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Chemical Kinetics of Hydrogen-Air-Diluent Detonations

J.E. Shepherd*
Sandia National Laboratories, Albuquerque, New Mexico

Abstract

The relationship between calculated reaction zone length and
measured cell size is examined for hydrogen-air-diluent detonations.
Several different means of calculating reaction zone length are dis-
cussed. A strong variation in the ratio of cell size to reaction zone
length is demonstrated as a function of equivalence ratio for conven-
tional reaction zone length definitions. A consequence of this strong
variation is that single-parameter correlations can only predict cell
size within £200%. A simple method for predicting cell sizes in di-
uted mixtures based on measured cell sizes in undiluted mixtures
s suggested. This method is compared to the data for both carbon
lioxide and water vapor dilution; the improved method can predict
-ell size within £50%. The effectiveness of CO, and H,O dilution
n increasing the reaction zone length is shown to be due to the
oupling between the thermal effect of the diluent and the chemical
iinetics mechanism. The relation between initial conditions and cell
ize is also examined in terms of this coupling. The effect of temper-
ture on reaction zone length is shown to also depend on pressure.
Jell size predictions are compared to data for hot and cold Hj-air
‘etonations.

Introduction

Detailed reaction kinetics modeling has become an accepted
echnique for estimating dynamic detonation parameters. These
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264 J.E. SHEPHERD

parameters include cell size, critical tube diameter, and initiation
energy. Due to the lack of a quantitative theory, the relationships
between calculated reaction zone length and the dynamic parameters
are purely empirical. One example of such an empirical correlation
is the relation proposed by Westbrook and Urtiew (1983) between
cell size A and reaction zone length A at stoichiometric conditions:
A =~ 20A for fuel-air mixtures; and, A ~ 35A for fuel-oxygen mix-
tures.

While these estimates are useful guidelines, our understanding
~of the relationship between cellular structure and kinetics is still
quite vague and the a priori prediction of cell size is not yet possible.
The empirical correlation mentioned above is just a guideline and has
never been extensively tested in a quantitative fashion. Comparison
between the computed reaction zone lengths (Westbrook and Urtiew
1982) and recent cell size data (Moen et al. 1984a) indicates that the
ratio of cell size to reaction zone length varies between 10 and 50
for many common fuel-air mixtures at stoichiometric composition.
The present research and previous studies by Strehlow et al. (1969a)
show that the ratio is a strong function of the equivalence ratio ¢
and the particular definition of reaction zone length used. For off-
stoichiometric mixtures, the ratio of measured cell size to reaction
zone length can vary between 2 and 100. The variation is strongest
near the rich and lean limits, usually regions of great interest in
explosive hazards evaluations. In addition to these variations, there
is an associated uncertainty in the measured cell size due to the very
irregular cellular structure of fuel-air mixtures (Moen et al. 1984a;
Bull et al. 1982).

Recent developments in detonation research (Lee 1984) have
suggested that cell size is the single fundamental parameter that
can be simply related to both critical tube diameter and initiation
energy. Given this increasing emphasis on cell size and the empir-
ical nature of our predictive ability, it is important to understand
the limitations of using chemical kinetics modeling and empirical
correlations to predict cell size. 'We have attempted to do that for
H;-air-diluent detonations using the substantial amount of experi-
mental data on cell sizes. Many of these data have been taken by
researchers at McGill University and Sandia National Laboratories,
Albuquerque (SNLA), during the last four years (Guirao et al. 1982;

Tieszen et al. 1985). This research has been directed at understand-
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ing the detonability of Hs-air-steam mixtures that might occur as a
result of a hypothetical degraded-core accident in a nuclear reactor.

The present report will concentrate on the problem of pre-
dicting cell size for the hydrogen-air-diluent system. Following a
historical perspective on the general problem of predicting cell size,
specific results for the H,-air system are discussed. Several defi-
nitions of reaction zone length and the resulting correlation with
measured cell size are examined. A technique for predicting cell
sizes in diluted mixtures, given the cell size in undiluted mixtures,
is discussed. Comparisons between predictions and data are shown
for both carbon dioxide and water vapor dilution. This work is a
consolidation and extension of earlier efforts (Lee et al. 1982; Shep-
herd and Roller 1982) and, hopefully, will make our results more
accessable to the combustion research community. The effect of di-
lution and changing initial conditions on the reaction zone length are
interpreted in terms of the coupling between thermal and chemical
kinetics phenomena.

Historical Perspective

Detonation cellular structure and the possibility of a priori
computations of cell size has intrigued researchers since the discovery
of this fascinating phenomenon. Previous theoretical and experimen-
tal efforts devoted to this problem have provided many important
facts and ideas that the present paper draws upon. Shchelkin and
Troshin (1965) first attempted to relate the calculated steady-state
reaction zone length to the observed cellular structure for detona-
tions in hydrogen—, heptane—; and benzene-oxygen mixtures. They
proposed the linear proportionality relationship that is frequently
used today.

Using a heuristic argument based on acoustic wave propaga-
tion of disturbances in a square-wave model reaction zone, they at-
tempted to compute the coefficient of proportionality. They found
that the cell width should be approximately four times the induction
zone length used in the square—-wave model. Like present researchers,
they had to confront the problem of irregularity and chose a single
length scale from the observed spectrum of sizes. However, at that
time (1959), the state of knowledge about the oxidation mechanisms
and rate constants was so uncertain that the prediction could not
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be tested. Instead, they used the argument in reverse to attempt to
compute activation energies from the measured cell size.

