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Abstract: The detonation reaction zone of nitromethane (NM) has been extensively
studied both experimentally and theoretically. The measured particle velocity
profile of NM shows the existence of a sharp spike followed by a rapid drop
over the first 5-10 ns (fast reaction). The sharp spike is followed by a gradual
decrease (slow reactions) which terminate after approximately 50-60 ns when
the CJ condition is attained. Based on experimental data, the total reaction zone
length is estimated to be around 300 µm. Some experimental observations,
such as the reaction zone width and the diameter effect, can be satisfactorily
reproduced by numerical modelling, provided an appropriate reaction rate model
is known.
Here we describe the model for numerical modelling of the steady state detonation
of NM. The model is based on the coupling thermochemical code EXPLO5
with the Wood-Kirkwood detonation theory, supplemented with different
reaction rate models. The constants in the rate models are calibrated based
on experimentally measured particle velocity profiles and the detonation
reaction zone width. It was found that the model can describe the experimentally
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measured total reaction time (width of reaction zone) and the particle velocitytime profile of NM. It was found also that the reaction rate model plays a key
role on the shape of the shock wave front. In addition, the model can predict
the detonation parameters (D, pCJ, TCJ, VCJ, etc.) and the effect of charge diameter
on the detonation parameters.

Keywords: nitromethane, reaction zone, particle velocity, EXPLO5,
Wood and Kirkwood theory

1

Introduction

Nitromethane (NM) is extensively studied as an example of a liquid homogenous
explosive. Such explosives contain no voids and therefore there is no hot spot
formation during shock compression. Hence, the initiation of homogeneous
explosives is governed completely by the strong compression of a thin layer
of explosive and obeys temperature-dependent reaction rate laws [1-3]. By adding
small amounts of impurities or additives, the initiation properties may be changed
from homogenous to those characteristic of heterogeneous explosive [4].
The detonation reaction zone (DRZ), which represents the spatial distance
between the von Neumann spike and the sonic locus (or CJ point in the case
of ideal explosives) [5], is difficult to determine quantitatively. The reasons
for this are: the necessity for experimental techniques with high time resolution
and uncertainty in identifying the CJ state from the reaction zone profile [3].
Different experimental techniques are used for direct or indirect measurements
of the DRZ; such as the flying plate test, the detonation front curvature test,
emitted light measurements and the impedance window technique [4, 6-10].
Since the requirement for a successful experiment is high time resolution,
laser velocity interferometry has proven to be one of the most useful and reliable
measurement methods. In impedance window experiments, a block of transparent
material (“window”) is attached to the front surface of a cylindrical explosive
charge and the velocity of the interface is measured through the window.
This technique provides particle velocity-time profiles that make it directly
applicable to the measurement of the DRZ width. Depending on the type
of measuring system (Fabry-Perot, VISAR, ORVIS, PDV), the time resolution
of laser interferometry methods ranges from 10 ns to less than 1 ns [6-10].
While most experimental studies report the existence of faster and slower
chemical reactions in NM DRZ, the width of the zone reported in the literature
varies from several tenths to several hundred microns [4, 8, 11-13].
Based on NM shock front curvature measurements, Engelke and Bdzil [11]
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estimated a DRZ width of around 36 μm (~6 ns). Recent experiments
of Sheffield et al. [8], Bouyer et al. [7], Mochalova et al. [4], performed using
laser-based interferometry to measure particle velocity profiles of the steady
state detonation wave at the NM/PMMA interface, confirmed the existence
of the von Neumann spike, fast reactions that last 5-10 ns and slow reactions
that end at the CJ point after 50-60 ns. The time resolution in these studies
was 1 ns, rendering these experiments the most relevant studies on NM DRZ
so far. The authors estimated the DRZ width of NM to be approximately
50-60 ns (300 µm) [4, 8].
In most experiments, the particle velocity at the von Neumann spike
is measured at the NM/PMMA interface [4, 7, 8] and ranges from 2.2
to 2.5 mm/µs. The measured values of particle velocity are 10 to 20% below that
theoretically estimated, which is associated with the limitation of measurement
techniques to capture particle velocity exactly at the von Neumann spike,
but only at some distance behind it. Theoretical calculations, on the other hand,
place the particle velocity at the von Neumann spike closer to 3.0 mm/µs [3].

Figure 1.

