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a b s t r a c t

Detonation cell width is an important parameter in hydrogen explosion assessments. The experimental
data on gas detonation are statistically analyzed to establish a universal method to numerically predict
detonation cell widths. It is commonly understood that detonation cell width, l, is highly correlated with
the characteristic reaction zone width, d. Classical parametric regression methods were widely applied in
earlier research to build an explicit semiempirical correlation for the ratio of l/d. The obtained correla-
tions formulate the dependency of the ratio l/d on a dimensionless effective chemical activation energy
and a dimensionless temperature of the gas mixture. In this paper, support vector regression (SVR),
which is based on nonparametric machine learning, is applied to achieve functions with better fitness to
experimental data and more accurate predictions. Furthermore, a third parameter, dimensionless pres-
sure, is considered as an additional independent variable. It is found that three-parameter SVR can
significantly improve the performance of the fitting function. Meanwhile, SVR also provides better
adaptability and the model functions can be easily renewed when experimental database is updated or
new regression parameters are consideredQ2 .
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

After a severe accident in a nuclear power plant, hydrogen,
mainly produced from zirconiumewater reaction, can leak into the
inner space of the containment. The hazard of hydrogen detonation
threatens the integrity of the containment, as in the case of the
Fukushima Daiichi nuclear disaster.

When gas detonation takes place, regularly or irregularly
distributed cell structures are observed behind the shock wave. The
average width of the cells is defined as the detonation cell width,
which is represented by l [1]. The value of l depends on the initial
thermodynamic condition of the flammable gaseous mixture,
including the temperature and pressure and the concentrations of
the components [2].

l is commonly used to quantify the detonation risk of flammable
gaseous mixtures. For a given gaseous mixture in a given confined
volume, the hazard potential caused by detonation may be evalu-
ated with the help of the dimensionless ratio of l to the charac-
teristic geometric size, noted as L. According to the deflagration-to-

detonation transition criterion, which is also known in the field of
hydrogen safety research as the l-criterion, detonation is likely to
happen when L/l is greater than 7 [3]. Therefore, it is of significant
importance to reliably predict l for detonable gases.

To date, there has been no sophisticated theoretical expression
to compute l because of the complexity and uncertainty of the
detonation phenomenon. Present solutions to predict the value of l
are all based on empirical or semiempirical correlations established
by fitting a large amount of experimental data.

At present, there are two commonly used approaches to esti-
mate l [4]. One offers simple and direct determination of l using
the initial conditions. In Dorofeev et al [5], a correlation between l

and the initial concentrations of hydrogen and steam, and the
initial temperature and pressure is presented. It is clear that such a
fit can be used only within the range of the experimental data.
Extrapolation of the fitted function beyond the range of measure-
ments does not give reliable values. Another approach is based on
an analysis of the correlation of the characteristic reaction zone
widths, d, with l. The idea that l and d can be correlated was first
proposed in [6]; such an approach allows estimations of detonation
cell sizes for general gas mixtures apart from hydrogeneairesteam
mixtures (e.g., hydrocarboneair mixtures). Quite a fewworks in the* Corresponding author.
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literature [7e9] suggest that two main parameters can influence
the stability of the wave and cellular structure. One is the dimen-
sionless effective activation energy, which can be interpreted as a
characteristic of the sensitivity of the global reaction time to vari-
ations of the postshock temperature caused by changes in the
strength of the leading shock. The other is a dimensionless tem-
perature describing the relation between the released chemical
energy and the initial thermal energy. In Gavrikov et al [10],
mixture composition and initial thermaledynamic conditions are
at first preconditioned into these two parameters. Then, using
analytical expressions and the least squares fitting method, a cor-
relation is built between l/d and the two dimensionless parameters.

The correlation in Gavrikov et al [10] achieved success in pre-
cisely predicting l within a wide range of thermal conditions for
hydrogeneoxidizer mixtures. However, the approach is incapable
of predicting l for hydrocarboneoxidizer mixtures when the
equivalence ratio is larger than 2. Moreover, an attempt to intro-
duce a third parameter to obtain better fitness failed because
unphysical oscillations showed up on the regression curves.
Because earlier studies suggested that some other parameters
could be significant in determining the l/d value [1,11], it is
necessary to apply bettermathematical tools to take more than two
parameters into consideration and to improve the precision of the
function.

Actually, the aforementioned two approaches are both based on
parametric regression. This kind of regression demands an a priori
assumption of the correlation form, which can be very complicated
and difficult to achieve. Meanwhile, parametric regression suffers
from weak robustness and poor adaptability performance [12].
When new data points are added and/or additional regression
parameters are considered, the regression model can become
invalid and needs to be replaced.