The relation between cell size and reaction zone lengths in
fuel-oxygen mixtures was extensively investigated by Strehlow et al.
(1969a), Strehlow and Engels (1969b), and Strehlow (1969¢). These
studies convincingly demonstrated that the dominant factor in de-
termining cell size was indeed the reaction zone length. However, the
observations showed a complex dependence of the cell size on reac-
tion zone length, initial pressure, diluent fraction and stoichiometry.

The most detailed studies of Strehlow and co-workers were
performed with H;-O, mixtures diluted with various inert gases.
Comparison was made between measured cell sizes and reaction
zone structures computed from the ZND model and relatively de-
tailed chemical kinetic mechanisms. These comparisons indicated
that when the induction zone became large compared to the recom-
bination zone, the cell size was directly proportional to the induction
zone length. For large enough initial pressure, the constant of pro-
portionality was essentially independent of pressure for fixed mixture
composition. The constant was found to vary strongly with both the
equivalence ratio (from 70 to 170 for H;-O, diluted with 40% Ar) and

the amount and type of diluent (from 60 to 120 for 0% to 80% Ar di-
lution of stoichiometric Hz-O3). For a given induction time, the cell
size was proportional to the postshock sound speed for monatomic
diluents. When the induction zone became short compared to the
recombination zone, no simple correlations could be determined.

Contemporaneous with these experimental investigations, Er-
penbeck (1969) rigorously analyzed the linear stability of steady
detonations to arbitrary three-dimensional disturbances. Unfortu-
nately, the resulting system of equations is so complex that no ex-
plicit dispersion relation is available as a guide for correlating ex-
perimental data with kinetic parameters. He did obtain results for
the stability boundaries in the short— and long—wavelength limits for
a one-step Arrhenius reaction rate model. The only predictions of
fully developed instability wavelength were made for the longitudinal
(one-dimensional) mode of marginally unstable systems.

Strehlow and co-workers (Strehlow and Fernandes 1965; Barthel
and Strehlow 1966) developed an alternative approximate analysis
based on geometrical acoustics that demonstrated the trapping of
nonreactive acoustic waves within the reaction zone. The trapped
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wavefronts originating at the shock rapidly become convoluted and
the wavefront folds contact the shock with a regular spacing. Com-
puted shock—contact spacings were of the same order of magnitude
as the reaction zone thickness and one to two orders of magnitude
smaller than the observed cell widths. _

An extension of this analysis by Barthel (1974) demonstrated
the production of periodic caustics by trapped waves originating
inside the reaction zone; the computed caustic spacing was a factor of
1.7-2.5 larger than the observed transverse wave spacings for the H-
O, system. The trapped waves exhibit a range of ray transit times
between turning points with a minimum value corrresponding to the
caustic spacing. Using this fact, Chiu and Lee (1976) demonstrated
that Barthel’s model could be simplified dramatically for square-
wave model reaction zones and arrived at the conclusion that the
caustic spacing was linearly proportional to the reaction zone length
with a constant of about 6 for typical fuel-oxygen systems. The
constant of proportionality only depends on the detonation Mach
number and the cold gas specific heat ratio. Both versions of this
model have only been tested against data for the Hy-O,-Ar system
at stoichiometric conditions. The results exhibit the correct pressure
dependence but almost any model based on reaction zone length can
do that.

However, all of these theoretical approaches suffer several com-
mon deficiencies. They are perturbation methods that ignore three
important aspects of the problem: the finite amplitude of the trans-
verse waves; coupling between transverse waves and the main shock
wave; reaction behind the transverse waves. In addition, all methods
except Barthel’s use an approximate model of the reaction zone or
reaction mechanism and no prescription has been given for gener-
ating the model parameters corresponding to realistic fuel-oxidizer
systems.

Experimentally, the transverse waves and the main shock (det-
onation) wave are observed to be very strongly coupled. This results
in finite amplitude oscillations in both transverse and longitudinal
shock strength. The longitudinal oscillations are due both to the gas-
dynamic coupling of the main shock with the transverse waves and
the intrinsic longitudinal instability of a one-dimensional detonation
wave. The variation in shock wave strength through the cell and the
nonlinear coupling of reaction rates to the gas thermodynamic state
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results in a large variation in reaction zone length through the cell.
For example, the main shock wave velocity in ordinary detonations
varies from about 1.2 Ug; at the beginning of the cell to 0.8 Ugy at
the end. The equivalent steady-state induction time for a stoichio-
metric hydrogen—air mixture initially at standard conditions varies
from 1.2 x 1077 s to 3.4 x 10~* s, a range of 10%. This means that
the assumed steady—state reaction zone structure does not exist and
perturbation analyses about this fictitious state will not yield quanti-
tative predictions. The studies mentioned above have all recognized
this fact, but the coupled problem still eludes solution.

Interesting alternative methods that do not suffer these de-
ficiencies are based on the similarity of the main shock motion to
that of a self-similar decaying blast wave. The source of the blast
is the nearly—simultaneous explosion of the “pocket” of unreacted
fluid located at the end of the cell. The explosion is initiated by the
collision of the transverse waves. The geometrical structure of the
cell and the wave fields are essentially universal, i.e., independent of
the fuel-oxidizer system. An absolute length scale is determined by
the point at which the reaction zone decouples from the main shock
wave.