Examples of experimental NM/PMMA interface particle
velocity profiles

Some researchers have applied numerical modelling to reproduce
the experimentally observed shock initiation behaviour and to resolve the DRZ
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structure [1, 3, 14, 15]. The modelling requires the incorporation of a reaction
rate equation in the hydrodynamic flow equations, along with the equation
of state of the reacted and unreacted explosive in the numerical model.
Tarver and Urtiew [1] and Sugiyama et al. [14] modelled the steady state
detonation of NM in a hydrodynamics code using the ignition and growth
reaction rate model and the Jones-Wilkins-Lee (JWL) equation of state
for reacted and unreacted NM. This rate model made it possible to reproduce
the experimentally observed total reaction time and failure diameters of NM
under strong and weak confinement. However, because the initiation of NM
as a homogeneous explosive is governed by strong compression (with no hotspots formation) and has a temperature-dependent reaction rate, most authors
use the Arrhenius reaction rate model. Partom [15] described a model
based on the reactive flow equations and the first-order Arrhenius reaction
rate equation, with the activation energy (E a) of 222.8 kJ/mol and a preexponential factor (A) of 5·1014 s–1. The model was used for shock initiation
studies of NM. Hardesty [2] found that Ea = 95.6 kJ/mol and A = 2.6·109 s–1 better
reproduced NM shock initiation experiments. Both Partom’s and Hardesty’s
values of the activation energy are lower than the activation energy for gas phase
decomposition of NM (which equals 246.9 kJ/mol and corresponds to breaking
of C–N bonds [3]). This is evidence of the existence of different mechanisms
for gas-phase and liquid-phase reaction [3].
To model both shock initiation and steady state detonation,
Nunziato and Kipp [16] ran in parallel a two-phase reactive flow model
and the reaction rate model that describes two reaction mechanisms. The first
mechanism dominates at low temperatures (to describe shock initiation,
with E a = 119 kJ/mol) and the second mechanism dominates at high
temperatures (to describe steady state detonation, with Ea = 246.9 kJ/mol).
For mesoscale simulation of hot-spot initiation of NM, Menikoff and Shaw [3]
developed a model that used a second-order Arrhenius reaction rate equation
with E a = 124.7 kJ/mol and A = 1.5·10 9 s –1 . The model satisfactorily
reproduces Sheffield et al. [8] experimental particle velocity-time profiles.
Several publications (e.g. [3, 15, 16]) show that there is considerable uncertainty
in both the reaction rate models and the parameters in the models. The problem
of finding the best reaction rate model is complicated by the fact that a small
quantity of additives can affect the rate significantly [4]. In this work,
we describe a model based on the Wood-Kirkwood (WK) detonation theory
coupled with the thermochemical code EXPLO5.
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Description of the Model

To model the steady-state detonation of NM we coupled the EXPLO5
thermochemical code [10, 17, 18] with the slightly divergent detonation
WK theory [19, 20]. The WK theory starts with Euler’s hydrodynamic flow
equations coupled with chemical kinetics. It considers a cylindrical explosive
charge of infinite length and solves the flow equations along the central
streamline of the cylinder. The theory treats radial expansion as a first order
perturbation to a perfect one-dimensional flow along the streamline and predicts
the detonation velocity to be both a function of the chemical reaction rates
and the rate of radial expansion. The theory results in a set of ordinary differential
equations (ODEs) that describe the hydrodynamic variables and the chemical
concentrations of reactant and products along the centre of the cylinder [22].
If the radial expansion term is omitted, the WK equations become identical
to the ZND flow equations [5], which consider one-dimensional flow
and always predicts the same value for the detonation velocity as the ChapmanJouguet (CJ) theory.
In our model the WK ODEs are integrated in a separate subroutine,
while EXPLO5 calculates the concentration and thermodynamic parameters
of the products, and the energy and energy derivatives for a given conversion,
pressure and density along the Rayleigh line (Figure 2). The shock wave
structure behind the shock front is obtained by integration of the WK equations.
The distance (x) behind the shock is related to the time after a Lagrangian particle
reaches the shock (t) by the equation:
dx = u·dt
where u is the axial particle velocity in the moving frame. The initial conditions
for the WK ODEs are the state variables (pressure, density, energy, and the reacted
fraction of explosive) at the shock front, i.e. at the von Neumann spike (t = 0).
The outputs of the calculation are the steady-state self-sustaining detonation
parameters and the flow parameters behind the shock front.
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Figure 2.

Schematic presentation of the model [17]

In addition, the model is supplemented with the following input information:
the reaction rate equation for decomposition of the explosive (dλ/dt),
the equations of state of the unreacted explosive and the detonation products,
the thermodynamic functions of the reactants and products as a function
of temperature,
– the rate of radial expansion (ωr).
The state of the gas phase products is described by the Becker-KistiakowskyWilson (BKW) equation of state which is incorporated in EXPLO5 [17].
The states of the unreacted explosive and the condensed detonation products
are described by the Murnaghan equation of state which has the form [21]:
–
–
–

𝑝𝑝𝑝𝑝 =

1

𝑉𝑉𝑉𝑉

𝜅𝜅𝜅𝜅

�� 0 � − 1� (1)
𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
𝑉𝑉𝑉𝑉

where V0 is the molar volume of a product when p = 0, κ is the inverse of the bulk
𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟 =and
(𝐷𝐷𝐷𝐷n−is𝑢𝑢𝑢𝑢)/𝑅𝑅𝑅𝑅
𝐶𝐶𝐶𝐶
modulus
pressure
derivative of the bulk modulus.
The rate of radial expansion (ωr) along the centre streamline of the flow
is estimated
by the equation proposed
by Wood and Kirkwood [19]:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
−𝑇𝑇𝑇𝑇
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 (1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶 exp � 𝑎𝑎𝑎𝑎 �
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇
ωr = (D – u)/Rc(2)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑relates𝐵𝐵𝐵𝐵the radial𝐶𝐶𝐶𝐶 expansion
which
rate with the shock front curvature radius (Rc)
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆 (1 − 𝜆𝜆𝜆𝜆) 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)
(2)
(3)

