The computed values of induction length are summarized in
Fig. 3. For all of the hydrocarb_on-O2 mixtures, P0 can be expressed in

terms of A by a straight line
ACS ' (4)

Combining this with Eqg. (1) gives the expression

-o
PO = ko d c (5)

The constants kl, k2 and o depend on the type of fuel. Also shown in

Fig. 3 are experimental results [9] relating dC and PO. The scales for

d, and A have been set in accordance with Eg. (1)~ -For‘a given tube of
diameter dC and a specifiéd fuel-oxidizer mixture, it is observed that below
the critical pressure indicated by the dotted line in Fig. 3, the linear g |
detonation will not initiate an unconfined spherical'detonétion. For all of
-the hydrocarbon-'O2 fuels the agreement bétween the computed solid curves and
the experimental dotted lines is very good, indicating that Eqg. (1) remains
valid when P_ is varied, and that for those fuel-0, mixtures Eq. (5) is a
reasonable means of relating P0 and dc' .The kinetic model results in Fig.

3 for H2 +-% 02
representing the dataAof Matsui and Lee agree§ véry well with the computed

appear slightly curved, although the straight line

results over the range of pressures studied.
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Computed values of A for étoichoimetric fuel-air mixtures are also
shown in Fig. 3. ?or the§e mixtures, only the results for C2H6-air fall
-along a étraight line. The most surprising behavior is that of stoichiometric
H2-air, which has multiple values of P0 for a range of dC between 9 and
15 em. Computed results for the other mixtures are also somewhat curved, with
methane once again being an exception with the curvature in the opposité
direction. Howe&er, none of the hydrocarbon-air mixtures show the
multiple-valued behavior displayed by Hz-air.

The computed résults for Hé—air'are caused by the gradual growth in
importance of the recombination reaction H + O2 + M= HO2 + M with
increésing pressUre. In this way fhe‘behavior is reminiscent of the second
explosion limit for H2-02 described by Lewis and von Elbe [14]. The rate
.of this reaction is pressure-dependent, and as the post-shock unreacted gas
pressure increases it eventually begins to compete with the principal chain
branching reaction H + O2 = 0 + OH. Whenvthis occurs the overall rate of
fuel consumption actually decreases as P0 increases, due to the reduced
chain branching rate, so the induction length grows larger. Furthgr increases
in P0 reverse this trend and 4 again decreases with incréasihg PO.‘ This
second reQersal occufs because the greater density and species concentratidns
provide more répid rates of the key bimplecular reactions which overcome the
inhibiting effect of the recombination reaction. 1In particulér,.the H02
thus formed is rapidly consumed by the sequence of réactions

H02 + HO2 = H202 + 02.

H202 + M OH + OH + M

making this effectively a chain propagation path.
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Of the fuel-air mixtures, experimental data for the-reaction of dC with
P0 could be found only for C2H2 [9]. ﬁor this case the computed results
also agree well with the measured data. Bull et al. [15] measured the
detonation cell length a in H2-air at initial pressures below atmospheric,
finding a distinct discontinuity in the graph of log a versus log PO.A This
discontinuity, occurring at Py 0.15 atm, wuas attributed to a chaﬁge in
the dominant kihetic processes which govern the cell spacing, consisting of
recombination processes at very low pressures and induction kinetics at higher
pressures [16]. In Fig. 3 there is no discontinuity at P = 0.15 atm for
| Hz-air, suggesting that A may not necessarily be proportional to the cell
length at low pressures, particularly if the kinetics are so slow that the
induction phase is not nearly complete within the von Neumann spike. There is
evidently a need for experimental measurement of the depeﬁdence of critical
tube diameters on pressure in fuel-air mixtures, including measurements for
initial pressures in excess of 1 atm, in order to verify the predictions
indicated in Fig. 3. The curvatufe shown for many of the fuels suggests that
Eq. (5) can be expected‘to be reliable only over limited ranges of pressure.
In particular, the unexpected variation of dC with initial pressure for
H,.-air requires turther attention. The numerical predictions suggest that

2

H2-aif at high initiél pressures will require sighificantly iarger critical
tube diameters to initiate unconfined spherical detonations than would be
predicted on the basis of extrapolated low preségre experiments. This may
have‘important consequences in assessing potential hazards associated with}

H2-air mixtures.
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Matsui and Lee [9] define the relative detonation hazard D, as the
ratio of the critical en‘ergyEC for initiation of unconfined spherical
detonation for a given mixture to that for a reference mixture,
C,H.+1.50,. Both EC and DH were computed at several values of PO

22 2

for the fuel-0, and fuel-air mixtures included in this study, using Eq.