At the present time, the best example of this genre is the model
of Vasiliev and Nikolaev (1978) for planar mode (two—dimensional)
detonations. They show good agreement between predicted cell
shapes and cell lengths as a function of initial pressure for stoichio-
metric methane—, acetylene—, and hydrogen—oxygen mixtures. As
pointed out above, this does not constitute a very rigorous test of
the model. These comparisons use both an approximate model of
the reaction zone and simple one—step correlations for the induction
time, and it is not obvious how to generalize this approach to include
more realistic reaction kinetics. In addition, the model is for two-
dimensional cellular structures but is applied to problems where the
known structure is fully three-dimensional.

Recent efforts in the field (including the present paper) have
concentrated on improving the treatment of the chemical kinetics
portion of the problem and have ignored the gasdynamics and mul-
tidimensional nature of the observed cellular structure. For simplic-
ity, an empirical approach is used in which the reaction zone length
is assumed to be the fundamental scaling length that is empirically
related to the measured detonation parameters. Using very detailed
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reaction mechanisms, Westbrook and Urtiew (1982, 1983) have car-
ried out the most extensive program of reaction zone computation
and correlation with measured dynamic detonation parameters for
a wide variety of hydrocarbon fuels.

While some cell size data were examined, they mainly con-
centrated on the prediction of critical tube diameters and direct
and hydrogen—oxygen mixtures was examined as a function of initial
pressure. Good agreement between predicted and measured cell size
was obtained with an average coefficient of proportionality equal to
29. No direct comparison was given for fuel-air mixtures. Previous
studies (Westbrook 1982) considering off-stoichiometric and diluted
fuel-oxygen mixtures found a considerable variation in the ratio of
cell size to reaction zone length.

In addition to the studies mentioned above that directly bear
on the problem of cell size prediction, there are many other reports
dealing with related problems. In particular, there have been several
numerical simulations of marginal (single-mode) detonations in onef
and two dimensions (Oran et al. 1982; Taki and Fujiwara 1982).
These studies indicate that if a single mode is present in the system
and the reaction mechanism can be condensed to a simple parametric
model, time—dependent computations may be possible for computing
the cell size. No general conclusions applicable to ordinary systems
can be drawn from these studies except that the multimode structure

of typical fuel-air systems may make the computations exceedingly
difficult.

In summary, despite a number of efforts over the last two
decades, the problem of detonation cell size prediction remains un-
solved. No singlé theory presently exists containing the appropriate
multidimensional gasdynamics, realistic reaction kinetics, and the
finite amplitude waves observed experimentally. Most models have
only been tested against stoichiometric fuel-oxygen mixture data
primarily as a function of initial pressure. Appropriate choice of the
model parameters can be made to obtain agreement for almost any
model. A much more rigorous test for modelers is to predict the

tSee Fickett and Wood (1966), Howe et al. (1976), and Moen et al.
(1984a). |
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cell size as a function of equivalence ratio, dilution, and initial
pressure.

Reaction Zone Computation

The idealized, one-dimensional, Zeldovich, von Neumann, and
Déring (ZND) model of detonation is used to calculate the reaction
zone structure. A reactionless shock wave traveling at the Chapman-
Jouguet (CJ) velocity is assumed to instantaneously raise the fluid
temperature and pressure and to initiate chemical reaction. The
equations for fluid pressure, density, and composition are simultane-
ously integrated as a function of distance (or time) behind the shock
wave. The fluid state proceeds down the Rayleigh line from the von
Neumann (VN) point (no reaction) toward the CJ point (complete
reaction).

Detonation velocities used in these computations were calcu-
lated by the NASA chemical equilibrium code (Gordon and McBride
1971). The reaction zone structure was computed by a program de-
veloped especially for this project. In addition to the ZND struc-
ture, computations were also performed with the commonly used
constant-volume approximation to the Rayleigh line for some cases.

A set of 23 reactions and 11 species (Hz, O,, H, O, OH, H,0,
HO,, H;0,, N2, COq, and CO) are used in the kinetic model for
hydrogen oxidation. The reaction mechanisms and rate constants are
given in Table 1. Only foward rates are listed, but all reactions were
considered completely reversible in the computations. Reverse rates
are obtained from the foward rates and the equilibrium constants.
Rate constants were obtained from Miller et al. (1982).

Several definitions of reaction zone length have been considered
in the present work. All of these lengths are measured from the shock
wave in the frame of reference moving with the shock. Three lengths
are based on the ZND structure and two on the constant-volume
approximation to the Rayleigh line. These lengths are defined in
Table 2. Numerical values for a stoichiometric H;-air detonation
at standard initial conditions are given in the Table 2 and are also
indicated on the temperature profile shown in Fig. 1. For reference,
the major and minor species profiles are shown in Figs. 2 and 3. The
meanings of the various length scales are discussed below.

Length A; is a conventional induction zone length that ap-
proximately measures the extent of the thermally neutral portion
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Table 1 Hydrogen oxidation mechanism and rate constants®