(4)
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 (1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶 exp �

−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎
𝑇𝑇𝑇𝑇

� 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷

(5)
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and the particle velocity in the shock frame (u).
The thermodynamic functions of the unreacted explosive
and detonation products in their standard states are expressed through
enthalpy,1 and𝑉𝑉𝑉𝑉 the
𝜅𝜅𝜅𝜅 dependence of enthalpy on temperature is described
�� 0 �polynomial
− 1�
by a 𝑝𝑝𝑝𝑝4th=degree
[17]. Our model supports several reaction rate
𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
𝑉𝑉𝑉𝑉
models. As mentioned before, the Arrhenius reaction rate model seems a logical
choice for NM as it is a homogeneous explosive. This model, which takes into
account
the(𝐷𝐷𝐷𝐷
conversion
𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟 =
− 𝑢𝑢𝑢𝑢)/𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 and temperature dependence of the reaction rate, is used
in the following form [2, 3, 15]:
1
𝑉𝑉𝑉𝑉 𝜅𝜅𝜅𝜅
𝑝𝑝𝑝𝑝 = �� 0 � − 1�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅 𝐵𝐵𝐵𝐵 𝑉𝑉𝑉𝑉
−𝑇𝑇𝑇𝑇
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆 (1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶 exp � 𝑎𝑎𝑎𝑎 � (3)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇
𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟k is
=the
(𝐷𝐷𝐷𝐷 − 𝑢𝑢𝑢𝑢)/𝑅𝑅𝑅𝑅
𝐶𝐶𝐶𝐶
where
λ is the mass fraction of reacted explosive (conversion),
𝜅𝜅𝜅𝜅
1 rate
𝑉𝑉𝑉𝑉 constant,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵 0 � − 1�
𝐶𝐶𝐶𝐶 𝐷𝐷𝐷𝐷
��
𝑝𝑝𝑝𝑝
=
=
𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆
(1
−
𝜆𝜆𝜆𝜆)
𝑝𝑝𝑝𝑝
T a is𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑the𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
activation
temperature (T a = E a /R), B and C are constants,
𝑉𝑉𝑉𝑉
and E𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑a is the activation
energy.
𝜅𝜅𝜅𝜅
−𝑇𝑇𝑇𝑇
0 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶 exp � 𝑎𝑎𝑎𝑎 �
= 1𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆��𝐵𝐵𝐵𝐵𝑉𝑉𝑉𝑉(1
A
pressure-based
reaction
rate model assumes the rate is function
�
𝑝𝑝𝑝𝑝
=
−
1�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
𝑇𝑇𝑇𝑇
𝑉𝑉𝑉𝑉
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎it is 𝐷𝐷𝐷𝐷
𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟 ==𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆
(𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵 (1
−
𝑢𝑢𝑢𝑢)/𝑅𝑅𝑅𝑅
𝐶𝐶𝐶𝐶
of conversion
and
pressure
and
− 𝜆𝜆𝜆𝜆) exp � � 𝑝𝑝𝑝𝑝given by Equation 4 [22]:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑇𝑇𝑇𝑇

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜔𝜔𝜔𝜔
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆
(𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵−
=
(1𝑢𝑢𝑢𝑢)/𝑅𝑅𝑅𝑅
− 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷 (4)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
−𝑇𝑇𝑇𝑇
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆 (1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶𝜌𝜌𝜌𝜌exp � 𝑎𝑎𝑎𝑎 � 𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑏𝑏𝑏𝑏 �
= 𝐼𝐼𝐼𝐼(1 − 𝜆𝜆𝜆𝜆)
− 1 −𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎� + 𝐺𝐺𝐺𝐺1 (1 − 𝜆𝜆𝜆𝜆)𝑐𝑐𝑐𝑐 𝜆𝜆𝜆𝜆𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦 + 𝐺𝐺𝐺𝐺2 (1 − 𝜆𝜆𝜆𝜆)𝑒𝑒𝑒𝑒 𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔 𝑝𝑝𝑝𝑝 𝑧𝑧𝑧𝑧
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜌𝜌𝜌𝜌0
where
pressure in GPa.
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑p is the
−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎
𝐵𝐵𝐵𝐵
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵(1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶exp ��−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎
�� the
=
𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆
𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷 reaction rate on pressure in the Arrhenius
=
𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆
(1
−
𝜆𝜆𝜆𝜆)
exp
To
include
the
dependence
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 of
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶 𝐷𝐷𝐷𝐷
D
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆 (1 − 𝜆𝜆𝜆𝜆) 𝑝𝑝𝑝𝑝
reaction
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 rate equation, the term p is added to Equation 3. Thus, a temperature-

and pressure-based reaction rate model can be obtained:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 (1 − 𝑏𝑏𝑏𝑏
𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷
𝑎𝑎𝑎𝑎�
+ 𝐺𝐺𝐺𝐺1 (1 − 𝜆𝜆𝜆𝜆)𝑐𝑐𝑐𝑐 𝜆𝜆𝜆𝜆𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦 + 𝐺𝐺𝐺𝐺2 (1 − 𝜆𝜆𝜆𝜆)𝑒𝑒𝑒𝑒 𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔 𝑝𝑝𝑝𝑝 𝑧𝑧𝑧𝑧
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝐼𝐼(1 − 𝜆𝜆𝜆𝜆) � − 1 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
−𝑇𝑇𝑇𝑇
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 (1 − 𝜆𝜆𝜆𝜆)𝜌𝜌𝜌𝜌𝐶𝐶𝐶𝐶0exp � 𝑎𝑎𝑎𝑎 � 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷 (5)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