To overcome the disadvantages of parametric regression, a
nonparametric regressionmethod, support vector regression (SVR),
is proposed and discussed in this study. It requires no assumptions
about the form of the function, and thus it does not offer an explicit
equation but a high-dimensional matrix that describes the rela-
tionship among the data points. The fitting process is totally driven
by the data itself, leading to better fitness of data and higher sta-
bility. The adaptability of themethodmakes it easier to include new
additional data points or new parameters.

The physical idea proposed by Gavrikov et al [10], that l/d is a
function of dimensionless activation energy and dimensionless
temperature, is used and developed in the study. A third parameter,
dimensionless pressure, is taken into account to achieve better
fitness of data and higher precision.

2. Definitions of parameters

Most of the definitions of the physical parameters involved in
this paper utilize the ideas of Gavrikov et al [10]. Some modifica-
tions for better regression results are proposed.

2.1. Characteristic reaction zone width

There are several definitions of the characteristic reaction zone
width, and in this paper the one expressed by Shepherd [13] is
adopted, in which the width is defined as the distance between the
leading shock and the location of themaximum rate of temperature
rise. The value of the width can be approximately evaluated by the
product of the characteristic reaction time, tch, and the postshock
gas velocity, D:

d ¼ Dtch (1)

The original definition of tch is a period during which the con-
sumption of the limited component is equal to 90% of the total
consumption defined by the final equilibrium state. The term
“limited component” stands for fuel for lean mixtures or oxidizer
for rich mixtures. With such a definition, however, discontinuity
occurs for tch when the equilibration ratio is close to 1, at which
point a transition of the reaction process indicator occurs between
the fuel and the oxidizer. Therefore, the definition of tch used in this
paper is expressed as an oxidizer consumption equal to 90% of the
total consumption defined by the final equilibrium state.

2.2. Dimensionless activation energy

The dimensionless activation energy is defined as Ea/R/Tps,
where Ea is the effective activation energy, R the gas constant, and
Tps the postshock temperature of the gas. The definition of Ea is
based on calculations of the characteristic reaction times tch,1 and
tch,2 behind shocks with two different traveling speeds D1 and D2:

Ea
R

¼ ln
�
tch;1

�
tch;2

�
1=TðD1Þ � 1=TðD2Þ

(2)

where T(D1) and T(D2) are temperatures of the gas behind the
shocks with speeds D1 and D2, respectively. Meanwhile, these
temperatures are also the actual starting temperatures of the
chemical reactions. The parameter Ea in Eq. (2) describes the mean
sensitivity of the reaction time to the changes in shock strength
between D1 and D2.

According to an analysis of the reaction conditions in actual
multidimensional detonations, as well as prediction accuracy
comparisons, Gavrikov et al [10] chose the pair (1.0Dcj, 1.6Dcj) as the
values of (D1, D2) from the following four candidates:

�
1:0Dcj;1:6Dcj

�
;
�
1:2Dcj;1:6Dcj

�
;
�
1:0Dcj;1:4Dcj

�
;
�
1:0Dcj;1:4Dcj

�
:

where Dcj is the ChapmaneJouguet velocity. Two more pairs,
(0.9Dcj, 1.6Dcj) and (0.9Dcj, 1.4Dcj), are tested in this study. It is found
empirically that, among the six candidate pairs, the pair of (0.9Dcj,
1.6Dcj) always offers the best predictions. According to the classic
one-dimensional ZND detonationmodel, detonation does not occur
when Dcj is not fully reached. However, to compute activation en-
ergy in this model, the speed of 0.9Dcj in the pair (0.9Dcj, 1.6Dcj) is
taken merely as a reference speed. Thus, the calculation of the
activation energy is based on the shock strength, regardless of the
occurrence of detonation. Therefore, activation energy is computed
with D1 ¼0.9Dcj and D2 ¼ 1.6Dcj, while their mean value D¼ 1.25Dcj
is used to compute the postshock properties.

2.3. Dimensionless temperature

The ratio of the energy released in reaction to the initial energy
of the unignited mixture is expressed as Q/(CvT0), where Q is the
reaction heat, Cv the constant-volume heat capacity, and T0 is the
initial temperature of the unignited mixture. This ratio describes
the relationship between the released chemical energy and the
initial thermal energy. However, the value of Q is not defined for the
real thermochemistry of a combustible mixture. Meanwhile, a
dimensionless temperature Tvn/T0 is related to Q/(CvT0) and the
variation in the ratio [Q/(CvT0)]/(Tvn/T0) is small for most detonable
mixtures. It is estimated that, for strong waves of which the Mach
number is larger than 2, the variation is within ±25% of an average
value of 4.8. Therefore, Tvn/T0 is selected to replace Q/(CvT0). Tvn is
the von Neumann temperature or the temperature of the von
Neumann state, which is the maximum extent to which the
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