Reaction A el E
1. Hy + O — OH + OH 1.70x10" 0.00 47780
2. OH+ H; — H,0+ H 1.17x10°  1.30 3626
3. H+ 0, — OH + O 5.13x10'® -0.82 16507
4. O+H, — OH+H 1.80x10'  1.00 8826
5. H+ O, + M — HO, + M 2.10x10™ -1.00 0
6. H+ O, + O, = HO; + O, 8. 70%10% 142 0
7. H+ O3 + N, ;= HO; + N, 6.70x10'° -1.42 0
8. OH + HO; — H,0 + O, 5.00x10™  0.00 1000
9. H+ HO, — OH + OH 2.50x10™  0.00 1900
10. O + HO; — 0, + OH 4.80x10  0.00 1000
11. OH 4+ OH — O + H;0 6.00x10%8  1.30 0
12 H,p+ M —H+H+ M 2.23x10'? 0.50 92600
13. O+ M—=0+0+M 1.85x10  0.50 95560
14. H+ OH+ M — H,0 + M 7.50x10%® -2.60 0
15. H + HO; = H, + O, 2.50x10%  0.00 700
16. HO, + HO, — H,0, + O, 2.00x10'?  0.00 0
17. H;0, + M — OH + OH + M 1.30x10'7 0.00 45500
18. H;0, + H — HO, + H, 1.60x10'?  0.00 3800
19. H,0, + OH — H,0 + HO, 1.00x10*®  0.00 1800
20. HO,; + CO — CO, + OH 1.51x10*® 0.00 22934
2. CO+0+M—=CO;,+M 3.20x10® 0.00 -4200
22 CO4-OH — COs+H 1.51%10f 130 -758
23. CO+0, —CO,+0 1.60x10*® 0.00 41000

“Reaction rate coefficients are in the form k; = AT exp —E/RT. Units are
moles, cubic centimeters, seconds, Kelvins, and calories/mole.

Third body efficiencies: ks (H20) = 21ks(Ar); ks(Hz2) = 3.3ks(Ar); ks(CO2) =
Sk,f,[Al‘); k,r,[CO] — 2k5[AT); k[Q(HQO] = 61’(12{)‘\1‘]; k;z[H) e 2k12{Al‘); klg[Hg}
= 3kja(Ar); ki4(H20) = 20k, 4(Ar).

of the reaction zone. This length is determined by the point of the
maximum temperature gradient in the reaction zone, which corre-
sponds to the point of maximum heat release rate. Length As is
determined by the point at which the Mach number (in a shock-
fixed frame) reaches 0.90 and is indicative of the total length of the
reaction zone, induction plus recombination zones. The length A,
is determined by the point at which the Mach number reaches 0.75
and is an intermediate scale that appears to be most successful in

predicting the change of cell size with dilution.
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Table 2 Reaction zone lengths

Values at ¢ = 1

Symbol Definition A, cm AJA
ZND model

A, % —_— 0.023 65.

Ag M = 0.75 0.067 22.

As M = 0.90 0.43 3.5

Constant-volume model

dT
Ay T lmax 0.021 71.4.

AS — _Tvn 844

st-|p 0173 8.6

M = Mach number. A = reaction zone length. A(¢ = 1) =
1.5 em for Hz-air mixtures initially at STP.
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Fig. 1 ZND reaction zone temperature profile for a stoichiometric H;-air
detonation (standard initial conditions, T, = 298 K and P, = 1 atm).

Length Ay is the analog of A; for the constant-volume model.
Westbrook and Urtiew have used A4 in their extensive discussions
(Westbrook and Urtiew 1982, 1983; Westbrook 1982) of hydrocarbon-
air detonations. Note that in the constant-volume approximation,
distance is computed as A = ut, where u is the (fixed) postshock
fluid velocity and t is the Lagrangian time. Values of A; and A4
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Fig. 2 Major species profiles for the detonation described in Fig. 1.

Species mole fraction
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Fig. 3 Minor species profiles for the detonation described in Fig. 1.

are very similar despite the different coupling between the chem-
istry and fluid dynamics in the two models. Calculations with a
constant—pressure model of the reaction zone also yields values of A
that are almost identical to A; and Ay.

Length Aj is related to the effective activation energy E,

ﬁ Tvn 3A4 E

Ay Ba B0w), BB
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where I have assumed that the induction time t;,4 can be described
by a single-step or global expression of the form

tina = C[H2)*[02)f exp (E/RTyx),

for small variations in T,. This type of simple expression, although
limited in applicability, is very useful for understanding the effect of
dilution and changing initial conditions on the reaction zone length.
Typical values used for hydrogen-oxygen systems are C = 6.9x 1011,
a =0, =—1,and E = 16.5 kcal/mole. Moen et al. (1984a) deduced
an effective activation energy of approximately 32 kcal/mole from fits
to cell size or critical tube diameter data. This value is consistent
with the average of the values derived (see the discussion below and
Fig. 6) from the present computations. Numerically, the values of

As and Aj are quite similar and both are a factor of 5-10 larger than
the values of A, Ay, and Ay.

10°

10’ 10'

Length scale (cm)

10"

Equivalence ratio ¢

Fig. 4 Cell size A and reaction zone lengths A; — A for H;-air detonations
(standard initial conditions).
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Fig. 5 Shape parameter, Asz/A; vs equivalence ratio for Hy—air detonations
(standard initial conditions).

H,-Air Detonations

The values of each A have been computed for Hs-air detona-
tions over an equivalence ratiof range of 0.38 < ¢ < 5.56 (13% -70%
H; by volume) for standard initial conditions, T, = 298 K and P, =
1 atm. The results of those calculations are shown in Fig. 4 together
with the cell size data of both Sandia and McGill. Away from the
limits, i.e., for 0.7 < ¢ < 3, there is a large spread in the values of
the various A;. This is due to the importance of the recombination
zone in determining the total reaction zone length for these cases.