−𝑇𝑇𝑇𝑇

= 𝑘𝑘𝑘𝑘𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 (1 − 𝜆𝜆𝜆𝜆)𝐶𝐶𝐶𝐶 exp � 𝑎𝑎𝑎𝑎 � 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷of a three-terms ignition and growth (I&G)
We
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 also tested the applicability
𝑇𝑇𝑇𝑇
𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜌𝜌𝜌𝜌
pressure-based
� − [1]:
= 𝐼𝐼𝐼𝐼(1 −rate
𝜆𝜆𝜆𝜆)𝑏𝑏𝑏𝑏model
1 − 𝑎𝑎𝑎𝑎� + 𝐺𝐺𝐺𝐺1 (1 − 𝜆𝜆𝜆𝜆)𝑐𝑐𝑐𝑐 𝜆𝜆𝜆𝜆𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦 + 𝐺𝐺𝐺𝐺2 (1 − 𝜆𝜆𝜆𝜆)𝑒𝑒𝑒𝑒 𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔 𝑝𝑝𝑝𝑝 𝑧𝑧𝑧𝑧
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐼𝐼𝐼𝐼(1 − 𝜆𝜆𝜆𝜆)𝑏𝑏𝑏𝑏 �

𝜌𝜌𝜌𝜌0

𝜌𝜌𝜌𝜌

𝜌𝜌𝜌𝜌0

𝑥𝑥𝑥𝑥

− 1 − 𝑎𝑎𝑎𝑎� + 𝐺𝐺𝐺𝐺1 (1 − 𝜆𝜆𝜆𝜆)𝑐𝑐𝑐𝑐 𝜆𝜆𝜆𝜆𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦 + 𝐺𝐺𝐺𝐺2 (1 − 𝜆𝜆𝜆𝜆)𝑒𝑒𝑒𝑒 𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔 𝑝𝑝𝑝𝑝 𝑧𝑧𝑧𝑧 (6)

0 < λ < λigmax |

0 < λ < λG1max |

λG2min < λ < 1

where ρ is the current density, ρ0 is the initial density, and I, G1, G2, a, b, c, d, e,
g, x, y, and z are constants.
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Results and Discussion

The aim of our work was to investigate the capability of our model to reproduce
the experimentally observed behaviour of NM. Experimental data that
are used to validate the model include the detonation velocity, the pressure,
and the reaction zone particle velocity-time profiles. For this purpose,
we have used Sheffield et al.’s [8] experimental data which are considered
to be the most relevant published so far. Sheffield et al.’s experiments
involved measurements of the particle velocity-time history at an NM/PMMA
window interface. In these experiments, when the detonation wave reaches
the PMMA window, a shock is created which travels into the PMMA,
while a reflected shock wave will travel back into the detonation products.
Since conservation laws must operate at the interface, the pressure and the particle
velocities at the interface are the same in both the NM and PMMA. Thus, equating
the Hugoniots of NM and PMMA one can calculate the pressure and particle
velocity at the interface. A graphical solution of this interaction problem
is illustrated by so-called cross-plot [7, 8] given in Figure 3. To determine
the parameters in NM CRZ, the equation of states of both the unreacted NM
and its detonation products must be known. To construct the cross plot, we used
the following input data:
– the Hugoniot curve of unreacted NM is calculated using the equation
Us = C + S·up, where C = 1.76 mm/µs and S = 1.56 [8],
– the Hugoniot of the PMMA is calculated using the equation Us = C + S·up,
where C = 2.598 mm/µs, S = 1.516; the density used was 1.186 g/cm3 [23],
– the Rayleigh line (p = ρ0Dup) of NM is calculated using the experimentally
determined detonation velocity of D = 6.3 mm/µs at ρ0 = 1.13 g/cm3) [24],
– the Hugoniot of the NM detonation products is approximated by the quadratic
function: p = 1.5434·up2 + 1.7139·up + 4.7665, derived based on EXPLO5
calculations results [10].
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Cross plot of Hugoniots of unreacted NM and its detonation products,
Rayleigh line for NM, and Hugoniot of PMMA [10]