2
(3). The results are summarized in Table I. The computed reference value of

E, for CH, +1.50, is 4.54 x 107% joules, close to the value of

272 2
3.83 x 10-4 Joules derived by Matsui and Lee from their measurements of
dc' For those gases where the pressure dependence of A can be described
adequately by Eqg. (4), the exponent a is about equal to 1. Combined with

Egs. (1) and (2), this results in
E P2, | (6)

However, the deviation from this trend for H2-air at high pressure is
large. Based on Eq. (6) and the low pressure H2-air values for A, DH at
P0 = 10 atm would be approximately equal to 9.37 x 102, rather than the

value of 3.45 x 106

actually predicted by the detailed kinetic model. For
all of the fuel-air mixtures, and for the-’r‘uel-O2 mixtures outside the
ranges examired experimentally, the present model provides the only available

means of estimating those detonation parameters.

EFFECTS OF TEMPERATURE
An additional series of CJ and induction time calculations was carried
out with the initial gas temperature varied from 200 K to 500 K. All of the

fuel-0, and fuel-air mixtures were stoichiometric, and the initial pressure

2
Pb was assumed to be atmospheric. The computed results for A are

summarized in Fig. 4 and Table I.
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In every case, as the initial temperature T0 is increased, the |
induction‘length also increases. This is due to two factors both related to
the conditions behind the unreacted shoék. 'Most important, because the
initial pressure Po is constant, the post-shock density Pl decreases
with increasing TO. Most of the elementary chemical reactions are
bimolecular, with rates that yary'with p2, so as T0 increases and °l
decreases, the overall rate of reaction is reduced. Secpnd, the post-shock
unreacted temperature'Tl, which is used to initiate the kinetics .
calculations, actually decreases slightly with increasihg values‘of'TO. For
example, for CZHa-air, Tl = 1555 K when TO = 200 K, while Tl = 1470
K when T, = 500 K. The combination of lower post-shock temperatﬁre and
lower reactant concentrations results in larger induction timeé-és o
increases.

As seen in Fig. 4, the relative ranking among the fuels in tefms of
induction lehgth remains nearly constant as T0 varies. At T0 = 375 K,
the values of A'for H -air and Csz-air are approximately equal, and
-for'higheg temperatures H2-air is actually slightly more detonable, but
" the values of 4 for the two fuels remain very similar. Methane-air mixtures
~are affected most by increasés in To but qualitatively the behavior ot all

bf the fuel-oxidizer mixtures to variations .in %o is the same.
It has been observed both experimentally and in modeling studies (5,

17-19] that although the induction time for CH,-air mixtures is much larger

4
than for other alkane fuels, the addition of relatively small guantities of

H,y C;H, , C H8’ or other hydrocarbons can reduce the induction tlme

2" 26" 73
dramatlcally. Liquefied natural gas (LNG) con31sts of approx1mately 90% CH4

with the remainder made up of C H6’ C H8’ and other trace

2 3 ,
constituents. When CJ and induction. length calculations were carried out for
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a stoichiometric fuel-air mixture, with the fuel consisting of 90% CHA,and

10% C2H6,

considered. The dependence of A on T0 for this LNG-like fuel is indicated

this kinetic sensitization was observed at all values of To‘

in Fig. 4 and can be seen to be the same as that of the single component fuels.
The magnitude of the change in induction length over temperature ranges
which might occur in actual spills of liquefied gaseous fuels such as LNG can
be seen to be quite small, but it should not be neglected. For example, LNG
is stored at about 110 K, so a stoichiometric LNG-air mixture resulting from a
spill would have an initial temperature of about 275 K rather than 300 K. The