As the mixture is changed from stoichiometric conditions, the
induction zone length increases much more rapidly than does the
recombination zone length (which is essentially constant), and the
various A; become comparable in magnitude. This indicates that the
shape of the reaction zone can change significantly with equivalence

11 define the equivalence ratio ¢ to be the ratio of moles of fuel to moles
of oxidizer divided by that ratio at stoichiometric conditions.
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100.0

40.0 60.0 80.0
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Effective activation energy E.g (kcal/mole)

20.0

Equivalence ratio ¢

Fig. 6 Effective activation energy vs equivalence ratio for H-air
detonations (standard initial conditions).

ratio and is a much more important factor at ¢ = 1 than near the
limits. One quantitative measure of the shape is the ratio of total
reaction zone length to induction zone length, Az/A;, plotted in Fig.
5. Note that only at the far extremes of the equivalence ratio range
does the induction zone dominate totally. This behavior makes it
difficult to approximate the reaction zone with the simple square—
wave model used in many analyses.

An indication of the insensitivity of the reaction zone length
to computational technique can be seen by comparing the A; and
A4 curves in Fig. 4. For this length scale, very little effect of the
thermodynamic path is seen. This is because the thermally neutral
portion of the reaction dominates the determination of these lengths
except near stoichiometric conditions. Computations with other sets
of rate constants (Warnatz 1984; Westbrook and Dryer 1984) result
in almost identical results to those shown in Fig. 4. The primary
difference between the mechanisms is the rate of the three-body
reaction (9), which can have a value that is a factor of 20 higher
with H,O as the diluent rather than Ny, Oy, or Ar. Differences in
computed reaction zone lengths due to reaction rates or computation
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method appear to be insignificant in view of the large and often
unquantified uncertainties in measured cell size.

There is no evidence in the present calculations of any intrinsic
limit to detonability due to a drastic change in reaction mechanism
at some limiting value of ¢. For example, a well-defined reaction
zone is found to exist at an equivalence ratio as low as 0.2 (8%
H;). The reaction zone length increases rapidly as the equivalence
ratio is decreased (increased) at the lean (rich) extreme but there
is no “discontinuity” in this dependence. The ability to initiate
or propagate a detonation near the rich or lean limits appears to
be determined by the same factors that are important for nonlimit
mixtures, e.g., the size of the apparatus and the strength of the
initiator.

Belles (1959) first proposed such a limit in analogy to the clas-
sical second explosion limit observed in low-temperature combustion
bomb experiments. That limit is due to the competition between the
chain-branching reaction 3,

H+ 0, — 0H+ O

and the three-body reactions 5-7,

H+O;+ M= HO, + M
7~
In vessel explosions, the experiment duration is quite long compared
to the characteristic species diffusion time and the relatively stable
species HO; is lost to the vessel walls. Therefore, the competition
for H atoms results in chain breaking by reactions 5-7, effectively
inhibiting the explosion.

In detonations, diffusion is usually negligible and, as is now
well known (Westbrook and Dryer 1984), HO, reacts with either
H (reaction 9) to directly produce OH or with itself (reaction 16)
to produce Hy0; which dissociates (reaction 17) to produce OH.
Ultimately, the HO, is consumed and the standard chain branch-
ing involving OH dominates at the end of the reaction zone. It is
apparent that HO; and H;O, are vitally important in determining
the reaction zone structure near the limits. Even for stoichiometric
Hj-air detonations, a substantial amount of HO, is observed in the
beginning of the reaction zone (see Fig. 3).
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More recently, Atkinson et al. (1980) proposed limits of ¢ =
0.35 —0.40 and ¢ = 5.5 — 6.0 based on drastic changes in the radical
populations outside these limits. This behavior was observed in
detailed kinetic simulations using a constant-pressure model of the
reaction zone. No such behavior has been observed in our ZND
or constant-volume calculations. Apparently, this contradiction is
due to some differences in the kinetic mechanism and the use of
the different reaction zone models. The existence of an intrinsic
detonability limit is obviously an unresolved issue.

Despite the uncertain status of an intrinsic limit, the competi-
tion for H atoms between reactions 3 and 5-7 is still very significant.
The present interpretation of the significance is that near the limits,
the principal rate-controlling reaction changes, with a corresponding
change in the effective activation energy. A plot of computed effec-
tive activation energy vs equivalence ratio is shown in Fig. 6. The
present calculations indicate that near stoichiometric conditions, the
effective activation energy is a minimum, E =~ 24 kcal/mole.

This is higher than the activation energy of 16.5 kcal/mole for
the usual rate-limiting step 3 due to the importance of the com-
peting three-body reactions 5-7. As the limits are approached, the
value increases to a maximum of 50-80 kcal /mole, then drops down
to a value of ~ 45 kcal/mole at the extremes of the equivalence ra-
tio range. The value reached at the rich or lean limits is consistent
with reaction 17 being the rate-limiting step at the very rich or
lean extremes. The large changes observed in E near the limits sug-
gests that extrapolating cell size with a simple global reaction time
formula will not be reliable. These results can also have strong im-
plications for interpreting the effects of diluents and changing initial
conditions, as discussed below.

Cell Size Prediction

How can these reaction zone lengths be used to predict cell
size? In view of the difficulties with the theoretical approaches dis-
cussed above, I have reverted to the simplest possible technique for
predicting cell size. This method is similar to the original suggestion
(Shchelkin and Troshin 1965) that the cell size is simply proportional
to the reaction zone length. Unlike the previous studies discussed
above, no attempt is made to compute the coefficient of propor-
tionality, but it is treated as an empirically determined factor. This
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method is obviously not a scientific but rather an empirical approach
to the problem of cell size prediction. Such a technique will never
replace a comprehensive theoretical model of detonation instability
and cellular structure.