Using the cross plot, the particle velocity at the CJ state and at the von Neumann
spike at the PMMA/NM interface and in NM are determined. The particle velocity
and pressure at the von Neumann spike are determined from the intersection
of the Rayleigh line and the Hugoniot of unreacted NM (up,VNS = 2.925 mm/µs,
pVNS = 20.73 GPa). The particle velocity and pressure transferred to the PMMA
window are determined from the intersection of the Hugoniot of PMMA
and that of unreacted NM. These values (u p,VNS_NM/PMMA = 2.78 mm/µs,
pVNS-NM/PMMA = 21.02 GPa) should correspond to values measured experimentally
at the NM-PMMA interface. The CJ point is determined from the intersection
of the NM Rayleigh line and the Hugoniot of the detonation products
(u p,CJ = 1.77 mm/µs, p CJ = 12.6 GPa), while the particle velocity
corresponding to the CJ state transferred to the PMMA window is determined
from the intersection of the Hugoniots of the PMMA Hugoniot and the detonation
products (up,CJ,NM/PMMA = 1.86 mm/µs, pCJ,NM/PMMA = 12.1 GPa).
The model described earlier in the text calculates the state variables
at the von Neumann spike and behind it down to the CJ/sonic point, and the selfsustaining steady-state detonation velocity, in the following way:
– The Wood-Kirkwood equations are integrated by applying the RungeKutta method. The integration starts at the von Neumann spike and continues
toward the CJ/sonic point.
– The detonation velocity is treated as a known (specified) parameter.
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The intersection of the Rayleigh line for a specified detonation velocity
with the shock Hugoniot of the unreacted explosive gives the von Neumann
spike and values for the corresponding pressure and volume (pVNS, vVNS).
For a given p, v, and λ along the Rayleigh line, EXPLO5 calculates
the concentrations of the products and the energy:
E(p, v, λ) = Eu (p, v, λ) + Ep (p, v, λ) – Q(p, v, λ)

where the subscripts u and p mean unreacted explosive and reaction
products, respectively.
– The initial reacted fraction of explosive (λ(t = 0)) is taken to be close
to zero (0.5%). The conversion as a function of time (λ(t)) is calculated
by the integration of a reaction rate equation using the Runge-Kutta method.
– The self-sustaining steady-state detonation velocity is obtained by varying
the detonation velocity until two conditions are satisfied simultaneously:
a) the flow is sonic and
b) the release of energy by chemical reactions is balanced by the energy
loss by radial flow [19, 22].
This is done by applying the minimisation method described
by Fried et al. [22].
– The state of the unreacted NM is described by the Murnaghan equation
of state (Equation 1). The parameters in the Murnaghan equation of state
for NM are:
a) V0 = 54.02 cm3/mol,
b) κ = 5.03·10–5 1/bar,
c) n = 6.97.
These values are derived from the linear Us-up dependence (Us = C + S·up,
where C = 1.76 mm/µs and S = 1.56) [8].
– The thermodynamic functions of unreacted NM are derived from the heat
capacity vs. temperature values reported by [25]. The dependence
of enthalpy on temperature is described by a fourth-degree polynomial.
– The detonation products include: H2O, N2, H2, NH3, CO2, CO, CH4,
CH2O2, and C(gr).
– Input parameters for the explosive: NM sensitized by 1% of ethylene
diamine having density 1.128 g/cm 3, unconfined explosive charge,
charge diameter 25 mm, failure radius 2 mm, radius of shock curvature
104 mm (calculated by Souers’ empirical equation [22]).
In addition to the equations of state and the thermodynamic functions
of the unreacted explosive and its detonation products, the rate of decomposition
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of the explosive has a crucial impact on the calculation accuracy of the chemical
reaction zone profile. We tested the capability of several rate models to describe
Sheffield et al.’s [8] experimentally measured particle velocity profiles.
The models include:
– a simple pressure-based model,
– temperature-based model (Arrhenius reaction rate),
– a temperature- and pressure-based model and
– an ignition and growth model.
The calibration of the constants in the models is performed by fixing the reaction
rate order (first or second) and the pressure exponent (between 1 and 2)
and adjusting the rate constant so to reproduce the total reaction time of 55 ±5 ns,
reported by Sheffield et al. [8]. The activation temperature (Ta) in the Arrhenius
reaction rate models is taken to be 15000 K (after Menikoff and Shaw [3]),
which corresponds to an activation energy of 124.7 kJ/mol. For the I&G model,
the rate constants are taken from Tarver and Urtiew [1]. The rate constants
used are summarised in Table 1. The calculation has shown that using
these adjusted rate constants, all the tested rate models give practically the same
parameters at the von Neumann spike and the CJ/sonic point – the difference
being less than 0.5%. The calculated parameters at the von Neumann spike
and at the CJ/sonic point are given in Tables 2 and 3.
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Constants in rate equations
k = 30000 1/µs, B = 0, C = 1, Ta = 15000 K
k = 255000 1/µs, B = 0, C = 2, Ta = 15000 K
k = 0.47 1/ (µs GPaD), B = 0, C = 1, D = 2
k = 4.6 1/ (µs GPaD), B = 0, C = 1.7, D = 2
k = 13000 1/(µs GPaD), B = 0, C = 2, D = 1, Ta = 15000 K
k = 1100 1/(µs GPaD), B = 0, C = 2, D = 2, Ta = 15000 K
I = 1000 1/µs, a = 0.5741, b = 0.667, x = 4,
G1 = 121875 1/(µs Mbary), c = 0.667, d = 0.667, y = 4,
G2 = 240 1/(µs Mbarz), e = 0.667, g = 0.667, z = 1,
λig,max = 0.01; λG1,max = 0.8; λG2,min = 0.8