2 m, 15% smaller than the

induction length at T = 275K is 1.03 x 107
computed value A = 1.21 x 1072 m at T, = 300 K. In addition to a slight
increase in detonability limits, this 15% reduction in A would also result
in a 40% reduction in A3. As pointed out earlier, the criticél energy of
initiation EC is proportional to A3 for unconfined spherical

detonation. ‘Therefore, a gas mixture initially at 275 K would requife.a

substantially smaller energy for initiation of detonation than a mixture at

300 K.

. SUMMARY

Chemical kinetics of fuel. oxidation plays a key role in the initiation
and propagatién of detonétion waves. In earlier studies we demonstrated that
it is possible to relate‘computed chemical kinetic induction timés and
induction lengths'to alVariety of critical detonation parameters for
, fuel-oxidizer mixtures which are ihitiélly at atmospheric pressure and 300 K.
In the present paper we have shown that fhe same approach can be extended to

include a wide range of initial pressure and temperature as well. for
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conditions in which experimental data are available,* the agreement’between
computed and measured results is excellent. Under conditions where
experimental data are unavailable and difficult or impossible to obtain, the
présent model provides a means of estimating these detonation parameters.

This ‘model is intentionally oversimplified in order to emphasizé‘the
purely kinetic factors involved in detonation phenomena. A complete model of
detonations, their initiation, propagation and stability will require a much
more sophiéticated fluid mechanics submodel and probably require a
two-dimensional or even three-dimensional treatment, well beyond the goals and
capabilities of the present work. However, the kinetic model alone has been
shown to provide a great deal of useful information and can be used in many
cases to interpret existing experiméntal data or predict detonation parameters
which have not been measured. This type of kinetiés'modeling is very simple
and inexpensive to carry out, using any of a large number of computer programs
whichAarebcapable df integrafing stiff kinetics equations. In addition, the
present study shows that the description of the kinetics of fuel uxidation is

no longer the weak 1ink in our understanding of detonation phenomena.
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Table I

Selected critical parameters for fuel-air and fuel-oxygen mixtures.
Values of E; can be obtained by multiplying Dy by 4.54 x 10-4 3.
Numbers inside parentheses indicate powers of 10.