The simplest empirical approach is to use a single constant
A; and to estimate cell size by the simple linear relation A = A A,
The value of A is usually determined by matching A and X at a
single point, often stoichiometric composition. Values of A; for a
stoichiometric mixture of Hj-air are given in Table 2; these range
from 3.5 for Az to 71.4 for A4. Cell sizes predicted by this technique
are usually valid only for mixtures with compositions that are similar
to that of the matching point.

In an attempt to make this simple technique more reliable, we
originally proposed (Lee et al. 1982; Shepherd and Roller 1982) that
A = A(¢). A preliminary assessment at that time indicated that this
approach was viable for CO, dilution of Hj-air mixtures. However,
it is clear that this method is also limited since even equilibrium
(CJ) detonation parameters are not universal functions of ¢. It does
have the advantage that ¢ is the most accessible nondimensional
parameter and, as shown below, can provide a useful, fuel-specific
correlation. In order to determine A(¢), measured values of A and
corresponding computed values of A are used to calculate A from
the definition A = A/A.

Results for A, are shown in Fig. 7; these were computed from
the H,-air data shown in Fig. 4. Note the large variation in A with
¢ and the maxima occurring near ¢ = 0.7 and ¢ = 3.0. The unusual
shape of this curve is similar to the effective activation energy curve
and suggests that the variation in A may be due to the change in
kinetic mechanism near the lean and rich limits. A;(¢) also drops
rapidly at the extremes of the equivalence ratio range. This effect
may be due to difficulties in the measurement, since the detonations
are near the single-head spin limit (Moen et al. 1981) for these cases,
or this may just reflect further changes in the kinetic mechanism.
Behavior similar to that shown in Fig. 7 is also observed for the
coefficients A; and A4. For the two lengths characteristic of the
total reaction zone length, Az and As, the coefficients A have a
much smoother dependence on ¢.

What is the best choice for a reaction zone length? To deter-
mine this, the correlation between calculated reaction zone length
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Fig. 7 Ratio A,(¢) of cell size A to reaction zone length A; for Hp-air
detonations (standard initial conditions).

and measured cell size has been tested for Hs-air and Hs-air-CO-
detonations. The relations A = AA and A = A(¢)A were both
examined. Lacking quantitative estimates of the uncertainty in A,
correlations were judged purely on the appearance of data vs predic-
tion plots. In general, all reaction zone lengths, scaled by a constant
A;, reproduce the general features of the A vs ¢ curve shown in Fig.
4. If a deviation of +200% between predicted and measured cell size

i1s acceptable, any one of the lengths could be used for correlation

with A.
A more critical appraisal suggests that a 50% deviation may

be achieved once A;(¢) has been estimated from a selected set of
data. This is the approach I have taken to model the effect of dilu-
ents and changes in the initial conditions. The length A, (which is
based on the location of Mach number 0.75) and the coefficient A,
shown in Fig. 7 were used for the predictions given below. The choice
of A, and A, for modeling is certainly not definitive, since this evalu-
ation has been quite subjective. Other researchers may find different
length scales more appealing and potentially more useful for predict-
ing cell size. However, I feel that until substantial improvements are
made in the experimental technique of cell size interpretation for
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irregular cellular structures, more elaborate correlations cannot be
justified. Efforts in this direction are in progress at Sandia Labo-
ratories using digital image—processing techniques for interpretation
of smoked foils.

What is the future of the empirical approach? Obviously, the
simplicity of this technique and the development of oxidation mech-
anisms for the major fuel systems insures continued use for hazard
analyses concerned with the detonability of gaseous mixtures. How-
ever, the complex and nonlinear interactions between fluid dynamics
and chemistry that are actually occurring are simply being ignored.
This serious deficiency and the quantitative inaccuracy of the simple
correlations are sufficient reason to pursue a deeper understanding
of this problem. In the interim, all predictions of this type should be
used with caution and experimental data are to be preferred when-
ever possible. Development of a sound scientific basis for cell size
prediction will hopefully make obsolete the ad hoc methods presently
being used. On the other hand, the experimental problem of inter-
preting smoked foils and assigning a single characteristic cell size
should not be underestimated.

Hs-Air-Diluent Detonations

CO, Dilution

Cell sizes have been measured both at McGill University (Guirao
et al. 1982) and SNLA (Tieszen et al. 1985) for Hy-air mixtures di-
luted with 5%, 10%, and 15% CO,. All mixtures were nominally at
a total initial pressure of 1 atm and temperature of 298 K. Using
the methodology described above, the cell sizes were predicted from:.
the reaction zone lengths A, and the coefficient A, shown in Fig. 7.
Predictions and data are shown together in Fig. 8. Note that only a
finite number of theoretical points are computed; the spline interpo-
lation to those points is what is plotted in all figures. The agreement
between predicted and measured cell size is fairly good, considering
that repeated tests indicate that the uncertainty in the cell size can
be 50%-100% or even higher for the largest cells measured.

The dramatic increase in cell size with relatively small amounts
of dilution indicates the effectiveness of CO, as a detonation inhib-
iter. This effect has also been observed for hydrocarbon-air deto-

nations by Moen et al. (1984b). The mechanism of inhibition by
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mixtures (standard initial conditions).

dilution with relatively inert gases such as COj, is primarily thermal
in nature. That is, if addition of the diluent causes an increase in
heat capacity then there will be a corresponding decrease in the det-
onation Mach number. This causes a decrease in the postshock tem-
perature and pressure, which reduces the reaction rates, resulting
in longer reaction zone lengths and increased cell size. Monatomic
species such as Ar and He reverse this rule. For those diluents, the
heat capacity decreases and the postshock temperature actually in-
creases with increasing dilution until a substantial amount (greater
than 50%) of diluent has been added.