Type of reaction rate model

1st order Arrhenius reaction rate
model (Equation 3)

2nd order Arrhenius reaction rate
model (Equation 3)

Pressure-based model,
C=1 (1st order) (Equation 4)

Pressure-based model,
C=1.7 (1.7th order) (Equation 4)

Temperature- and pressure-based
model (2nd order) (Equation 5)

Temperature- and pressure-based
model (2nd order) (Equation 5)

Ignition and growth model
(Equation 6)

TB-C1

TB-C2

PB-C1D2

PB-C1.7D2

TPB-C2D1

TPB-C2D2

I&G

Reaction rate models used and rate constants used in calculations

Model denotation

Table 1.
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Table 2.

Calculated and experimental parameters at the von Neumann spike
Experimental,
This Menikoff and Partom Cross-plot, Sheffield
Parameter
et al.
a
a
a
work
Shaw [3]
[15]
this work
[8]b

EVNS [MJ/kg]

4262

4511

3629c

up,VNS [mm/µs]

2.923

3.004

2.700

pVNS [GPa]

20.88

21.11

19.13

1.603
TVNS [K]
3
2.0910
ρVNS [g/cm ]
Co,VNS [mm/µs] 8.373

1.872
2.1659
–

2.205
1.9786
–

–
2.925a
2.780b
20.73 a
21.02b
–
–
–

–

2.450
–
–
–
–

Note: a parameters in NM, b parameters at NM/PMMA interface, c parameter derived using the
CJ theory

Table 3.

Calculated and experimental detonation parameters for NM at the
CJ/sonic point
This work
Parameter in
Experimental values
(ρ =1.128 g/cm3)
CJ state
(ρ =1.128-1.14 g/cm3)
6280, 6300 [24]
D [m/s]
6340
6300 [10, 26]
12.5 [24]
12.30
pCJ, [GPa]
13.0 [26]
3430 [27]
3198
TCJ [K]
3400-3800 [3]a
1.541
ρCJ [g/cm3]
1.556 [24]a
a
1.742 [24]
up,CJ [mm/µs]
1.717
1.750 [7, 8]
6 [11]
50 [4, 8]
51-61
tCRZ [ns]
100-150 [7]
(average 54.5)
100-180 [13]
36 [11]
206-264
wCRZ [µm]
~300 [8]
(average 232)
600-900 [7]
–
0.9934-0.9999
λCJ

Note: a derived based on the CJ theory
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It follows from Table 2 that the calculated parameters at the von Neumann spike
are very close to those obtained by Menikoff and Shaw [3]. Larger discrepancies
in temperature can be attributed to the differences in the equations of state
and in the thermodynamic functions of unreacted NM used by Menikoff
and Shaw and in our work, and the same goes for the temperature values at the
CJ/sonic point. Due to lower temperatures we are able to obtain the same
conversion rate as Menikoff and Shaw using a higher value of the rate
constant (Figure 4). The interface particle velocity measured by Sheffield et al. [8]
equals ~2.45 mm/µs, which is ~12% lower than expected (2.78 mm/µs)
from the cross-plot. This difference is a consequence of the insufficient time
resolution of the measuring system, which causes the front to be truncated.
For the second-order Arrhenius reaction rate model, Menikoff and Shaw [3]
used k = 1.5·103 µs–1, while our calculations show that k = 2.55·105 µs–1 best
reproduces the total reaction time of 50 ns obtained by Sheffield et al. [8].
This is primarily the consequence of the differences between the thermodynamic
data for NM and its products used by Menikoff and Shaw and those
used by us. This illustrates the sensitivity of the Arrhenius reaction rate models
to the thermodynamic properties and equations of state of unreacted NM
and its products. Authors adjust the reaction rate constants to reproduce
their experimental results based on the equations of state and thermodynamic
functions used by the author for reacted and unreacted explosive and therefore
may vary from author to author.

Conversion rate [1/µs]

600

400

1500

1000

200

0

500

0

0.2

0.4

0.6

0.8

1

Conversion rate [1/µs]

2000

Menikoff and Shaw [3]
TB-C1
TB-C2
TPB-C2D1
TPB-C2D2
I&G
PB-C1D2
PB-C1.7D2

0

Conversion

Figure 4.

Calculated conversion rates vs. conversion for different reaction
rate models (conversion rate for pressure-based models is shown
on the right vertical axis
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Although all reaction rate models tested predict the same total reaction time
of 55 ±5 ns, they produce rather different conversion-time and particle velocitytime profiles (Figures 5 and 6). All models, except the pressure-based models,
have a sigmoidal λ-t shape characteristic of autocatalytic reactions, with maximum
conversion rate occurring at about 0.5 conversion (Figure 4), i.e. at several
nanoseconds, depending on the rate model (Figure 5(b)). This means
they will predict the existence of an induction period. On the other hand,
the pressure-based models predict higher reaction rates at the beginning
of reaction, without any induction period (Figure 5).