fuel-air fuel ~oxygen
Po T T A d DH T A d Dy
(atm) (5 (ps) (m) (m) | (us) (m) (m
Ho . )
.01 300 1.80(+2) 6.35(-2) 2.41(+1) 3.78(10) 3.50(+1) 1.72(-2) 6.54(00) 8.90(+8)
.10 300 8.10(00) 2.92(-3) 1.11(00) 3.81(+7) 1.40(00) 7.01(-4) 2.66(-1) 6.53(+5)
1.0 300 8.00(-1) 2.87(-4) 1.10(-1) 3.72(+5) 8.80(-2) 4.49(-5) 1.71(-2) 1.86(+3)
10. 300 7.50(-1) 2.78(-4) 1.10(-1) 3.45(+6) 1.40(-2) 7.39(-6) 2.81(~-3) 1.64(+2)
1.0 200 5.50(-1) 1.99(-4) 8.00(-2) 1.92(+5) 5.40(-2) 2.79(-5) 1.06(~2) 6.91(+2)
1.0 500 1.54(00) 5.36(-4) 2.00(-1) 1.37(+6) 1.82(-1) 8.99(~5) 3.42(-2) 8.44(+3)
Coty . :
.01 300 9.50(+l) 2.76(-2) 1.05(+1) 3.77(+9) 3.60(00) 9.72(-4) 3.69(-1) 2.84(+5)
.10 300 7.60(00) 2.24(-3) 8.50(~1) 2.11(+7) 2.40(-1) 6.67(-5) '2.53(-2) 1.00(+3)
1.0 300 9.10(-1) 2.73(-4) 1.00(-1) 3.96(+5) 1.70(-2) 4.83(-6) 1.84(~3) 4.17(00)
10. 300 1.23(-1) 3.70(-5) 1.00(-2) 1.02(+4) 1.30(-3) 3.86(-7) 1.47(~4) 2.34(-2)
1.0 200 6.00(-1) 1.78(-4) 7.00(-2) 1.60(+5) 9.76(-3) 2.88(-6) 1.09(-3) 1.35(00)
1.0 500 2.10(00) 5.89(-4) 2.20(-1) 2.10(+6) 3.47(-2) 9.72(-6) 3.69(-3) 1.95(+1)
C2H4
.01 300 1.07(+3) 2.99(<1) 1.14(+2) 4.66(12) 3.40(+1) 4.21(-3) 1.60(00) 2.34(+7)
.10 300 7.10(+1) 2.01(-2) 7.64(00): 1.47(10) 1.78(00) 3.42(-4) 1.30(=1) 1.36(+5)
1.0 300 8.90(00) 2.56(-3) 9.70(~1) 3.12(+8) 1.10(-1) 2.82(-5) 1.07(-2) 8.26(+2)
10. 300 1.45(00) 4.26(~4) 1.60(~1) 1.48(+7) 9.40(-3) 2.25(~6) 8.55(~4) 4.39(00)
1.0 200 5.67(00) 1.67(-3) 6.30(-1) 1.33(+8) 6.70(-2) 1.73(-5) 6.57(=3) 2.93(+2)
1.0 500 1.98(+1) 5.50(~-3) 2.09(00) 1.77(+9) 2.30(-1) 5.73(~5) 2.18(-2) 3.99(+3)
CoHg 4
.01 300 7.70(+2) 2.10(~1) 7.98(+1) 1.59(12) 1.60(+l) 3.62(-3) 1.38(00) 1.53(+7)
.10 300 1.05(+2) 2.90(-2) 1.10(+1) 4.33(10) 1.50(00) 3.47(~4) 1.32(-1) 1.45(+5)
1.0 300 1.62(+1) 4.55(=3) 1.73(00) 1.64(+9) 1.60(~1) 3.78(-5) 1.44(-2) 2.03(+3)
10.. 300 2.50(00) 7.13(-4) 2.70(-1) 6.72(+7) 1.56(-2) 3.76(-6) 1.43(~3) 2.16(+1)
1.0 200 1.09(+1) 3.05(-3) 1.16(00) 8.10(+8) 7.76(=2) 2.29(-5) 8.70(-3) 6.80(+2)
1.0 500 3.57(+1) -1.00(-2) 3.80(00) 1.06(10) 2.84(-1) 7.94(~5) 3.02(-2) 1.06(+4)
CHy .

. .01 300 1.83(+4) 5.23(00) 1.99(+3) 2.35(16) 1.60(+2) 4.32(-2) 1l.64(+1) 2.24(10)
.10 300 1.35(+3) 3.87(-1) 1.47(+2) 9.81(13) 9.12(00) 2.50(-3) 9.50(-1) 4.69(+7)
1.0 300 8.65(+1) 2.53(-2) 9.61(00) 2.80(1I) 4.80(-1) 1.33(-4) 5.05(-2) 7.62(+4)
10. 300 3.92(00) 1.16(~3) 4.40(-1) 2.72(+8) 2.10(-2) 5.91(~6) 2.25(-3) 7.23(+1)
1.0 200 4.31(+1) 1.27(~2) 4.83(00) 5.45(10) 2.72(-1) 7.62(~5) 2.90(-2) 2.20(+4)
1.0 500 2.50(+2) 7.03(-2) 2.67(+1) 3.42(12) 1.11(00) 3.01(-4) 1.14(-1) 5.08(+5)
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FIGURE CAPTIONS

variation of computed induction length with N, dilution (B=N2/02)

2
for stoichiometric fuel-oxidizer mixtures. Initial pressure is one

atmosphere.

Critical enerqgy for initiation of unconfined sperical detonation. Open
symbols represent results of Matsui and Lee [9], curves are computed From

EQ. 3 with k, = 0.1964.

vVariation of computed length A and experimentally determined critical
tube diameter dC with Po. Solid curves are computed results for
f‘uel-O2 mixtures, dashed curves for fuel-air mixtures, énd dotted lines

represent experimental data from reference [9].

variation of inductinn length Ao with To' Solid lines represent

<fuel-02 mixtures, dashed curves represent fuel-air mixtures. The fuel

for the dashed curve labeled "LNG" consists of 90% CH4 - 10% C2H6' o

-
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