In addition to this thermal effect, the diluent may actively
participate in or enhance the rates of some reactions. This will be
referred to as a chemical effect. An example of a chemical effect is
the enhancement of the rate of reaction 5 by a factor of 20 when
H,O is the diluent.

Besides these two primary effects of diluents, a secondary ef-
fect can occur as a result of the thermal effect. Small amounts of
polyatomic inert diluents can cause sufficient changes in postshock
thermodynamic conditions that there is a change in rate-controlling
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Fig. 9 Measured and predicted cell sizes for detonations in Hj-air-H,0

mixtures. Nominal initial temperature of 373 K and fixed initial air density
of 41.6 moles/m?.

reaction. This is identical to the phenomenon described above in
connection with the question of an intrinsic limit for Hy-air detona-
tions. The same cautions about using global reaction rate expres-
sions to extrapolate cell size also apply here.

H,;O Dilution

Cell sizes have been measured at SNLA (Tieszen et al. 1985)
for hot Hsz-air mixtures diluted with 0%, 10%, 20%, and 30% water
vapor (H;0). The initial conditions for these experiments were rep-
resentative of those that might occur during hypothetical accidents
in nuclear powerplants. The mixtures were all heated to a nominal
temperature of 373 K and the partial density of air was fixed at
a value of 41.6 moles/m®, the value at 298.15 K and 1 atm. This
means that for each equivalence ratio and H,O mole fraction, the
initial pressure was different. The model predictions are therefore
being tested in several ways simultaneously. The effects of initial
temperature, pressure, and dilution are all present in each of these
tests. Further consideration of the effect of separately varying each
of the initial conditions will be made below.
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Data and predictions are shown together in Fig. 9. Uncertainty
estimates in the measured cell size are also shown for each datum.
The predictions are again in fair agreement with the data. Disagree-
ment outside the uncertainty bounds should be noted for the 0% case
near stoichiometric composition and for the 10% and 20% cases on
the rich side. Comparison with the H,-air data of Fig. 4 reveals that
the cell size at a given value of ¢ is smaller for the 0% case at 373
K than for the room temperature and pressure case. As discussed
below, the calculations indicate that this is due to the higher density
of the hot cases rather than the increased temperature.

As pointed out by Westbrook and Urtiew (1982), increasing
the initial temperature at a fixed initial pressure increases rather
than decreases the reaction zone length. This is due to the decrease
in reactant density when the initial temperature is increased at fixed
initial pressure. The decrease in reactant density causes a decrease
in reaction rates and, therefore, a longer reaction zone. The VN
temperature does slightly increase with increasing initial tempera-
ture, which will tend to decrease the reaction zone length. However,
that effect is much weaker than the density effect. If the initial mix-
ture density is held constant (as in the SNLA H,-air-H,0 tests) or
increases as the initial temperature is increased, the model predicts
that the reaction zone becomes shorter.

Thermal vs Chemical Effects

What is the exact mechanism of reaction inhibition by CO, and
H2O7? In order to address this question, some additional computa-
tions have been performed so that the two diluents can be compared
on an equal basis. To remove the temperature and pressure effects
present in the H,O tests discussed above, reaction zone lengths have
been computed for the artificial case of Hy-air-H,O mixtures at a
constant initial pressure of 1 atm and initial temperature of 298 K.
The results for stoichiometric mixtures at these standard initial con-
ditions are shown in Fig. 10 as a function of diluent mole fraction.
For comparison, the results for N, dilution are also shown.

Both H,0 and CO; have very similar effects and are much more
effective than N, as inhibitors. This is primarily due to the difference
in the heat capacity of the triatomic and diatomic molecules, the
thermal effect discussed above, although there is also a pronounced
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Fig. 10 Reaction zone length A, for CO,, H,0, and N, dilution of
stoichiometric mixtures of Hj-air at standard initial conditions. The curves
labled “CO,” and “H,;0” are for artificially inert but thermodynamically
identical diluents.

chemical effect in the case of H,O. This chemical effect can be seen
clearly by repeating the computations with artificial diluents that
have identical thermodynamic properties as the actual species but
are chemically inert. That is, the artificial diluents do not participate
in any reactions except as a third-body with the efficiency of Ar.

The results of these calculations are also shown in Fig. 10 as
the curves labeled “H,0” and “CO,”. The chemical effect of CO, is
seen to be quite small. This may not be the case for rich mixtures
since substantial amounts of CO will be produced (less than 1% of
the COj; is converted to CO for stoichiometric mixtures) and the CO
will compete for the OH radical through reaction 22. The chemical
effect of H2O is much stronger. This is primarily due to the very
large efficiency of H,O in the three-body reaction 5. The effect is
most pronounced for greater than 10% diluent. This threshold is
indicative of the change in the thermodynamic state required to
change the rate-limiting reaction step.

A clearer picture of the relation between thermal and chemical
effects can be obtained by plotting the postshock temperature vs
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Fig. 11 Comparison of the postshock pressure and temperature states of
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pressure for both the undiluted H;-air and the diluted stoichiometric
cases shown in Fig. 10. This is done in Fig. 11. A similar comparison
has been made by Takai et al. (1974) for H,~O, mixtures diluted with
Ar, He, Ny, and CO,. Note that the N; curve is indistinguishable
from the lean branch of the Hy-air curve, indicating that the thermal
effect of Ny is almost identical to the substitution of O for H,. That
the chemical effect of N, is negligible can be verified by comparing
the computed reaction zone lengths to those of Hy-air at similar VN
states.