Figure 5.

Figure 6.

(a)
(b)
Calculated conversion-time and conversion rate-time profiles
obtained using different reaction rate models

Calculated particle velocity of NM vs. time, obtained by different
reaction rate models
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NM particle velocities profiles calculated using different reaction rate models
are given in Figure 6, along with the profiles calculated by some other authors.
The pressure-based models do not predict a flat region after the shock front
while other models predict the existence of a flat region (induction period) that
lasts from a few ns to about 35 ns in the case of the TB-C1 model. The pressurebased model PB-C1.7D2 gives a particle velocity profile similar to that obtained
by Partom [15], while our temperature-based model TB-C2 and temperatureand pressure-based model TPB-C2D2 gives a profile similar to that of Menikoff
and Shaw (with an induction period of a few ns). Our I&G model gives a slightly
different particle velocity profile compared to the profile reported by Tarver
and Urtiew [1] obtained by hydrocode calculations. This discrepancy can be due
to the differences in the equations of state of reacted and unreacted NM used
by Tarver and Urtiew and by us in our calculations. Since Tarver and Urtiew’s
reported particle velocity refers to the NM/PMMA interface velocity, the values
are converted to the NM particle velocity as described below.
The output of our calculations is the NM particle velocity (u p,NM).
It is related to the NM/PMMA interface particle velocity (up,NM/PMMA) in the way
described earlier using the cross-plot (Figure 3). We converted the NM/PMMA
interface particle velocity into the NM particle velocity assuming Cooper’s
generalized isentrope for detonation products [23] is applicable even in the case
when the explosive is partially reacted. From the cross-plot we found that
the relationship between these two particle velocities can be approximated
by a linear function:
uNM = 1.6 up,NM/PMMA – 1.25
where up is in mm/µs. Since the Hugoniot curves of PMMA and NM are quite
close to each other, this approximation does not significantly affect the accuracy
of the calculation results. In this way we converted Sheffield et al.’s [8]
experimental particle velocities to NM particle velocity in order to validate
the calculation results.
Sheffield et al. [8] experimentally obtained the reaction zone profiles
of detonating NM using two different measuring systems:
– an older “home-made” VISAR system with a time resolution of 3-4 ns,
– a newer VALYN VISAR system with a time resolution of ~1 ns [8].
Using the first measuring system the authors observed the existence of a flat
region (induction period) near the shock front, with a duration of 3-4 ns.
However, using the second measuring system, with higher time resolution (1 ns),
the induction period was not observed. Based on this, the authors concluded that
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the existence of the flat region obtained using the older VISAR system
was an artefact and the system was not accurately measuring wave shapes [8].
However, both measuring systems showed the spike level at the NM/PMMA
interface of about ~2.5 mm/µs and a reaction zone duration of ~50 ns.
Based on Sheffield et al.’s [8] experimental results it seems either there
is no strong evidence of the existence of an induction period or the induction
period is too short (on a sub-nanosecond scale). It should be added that
Buyer et al. [7] and Mochalova et al. [4] also did not observe the existence
of a flat region after the shock front.
The pressure-based model PB-C1.7D2 better describes the newer
measurements of Sheffield et al. (time resolution of 1 ns). The model
does not predict the existence of an induction period and predicts a very rapid
reaction rate immediately after the shock front so that the shape of the shock
wave changes rapidly in the first 5-10 ns (after 1 ns 70% of the NM is converted
to the products, 93% after 5 ns and 96% after 10 ns) followed by a slow
decomposition during the remaining 40 ns.
The temperature- and pressure-based model TPB-C2D2 and the temperaturebased model TB-C2 better describes the older measurements of Sheffield’s et al.
These models predict the existence of an induction period of 2-4 ns (Figure 7).

Figure 7.

Comparison of calculated and experimental particle velocity profiles
of NM
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3.1 Detonation reaction zone profile

The NM particle velocity calculated using the PB-C1.7D2 rate model is found
to be 2.92 mm/µs at the von Neumann spike and after approximately 1.5 ns drops
by about 15% to 2.5 mm/µs. Sheffield et al. [8] measured the particle velocity
at the von Neumann spike to be ~2.45 mm/µs – which is about 17% lower
than calculated. Thus, the von Neumann spike obtained by measurements
is truncated, which is the consequence both of the insufficient time resolution
of experimental systems and a very sharp drop in the particle velocity
in the vicinity of the spike (about 15% after 1.7 ns). This suggests that
the experimentally measured spike particle velocity is the velocity at some
distance from the von Neumann spike, not at the spike itself.
Since the time resolution of today’s measuring techniques is limited,
the only way to restore the entire von Neumann spike and detonation
reaction zone is by numerical modelling, provided the reaction rate model
and parameters are properly calibrated by experiment. Figure 8 illustrates some
of the capabilities of our model to calculate the temporal and spatial distribution
of the thermodynamic and flow parameters within the reaction zone.

(a)
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(b)

Figure 8.