The CO; and H;0 curves are separated because of the differ-
ence in the molecular weight of the two molecules. The rich and
lean branches of the H,-air curve are separated for similar reasons:
The addition of Hs causes a continuous decrease in initial molecular
weight of the mixture. The main point of Fig. 11 is in the relation of
the (Tyn, Pyn) loci to the shaded band labeled k; = 2 k3. This band
represents the approximate location of the change of rate-limiting
reactions, the criterion used is the same as in the classical second
limit discussions. This criterion is that the rate of reaction 7 is
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Fig. 12 Pressure dependence of reaction zone length A, for stoichiometric
Hs-air mixtures at standard initial temperature.

twice that of reaction 3, i.e., k; = 2 k3. This relation conveniently
reduces to a Py, — Ty, relation if the diluent concentration is fixed.
Above the shaded band, the standard H-OH-O chain-branching reac-
tion mechanism dominates; below, the alternative H-HO,-H,0,-OH
mechanism is most important. Note that the CO, and H;O loci cross
the shaded band at relatively low diluent concentrations. This indi-
cates that the effective activation energy change will be important in
predicting the dilution experiments discussed above. This is where
a simple global reaction time expression will fail. The shaded band
also crosses the Hy-air locus at the equivalence ratio range where the
beginning of the change in the effective activation energy occurs.

Effect of Initial Conditions

As pointed out above, the H,O dilution experiments involve si-
multaneous changes in the initial conditions. Westbrook and Urtiew
(1982) have considered these changes independently, but there is an
additional interaction that occurs when pressure and temperature
Westbrook and Urtiew (1982)

have shown that the pressure dependence of H,-air reaction zone

are both changed simultaneously.
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lengths at fixed initial temperature has a strong change in charac-
ter between 1 and 10 atm. As shown in Fig. 12, below 1 atm the
pressure dependence can be described by p", where n =~ —1.5. The
exponent n increases with increasing initial pressure and appears to
go to change sign at about 3 atm. This is, in fact, another mani-
festation of the change in reaction mechanism. Referring to Fig. 11,
we can see that an increase in the initial pressure (which leaves T,
essentially unchanged) will shift the P,,, — Ty, locus to the right and
eventually beneath the shaded band, thus yielding the mechanism
change.

This mechanism change feeds back into the temperature effect
so that at low pressure, an increase of temperature at fixed initial
pressure will increase the reaction zone length and at high pressures
will decrease the reaction zone length. This is shown in Fig. 13. The
trade-off between the changing pressure exponent and the slightly
increasing postshock temperature produces this effect. An exper-
imental test of the effect is shown in Fig. 14, where experimental
cell sizes and predictions are compared for constant-pressure and
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Fig. 13 Temperature dependence of reaction zone length A, for
stoichiometric mixtures of Hj-air at pressures of 0.1, 0.5, 1.0, 2.0, and 3.0
atm,
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Constant air density of 41.6 moles/m® and initial temperature of 293 K; iii)
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constant air density initial conditions at 298 K, and constant air
density cases at 373 K. The agreement between theory and predic-
tion is again fair.

Additional computations demonstrate that if the equivalence
ratio is made sufficiently small or large, i.e. for very lean or very rich
mixtures, the reaction zone length will decrease with increasing ini-
tial temperature at fixed initial pressure. These changes in direction
of the temperature effect also correspond to the postshock thermo-
dynamic state moving below the shaded band in Fig. 11. All of these
temperature and pressure effects can be viewed as a manifestations
of the change in kinetic mechanism and demonstrate the importance
of detailed kinetic modeling in understanding these phenomena.

Summary

The possibility of using detailed kinetic calculations and sim-
ple correlations to predict the detonation cell size for Hs-air-diluent
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detonations has been explored. A review of the existing theoretical
models for cell size prediction indicates that an appropriate theory
has still not been developed. Lacking a sound theoretical basis, a
simple linear proportionality relationship has been used to correlate
cell size to reaction zone lengths. Single parameter correlations are
accurate only to within +200% over an equivalence ratio range of
0.38 to 5.56 for Hy—air mixtures initially at ambient conditions.

An improved correlation using existing data can predict within
+50% the effects of dilution with CO, or H;O and the effects of
simultaneously changing the initial conditions. The dramatic inhi-
bition effect of CO,; and H;O is explained in terms of both thermal
and chemical effects and a secondary effect due to a switch in the
rate limiting kinetic step. The existence of an intrinsic detonability
limit is shown to be dubious although a pronounced change in the
effective activation energy and reaction pathways is observed as the
extremes of the equivalence ratio range are approached.

The effect on the reaction zone length due to changing initial
conditions (temperature and pressure) is shown to be more complex
than previously thought. Increasing the initial temperature at low
initial pressures (less than 1 atm) causes an increase in the reaction
zone length; the opposite occurs at higher initial pressures. This
is another manifestation of the change in rate—controlling reactions
due to a change in the thermodynamic state. These mechanism
changes can make extrapolation of existing data with global mecha-
nisms risky.

Further research is needed to place the prediction of cell size
by simple kinetic models on a sound scientific basis. At the same
time, further refinement of the experimental techniques of interpret-
ing smoked foils is needed before substantial improvements in the
correlation can be made. The observed multimode structure of ordi-
nary fuel-air detonations suggests that the cellular structure might
not be characterized by a single parameter that is uniquely related
to an idealized reaction zone length.
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