(c)
Spatial distribution of pressure and temperature (a), sound and flow
velocity (b), and concentration of products within first 100 µm
ns (25) behind the shock (c); calculation done using PB-C1.7D2
rate model

The pressure-based model PB-C1.7D2 predicts rapid decomposition of NM
immediately after the shock front and the formation of detonation products.
In approximately 10 ns (41 µm), 96% of the NM reacts, while the remaining 4%
reacts in a slow process that takes an additional 40 ns. The temperature
at the von Neumann spike equals 1603 K and reaches its maximum value of 3391 K
after 3.5 ns (14 µm), followed by a small decrease toward the CJ point (3198 K).
The model predicts a change of concentration of individual products
as the temperature and pressure change within the reaction zone (Figure 8(c)).
Copyright © 2020 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

258

B. Štimac, H.Y.S. Chan, M. Kunzel, M. Suceska

In the vicinity of the von Neuman spike, where the pressure is higher
and the temperature lower, mole fractions of H2O, CO2, CH2O2, and C dominate,
while CH4, NH3, H2, and CO dominate after 10 ns. Figure 8(b), which shows
the change of the sound velocity (C0) and the flow velocity (D-up) behind
the shock front, illustrates the fulfilment of the CJ conditions ((D-up) = C0)
after 55 ns (232 µm).
It is important to note that the general reaction rate models used
in this study represent a simplification of the reactions that take place during
NM decomposition. To illustrate this, it was observed experimentally that
carbon formation takes approximately 50-60 ns [1], whereas the rate model
used in this study predicts carbon formation immediately after the shock front.
Tarver and Urtiew’s [1] three-term rate law model (I&G model) is designed
to describe the three stages of reaction generally observed in shock initiation
and detonation. However, it also predicts the immediate formation of carbon.
Detailed kinetics, which involve multi-step kinetic models that describe
the rates of each individual reaction and process, are required in order
to correctly model the concentration of products within the NM reaction zone.
Nevertheless, they enable us to reproduce the experimentally observed
detonation behaviour of NM with sufficient accuracy.

4

Conclusions

To model the detonation reaction zone of nitromethane we developed the model based
on coupling the Wood and Kirkwood detonation theory with the thermochemical
code EXPLO5. The model uses the Becker-Kistiakowsky-Wilson equation
of state for the gas phase products and the Murnaghan equation of state
for unreacted nitromethane and condensed products and supports several
reaction rate models. The model can predict steady-state detonation parameters
as a function of charge diameter, as well as the temporal and spatial distribution
of the thermodynamic and the flow parameters within the detonation
reaction zone. The model has been applied to experimental data for nitromethane
with satisfactory results – the calculated detonation parameters and the reaction
zone profile agree well with those that have been experimentally determined.
The reaction rate parameters are calibrated to reproduce Sheffield et al.’s [8]
experimentally obtained total reaction time and particle velocity-time profiles.
While the total reaction time can be reproduced by all rate models used,
the shock wave profile strongly depends on the rate model. The temperaturebased as well as temperature- and pressure-based rate models predict the existence
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of an induction period (lasting 2-30 ns, depending on the rate model)
and they better describe Sheffield et al.’s [8] older experimental results obtained
using a “home-made” VISAR system (time resolution of 3 ns). The pressurebased reaction rate models do not predict the existence of an induction period
and they better describe Sheffield et al.’s recent experimental results obtained
using a newer VALYN VISAR system (time resolution of 1 ns).
The single-step reaction rate models used in this research represent
an oversimplification of the true reactions that take place during
detonation of nitromethane. The true reactions are much more complex
and their description requires multi-step reaction rate models, that take into
account the rates of all individual reactions during the detonation process.
Nevertheless, these models are able to reproduce the general phenomena
of experimentally observed particle velocity-time profiles such as the existence
of a sharp spike followed by a rapid drop over the first 5-10 ns (fast reaction),
followed by a slower decrease (slow reactions) which terminates after
approximately 50-60 ns when the CJ/sonic condition is attained. The calculated
total reaction time equals 51-61 ns (average 54.5 ns), which results in a chemical
reaction zone width of 206-264 µm (average 232 µm). This is close
to the experimentally measured results of Sheffield et al. [8].
The results show that combining an experimentally measured particle
velocity-time profile with numerical modelling is a good approach in resolving
the reaction zone profile of nitromethane. However, there are still some
issues that make it difficult to accurately determine the nitromethane
reaction zone structure, both experimentally and by numerical modelling.
While experimental measurements give some structural information on the shock
wave front, present limitation in the time resolution prevents measurement
of the von Neumann spike velocity. To observe the von Neumann spike,
time resolution in the sub-nanosecond range is needed in experimentation.
Another issue related to measurement is the variability of the shape of the shock
wave near the spike, which indicates problems with measurement response
during the initial shock rise; e.g. see [3, 8].
Besides the reaction rate equation, accurate equations of state of unreacted
nitromethane and gaseous and condensed products are required for accurate
modelling of the nitromethane reaction zone. In addition, the temperature
dependence of thermodynamic functions for unreacted nitromethane and its
products plays an important role, particularly when the Arrhenius rate equation
is used.
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